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Preface

The purpose of this book is to demonstrate how to apply the
recommendations of Eurocode 2, and other related standards,
for a number of reinforced concrete structures. The examples
have been chosen to include different structural elements and
design procedures. The calculations cover the analysis of the
structure and the design of the members.

Each step of the calculations, which are presented in
a form suitable for design office purposes, is explained.
References to specific clauses in the codes and standards that
affect the design are included at each stage. For each struc-
tural element, a complete reinforcement detail is provided
together with a commentary explaining the bar arrangement.

Chapter 1 is an introduction to the structural Eurocodes
and explains how partial safety factors and action combination
factors are incorporated in the design. The significance of the
action combination to be used, when considering the cracking
limitations for watertightness in tanks, is also examined.

Chapter 2 summarises the design of members with regard
to durability, fire resistance, axial force, bending, shear, tor-
sion, deflection, cracking and other considerations that affect
the design details. It refers particularly to the design infor-
mation given in Appendix A and in Reynolds’s Reinforced
Concrete Designer’s Handbook.

The first two examples deal with the design of a multi-
storey framed building. For each example, three alternative
forms of construction are considered. In Example 1, which
covers the design of the superstructure, the floor takes alter-
native forms of beam and slab, flat slab and integral beam
and ribbed slab, respectively. In Example 2, which deals with
the design of the substructure including the basement, the
foundations take alternative forms of a continuous raft, iso-
lated pad bases and pile foundations, respectively.

Example 3 is for a freestanding cantilever earth-retaining
wall with two designs, for bases bearing on non-cohesive and
cohesive soils, respectively.

The last three examples are for liquid-retaining structures
in which the protection against leakage depends entirely on
the integrity of the structure. Example 4 is for an underground
service reservoir in which the wall and floor are formed of
elements separated by movement joints. Example 5 is for a
continuous rectangular tank bearing on an elastic soil with
the interaction of the walls and the floor taken into account
in the analysis. Example 6 is for a continuous cylindrical tank
bearing on an elastic soil with both hydraulic and thermal
actions considered in the design.

An important feature of this book is the collection of
full-page tables and charts contained in three appendices.
Appendix A has nine tables of general information relating to
the design of members. Appendix B has 11 tables dealing with
the analysis of beams on elastic foundations. Appendix C has
14 tables for the analysis of rectangular and cylindrical tanks.

The examples in this book inevitably reflect the knowl-
edge and experience of the author. Writing the book has
also given me the opportunity to investigate problems
that I had found difficult to solve during my career. This
applies particularly to the analysis of complex structures
on elastic foundations for which text book solutions are not
readily available. I hope that the information provided in
Appendices B and C and the analyses that are included in
the examples will be helpful to present-day design engineers
faced with similar problems.

I owe a considerable debt of gratitude to many people from
whose intellect and expertise I have benefited over the years.

Finally, my sincere thanks go to my dear wife, Joan, for
her constant support and encouragement throughout the writ-
ing of this book.

Tony Threlfall
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Symbols and Notes

The symbols adopted in this book comply, where appropriate,
with those in the relevant code of practice. Only the principal
symbols are listed here: all other symbols are defined in the

text and tables concerned.

S QR

o

QQ ™}

=~ gha'\w

<NLuIQ =

=

ST N

d!

Jex
Jeu
S

Area of concrete section

Area of tension reinforcement

Area of compression reinforcement

Area of longitudinal reinforcement in a column
Torsional constant

Static modulus of elasticity of concrete
Modulus of elasticity of reinforcing steel
Action, force or load (with appropriate subscripts)
Shear modulus of concrete

Characteristic permanent action or dead load
Second moment of area of cross-section

A constant (with appropriate subscripts)
Length; span

Bending moment

Axial force

Characteristic variable action or imposed load
Reaction at support

First moment of area of cross-section
Torsional moment; temperature

Shear force

Characteristic wind load

Dimension; deflection

Overall width of cross-section, or width of flange
Effective depth-to-tension reinforcement
Depth-to-compression reinforcement

Stress (with appropriate subscripts)
Characteristic (cylinder) strength of concrete
Characteristic (cube) strength of concrete
Characteristic yield strength of reinforcement

EN»N.}‘gQ

1/r

NoxR o<

R
=

IS

9

00) ~<

(e2}

»

ATV OBe e < >

Characteristic dead load per unit area
Overall depth of cross-section

Radius of gyration of concrete section

A coefficient (with appropriate subscripts)
Length; span (with appropriate subscripts)
Mass

Characteristic imposed load per unit area
Radius

Curvature

Thickness; time

Perimeter (with appropriate subscripts)
Shear stress (with appropriate subscripts)
Neutral axis depth

Lever arm of internal forces

Angle; ratio

Modular ratio EJ/E,

Partial safety factor (with appropriate subscripts)
Compressive strain in concrete

Strain in tension reinforcement

Strain in compression reinforcement
Slenderness ratio

Poisson’s ratio

Diameter of reinforcing bar

Creep coefficient (with appropriate subscripts)
Proportion of tension reinforcement A /bd
Proportion of compression reinforcement A’/bd
Stress (with appropriate subscripts)

Factor defining representative value of action

Note 1: In this book, the decimal point is denoted by
a full stop rather than a comma as shown in the
Eurocodes.

Note 2: In the calculation sheets, the references are to
clauses in BS EN 1992-1-1 unless stated otherwise.
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’I Eurocodes and Design Actions

Structural Eurocodes are an international set of unified codes
of practice. They comprise the following standards generally
consisting of a number of parts:

EN 1990 Basis of structural design

EN 1991 Actions on structures

EN 1992 Design of concrete structures

EN 1993 Design of steel structures

EN 1994 Design of composite steel and concrete
structures

EN 1995 Design of timber structures

EN 1996 Design of masonry structures

EN 1997 Geotechnical design

EN 1998 Design of structures for earthquake resistance

EN 1999 Design of aluminium structures

National standards implementing the Eurocodes are issued
in conjunction with a National Annex that contains informa-
tion on those parameters that are left open in the Eurocode for
national choice. In addition, when guidance is needed on an
aspect not covered by the Eurocode, a country can choose to
publish documents containing non-contradictory information.

EN 1992 Eurocode 2: Design of concrete structures con-
tains four parts, each with its own National Annex, and addi-
tional documents as follows:

EN 1992-1-1 General rules and rules for buildings

EN 1992-1-2 General rules — Structural fire design

EN 1992-2 Reinforced and prestressed concrete bridges

EN 1992-3 Liquid retaining and containment structures

PD 6687-1 Background paper to the UK National
Annexes to BS EN 1992-1

PD 6687-2 Recommendations for the design of structures
to BS EN 1992-2

In the Eurocodes, design requirements are set out in rela-
tion to specified limit state conditions. Calculations to deter-
mine the ability of members to satisfy a particular limit state
are undertaken by using design actions (loads or deformations)
and design strengths. The design values are determined from
representative values of actions and characteristic strengths of
materials by the application of partial safety factors.

1.1  ACTIONS

EN 1991 Eurocode 1: Actions on structures contains ten
parts, each with its own National Annex, as follows:

1991-1-1 General actions — Densities, self-weight, imposed
loads for buildings

1991-1-2 Actions on structures exposed to fire

1991-1-3 Snow loads

1991-1-4 General actions — Wind actions

1991-1-5 Thermal actions

1991-1-6 Actions during execution

1991-1-7 Accidental actions due to impact and explosions
1991-2 Traffic loads on bridges

1991-3 Actions induced by cranes and machinery
1991-4 Actions on silos and tanks

A variable action (e.g., imposed load, snow load, wind
load, thermal action) can have the following representative
values:

Characteristic value Oy

Combination value W0\
Frequent value w0,
Quasi-permanent value W, 0,

The characteristic and combination values are used for
the verification of the ultimate and irreversible serviceability
limit states. The frequent and quasi-permanent values are
used for the verification of ultimate limit states involving
accidental actions, and reversible serviceability limit states.
The quasi-permanent values are also used for the calculation
of long-term effects.

Design actions (loads) are given by

Design action (load) = % X yF,

where F\ is the specified characteristic value of the action, ¥
is the value of the partial safety factor for the action (y, for
accidental actions, Y; for permanent actions, Y, for variable
actions) and the limit state being considered, and yis 1.0, y,
Y, or y,. Recommended values of 7y and y are given in EN
1990 Eurocode: Basis of structural design.

1.2 MATERIAL PROPERTIES

The characteristic strength of a material f, means the value
of either the cylinder strength f;, or the cube strength f; ...
of concrete, or the yield strength f, of steel reinforcement,
below which not more than 5% of all possible test results are
expected to fall. The concrete strength is selected from a set
of strength classes, which in Eurocode 2 are based on the
cylinder strength. The deformation properties of concrete are
summarised in Reynolds, Tables 4.2 and 4.3. The application
rules in Eurocode 2 are valid for reinforcement in accordance
with EN 10080, whose specified yield strength is in the range
400-600 MPa.



2 Worked Examples for the Design of Concrete Structures to Eurocode 2

Design strengths are given by

Design strength = f,./1%,

where f, is either f;, or f;, as appropriate and ¥, is the value
of the partial safety factor for the material (}. for concrete, ¥
for steel reinforcement) and the limit state being considered.

1.3 BUILDINGS

Details of the design requirements and partial safety factors
for buildings are summarised in Reynolds, Table 4.1.

The design action combinations to be considered and val-
ues of the factor y to be used are shown in Table 1.1.

TABLE 1.1
Design Considerations, Action Combinations and
Values of y for Variable Actions on Buildings

Limit State and Design
Consideration?

Combination of Design Actions
(see EN 1990)

Ultimate (persistent and 2Y6j Gij + Yau Ot + Z¥i Voi Oxi

transient actions) Gz1,i>1)
Ultimate (accidental action) A+ ZG+ (Yot vy ) O + 2y, O
G=1,i>1)

Serviceability (function, 2Gy;+ O + 2¥y; Oy
including damage to G=1,i>1)

structural and non-structural
elements, e.g., partition walls)

Serviceability (comfort to user, ZGy+ Wi O + 2V, O

use of machinery, avoiding G=1Li>1)
ponding of water, etc.)
Serviceability (appearance) 2Gy;+ 2y, O G=1i21)
Imposed Loads (Category and Type,
See EN 1991-1-1) VA 72 v,
A: domestic, residential area, B: office area 0.7 0.5 03
C: congregation area, D: shopping area 0.7 0.7 0.6
E: storage area 1.0 0.9 0.8
F: traffic area (vehicle weight < 30 kN) 0.7 0.7 0.6
G: traffic area (30 kN < vehicle
weight < 160 kN) 0.7 0.5 0.3
H: roof 0.7 0 0
Snow Loads (See EN 1991-1-3)
Sites located at altitude >1000 m above
sea level 0.7 0.5 0.2
Sites located at altitude <1000 m above
sea level 0.5 0.2 0
Wind loads (see EN 1991-1-4) 0.5° 0.2 0
Thermal actions (see EN 1991-1-5) 0.6 0.5

Note: In the combination of design actions shown above, Q, | is the leading
variable action and Q,; are any accompanying variable actions.
Where necessary, each action in turn should be considered as the
leading variable action.

@ Serviceability design consideration and associated combination of design
actions as specified in the UK National Annex.

b As specified in the UK National Annex.

1.3.1  ULTIMATE LIMIT STATE

The design ultimate actions to be taken for structural design
are shown in Table 1.2. Either option 1 or the less favour-
able of options 2a and 2b may be used. For option 2b, the
value of the unfavourable multiplier for permanent actions is
given by &y; = 0.925 x 1.35 = 1.25. For all permanent actions
from one source, for example, the self-weight of the struc-
ture, either the unfavourable or the favourable value should
be used for all parts. When variable actions are favourable,
0O, = 0 should be used. Where necessary, each variable action
in turn should be considered as the leading action.

If Q,, relates to a storage area, for which y;,= 10,
options 1 and 2 are identical. In other cases, it is advanta-
geous to use option 2, where option 2b governs for values
of G, <4.50, when y,=0.7, and for values of G, <7.50,
when y, = 0.5.

In this book, option 2b has been used in Examples 1 and 2.

1.3.2  SERVICEABILITY LIMIT STATES

In EN 1992-1-1, a check under quasi-permanent loading is
normally allowed when considering cracking and deflection.
This appears to comply with the recommendation in EN 1990
with regard to appearance. With regard to function including
possible damage to elements of the structure, a check under
characteristic loading is indicated. In this book, to avoid pos-
sible damage to partitions, characteristic loading has been
used for the deflection check in Example 1.

1.4 CONTAINMENT STRUCTURES

Silos and tanks are different from many other structures in
that they can be subjected to the full loads from particulate
solids or liquids for most of their life. The actions to be con-
sidered are detailed in Eurocode 1: Part 4: Silos and tanks,
where the contents of informative annexes A and B are
replaced by the recommendations given in the UK National
Annex. Values of the combination factor appropriate to each
design action are shown in Table 1.3.

1.4.1 ULnmATE LiMiT STATE

In tanks, y, = 1.2 may be used for the loads induced by the
stored liquid, at the maximum design liquid level. During
testing, at the maximum test liquid level, and for acciden-
tal design situations, }, = 1.0 may be used. In silos, 3, = 1.5
should be used for loads induced by stored particulate solids.

1.4.2  SERVICEABILITY LIMIT STATES

For the serviceability limit state of cracking, a classifica-
tion of liquid-retaining structures in relation to the required
degree of protection against leakage and the corresponding
design requirements as given in Eurocode 2: Part 3 are sum-
marised in Table 1.4. Silos containing dry materials may gen-
erally be designed as Class 0.
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TABLE 1.2
Design Ultimate Actions for Buildings

Permanent Actions Variable Actions

Option EN 1990 Unfavourable Favourable Leading Others (i>1)

1 Equation 6.10 1.35G, 1.0G, 150, 1.53v, Or,

2a Equation 6.10a 1.35G; 1.0G, 1.5y, Ok, L53,; Ok

2b Equation 6.10b 1.25G, 1.0G, 150, 152 y; Oxi
TABLE 1.3
Values of y for Variable Actions on Silos and Tanks (as Specified in the UK National Annex)
Action Y Vi L2 Action Yo Vi Y
Liquid loads 1.0 0.9 0.3 Foundation settlement 1.0 1.0 1.0
Solids filling 1.0 0.9 0.3 Imposed loads or deformation 0.7 0.5 0.3
Solids discharge 1.0 0.3 0.3 Snow loads 0.5 0.2 0
Thermal actions 0.6 0.5 0 Wind action 0.5 0.2 0

TABLE 1.4

Classification of Water-Tightness and Cracking Limitations in EN 1992-3

Class Leakage Requirements Design Provisions
0 Leakage acceptable or irrelevant. The provisions in EN 1992-1-1 may be adopted.
1 Leakage limited to small amount. Some The width of any cracks that can be expected to pass through the full thickness of the

surface staining or damp patches

section should be limited to wy, given by 0.05 < w,, = 0.225(1 — h,/45h) < 0.2 mm

acceptable. where h,/h is the hydraulic gradient (i.e., head of liquid divided by thickness of section) at
the depth under consideration. Where the full thickness of the section is not cracked, the
provisions in EN 1992-1-1 apply.
2 Leakage minimal. Appearance not to be Cracks that might be expected to pass through the full thickness of the section should be

impaired by staining.
3 No leakage permitted.

avoided, unless measures such as liners or water bars are included.

Special measures (e.g., liners or prestress) are required to ensure water-tightness.

It is implied but not clearly stated in Eurocode 2: Part
3 that the cracking check may be carried out under quasi-
permanent loading. In this case, since y, = 0.3 for hydro-
static load, the cracking check is less onerous than the design
ultimate requirement. This is a significant departure from
previous United Kingdom practice, in which characteristic
loading was used for the cracking check, and this check was
nearly always critical.

It also appears that thermal actions have no effect on
the cracking check, since y, = 0 in this case. Since thermal
actions can usually be ignored at the ultimate limit state, on
the basis that ‘elastic’ stresses reduce with increasing strain,
it would appear that the effect of thermal actions can be dis-
counted altogether in the design.

The author of this book considers that the check for
cracking should be carried out under the frequent loading, and
that the recommended values of y, need to be reviewed. In
Examples 4 and 5, a conservative approach has been adopted
and the characteristic value has been taken for the hydrostatic
load. In Example 6, the frequent loading combination has been
taken and y;, = 0.9 has been applied to the hydrostatic load.

1.5 GEOTECHNICAL DESIGN

Eurocode 7: Geotechnical design provides in outline all the
requirements for the design of geotechnical structures. It
classifies structures into three categories according to their
complexity and associated risk, but concentrates on the
design of conventional structures with no exceptional risk.
These include spread, raft and pile foundations, retaining
structures, bridge piers and abutments, embankments and
tunnels. Limit states of stability, strength and serviceability
need to be considered. The requirements of the ultimate and
serviceability limit states may be met by several methods,
alone or in combination. The calculation method adopted in
the United Kingdom for the ultimate limit state requires the
consideration of two combinations of partial safety factors
for actions and soil parameters, as shown in Table 1.5.

Generally, combination 2 determines the overall size of
the structure and combination 1 governs the structural design
of the members. Characteristic soil parameters are defined as
cautious estimates of the values affecting the occurrence of a
limit state. Thus, for combination 2, design values for the soil
strength at the ultimate limit state are given by
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TABLE 1.5
Partial Safety Factors for the Ultimate Limit State for
Geotechnical Design

Safety Factor on
Actions?, %

Safety Factor on Soil
Parameters,

Combination Yo Yo Yor Yer Yeu
1 1.35 1.5 1.0 1.0 1.0
2 1.0 1.3 1.25 1.25 1.4

 If the action is favourable, values of ; = 1.0 and y, = 0 should be used.

tan ¢’y = (tan ¢’)/1.25 and ¢;=c"71.25
where ¢’ and ¢/ are characteristic values for the cohesion inter-
cept and the angle of shearing resistance (in terms of effective
stress), respectively.

Design values for shear resistance at the interface of
the base and the sub-soil, for the drained (base friction)

and undrained (base adhesion) conditions, respectively, are
given by

tan &, = tan @', (for cast in situ concrete) and ¢4 = ¢,/1.4

where c, is the undrained shear strength.

Free-standing earth-retaining walls need to be checked
for the ultimate limit state regarding overall stability, ground
bearing resistance and sliding. For bases on clay soils, the
bearing and sliding resistances should be checked for both
long-term (drained) and short-term (undrained) conditions.
In Example 3, designs for bases on both sand and clay are
shown.

The traditional practice in which characteristic actions
and allowable bearing pressures are considered, to limit
ground deformation and check bearing resistance, may be
adopted by mutual agreement. In this case, a linear varia-
tion of ground bearing pressure is assumed for eccentric
loading.



2 Design of Members

2.1 PRINCIPLES AND REQUIREMENTS

In the European structural codes, a limit state design con-
cept is used. Ultimate limit states (ULS) and serviceability
limit states (SLS) are considered, as well as durability and,
in the case of buildings, fire resistance. Partial safety fac-
tors are included in both design loads and material strengths,
to ensure that the probability of failure (i.e., not satisfying
a design requirement) is acceptably low. Members are first
designed to satisfy the most critical limit state, and then
checked to ensure that the other limit states are not reached.

In buildings, for most members, the critical consideration
is the ULS, on which the required resistances of the members
in bending, shear and torsion are based. The requirements of
the various SLS, such as deflection and cracking, are consid-
ered later.

Since the selection of a suitable span/effective depth ratio
to prevent excessive deflection, and the choice of a suitable
bar spacing to avoid excessive cracking, is affected by the
stress level in the reinforcement, limit state design is an inter-
active process. Nevertheless, it is normal to begin with the
ULS requirements.

In the following section, the concrete cover to the first
layer of bars, as shown in the drawings, is described as the
nominal cover. It is defined as a minimum cover plus an
allowance in the design for deviation. A minimum cover is
required to ensure the safe transmission of bond forces, the
protection of steel against corrosion and an adequate fire
resistance. To transmit the bond forces safely and to ensure
adequate concrete compaction, the minimum cover should
be not less than the bar diameter or, for bundled bars, should
be not less than the equivalent diameter of a notional bar
having the same cross-sectional area as the bundle.

2.2 DURABILITY

Concrete durability is dependent mainly on its constituents,
and limitations on the maximum free water/cement ratio and
the minimum cement content are specified according to the
conditions of exposure. These limitations result in minimum
concrete strength classes for particular types of cement. For
reinforced concrete, protection of the reinforcement against
corrosion depends on the concrete cover.

2.2.1

Details of the classification system used in BS EN 206-1 and
BS 8500-1, with informative examples applicable in the United
Kingdom, are shown in Reynolds, Table 4.5. When the con-
crete can be exposed to more than one of the actions described
in the table, a combination of the exposure classes will apply.

ExposuURE CLASSES

2.2.2 CoONCRETE STRENGTH CLASSES AND COVERS

The required thickness of the cover is related to the exposure
class, the concrete quality and the intended working life of
the structure. Information taken from the recommendations
in BS 8500 is shown in Reynolds, Table 4.6. The values for
the minimum cover apply for ordinary carbon steel in con-
crete without special protection, and for structures with an
intended working life of at least 50 years.

The values given for the nominal cover include an allowance
for tolerance of 10 mm, which is recommended for buildings
and is also normally sufficient for other types of structures.
The cover should be increased by at least 5 mm for uneven
concrete surfaces (e.g., ribbed finish or exposed aggregate).

If in situ concrete is placed against another concrete ele-
ment (precast or in sifu), the minimum cover to the rein-
forcement at the interface needs to be not more than that
recommended for an adequate bond, provided the following
conditions are met: the value of f, =25 MPa, the exposure
time of the concrete surface to an outdoor environment is not
more than 28 days, and the interface has been roughened.

The nominal cover should be at least 50 mm for con-
crete cast against prepared ground (including blinding), and
75 mm for concrete cast directly against the earth.

2.3 FIRE RESISTANCE

2.3.1 BuILDING REGULATIONS

The minimum periods of fire resistance required for the ele-
ments of the structure, according to the purpose group of a
building and its height or, for a basement, the depth relative
to the ground are shown in Reynolds, Table 3.12. Insurers
require longer fire periods for buildings containing storage
facilities.

2.3.2 DEsIGN PROCEDURES

BS EN 1992-1-2 contains prescriptive rules, in the form of
both tabulated data and calculation models, for the standard
fire exposure. A procedure for a performance-based method
using fire-development models is also provided.

The tabulated data tables give minimum dimensions for
the size of a member and the axis distance of the reinforce-
ment. The axis distance is the nominal distance from the cen-
tre of the main reinforcing bars to the surface of the concrete
as shown in Figure 2.1.

Tabulated data are given for beams, slabs and braced col-
umns, for which provision is made for the load level to be taken
into account. In many cases, for fire periods up to about 2 h, the
cover required for other purposes will be the controlling factor.
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FIGURE 2.1 Cross section showing the nominal axis distances.

2.4 BENDING AND AXIAL FORCE

Typically, beams and slabs are members subjected mainly
to bending while columns are subjected to a combination of
bending and axial force. In this context, a beam is defined
as a member whose span is not less than 3 times its overall
depth. Otherwise, the member is treated as a deep beam for
which different design methods are appropriate. A column
is defined as a member whose greater overall cross-sectional
dimension does not exceed 4 times the smaller dimension.
Otherwise, the member is considered as a wall. In this case,
bending in the plane of the wall is treated in a different way.

2.4.1 BAsic ASSUMPTIONS

For the analysis of the section at the ULS, the tensile strength
of concrete is neglected, and strains are based on the assump-
tion that plane sections before bending remain plane after
bending. The strain distribution to be assumed is shown in
Figure 2.2.

For sections subjected to pure axial compression, the
strain is limited to €_,. For sections partly in tension, the com-
pressive strain is limited to €,,. For intermediate conditions,
the strain diagram is obtained by taking the compressive
strain as €, at a level equal to 3/7 of the section depth from
the more highly compressed face. For values of f;, <50 MPa,
the limiting strains are £, = 0.002 and ¢_, = 0.0035.

Reinforcement stresses are determined from bilinear
design stress—strain curves. Two alternatives are prescribed
in which the top branch of the curve is taken as either hori-
zontal with no limit to the strain (curve A), or rising to a
specified maximum strain (curve B).

For concrete in compression, alternative design stress—
strain curves give stress distributions forming either a parabola

(3/7)h

0 29

FIGURE 2.2  Strain diagram at the ultimate limit state.

and a rectangle, or a triangle and a rectangle. Another option
is to assume a uniform stress distribution. Whichever alterna-
tive is used, the proportions of the stress block and the maxi-
mum strain are constant for values of f, <50 MPa. In reality,
the alternative assumptions lead to only minor differences in
the values obtained for the resistance of the section.

For a rectangular concrete area of width b and depth x, the
total compressive force can be written as &, f;, bx and the dis-
tance of the force from the compression face can be written
as k, x. If a uniform stress distribution is assumed, then, for
[ <50 MPa, values of k; = 0.453 and k, = 0.4 are obtained.

2.4.2 BEeaMs AND SLABS

Beams and slabs are generally subjected to only bending, but
can also be required to resist an axial force, for example, in a
portal frame, or in a floor acting as a prop between basement
walls. Axial thrusts not greater than 0.12f,, times the area of
the cross section may generally be ignored, since the effect of
the axial force is to increase the moment of resistance.

If, as aresult of moment redistribution allowed in the analy-
sis of a member, the design moment is less than the maximum
elastic moment at any section; the necessary ductility may be
assumed without explicit verification if, for f, < 50 MPa, the
neutral axis satisfies the condition x/d < (6 — 0.4).

d is the effective depth, x the neutral axis depth, O the ratio
of the design moment to the maximum elastic moment for val-
ues of 1.0 > 62> 0.7 for ductility class B or C reinforcement
and values of 1.0 > 6 > 0.8 for ductility class A reinforcement.

Where plastic analysis is used, the necessary ductil-
ity may be assumed without explicit verification if, for
Ji <50 MPa, the neutral axis at any section satisfies the con-
dition x/d < 0.25.

2.4.2.1 Singly Reinforced Rectangular Sections

The lever arm between the forces indicated in Figure 2.3 is
given by z = (d — k,x), from which x = (d — 2)/k,.

Taking moments for the compressive force about the line
of action of the tensile force gives

M = k,fubxz = k\f4bz(d — 2)/k,

The solution of the resulting quadratic equation in z gives

2d = 0.5+ J0.25 — (ky Ik )it where it = M/bd>f,
|<_ b _>| 00035 | 0.85fu /%

F T VAR
3 f kyfoybx
e A e l <

& A

FIGURE 2.3 Strain diagram and forces on a singly reinforced
section.
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Taking moments for the tensile force about the line of
action of the compressive force gives
M = A fz, from which A, = M/f.z

The strain in the reinforcement & = 0.0035(1 — x/d)/(x/d)
and from the design stress—strain curves, the stress is given by

f,= &, =700(1 — xld)/(x/d) < kf,,/1.15

If the top branch of the design stress—strain curve is taken
as horizontal (curve B), k= 1.0 and f; = f,,/1.15 for values of

x/d < 805/(805 +£,) = 0.617  for £, = 500 MPa

2.4.2.2 Doubly Reinforced Rectangular Sections

The forces provided by the concrete and the reinforcement
are indicated in Figure 2.4. Taking moments about the line of
action of the tensile force gives

M =k fabx(d — kyx) + A{f(d - d’)

The strain in the reinforcement & = 0.0035(1 — d’/x) and
from the design stress—strain curve B, the stress is given by

£/ = €E, =700(1 - d’'/x)< f, /1.15

Thus, f = fy/1.15 for values of
x/d = [805/(805 — f,)1(d’ld) = 2.64(d’/d)  for f,, = 500 MPa
Equating the tensile and the compressive forces gives

Af, = ki fobx + ALfY

where the stress in the tension reinforcement is given by the
expression derived for singly reinforced sections.

2.4.2.3 Design Formulae for Rectangular Sections

No design formulae are given in the code but the following
are valid for values of f <50 MPa and f, <500 MPa. The
formulae are based on the rectangular stress block for the

F—bo— ' 0.0035 1 0.85(4/%
—T_ ANE S 1 € f kp A
s 2 7
c »
j \\ T T / kl cl(bx
o A e Y «—

& A sfs

FIGURE 2.4 Strain diagram and forces on a doubly reinforced
section.

concrete and stresses of 0.87f, in tension and compression
reinforcement. The compression reinforcement requirement
depends on the value of K = M/bd?f,, compared to K’ where
for 6= 1.0

for 6< 1.0

K’ =0.210

K’ =0.453(6 - 0.4) — 0.181(6 — 0.4)2
d is the ratio of the design moment to the maximum elastic
moment, where 6 > 0.7 for class B and class C reinforcement,

and 0 > 0.8 for class A reinforcement.
For K < K’, compression reinforcement is not required and

A, = MI0.8Tf, 2

where
z=d{0.5++0.25-0.882K} and x = (d-2)/04

For K > K’, compression reinforcement is required and

Al = (K = K')bd* £, /0.87 f, (d — d)
A, = AL+ K'bd £, 10.87 f, 2

where
z=d{0.5++0.25-0.882K’} and x = (d - z)/0.4

For d’Ix > 0.375 (for Jy =500 MPa), A{ should be replaced
by 1.6(1 — d’/x)A; in the equations for A and A,.

A design table, based on the formulae, is given in Table
Al. In the table, the lever arm factor z/d is limited to a maxi-
mum value of 0.95. Although not a requirement of Eurocode
2, this restriction is common in UK practice.

2.4.2.4 Flanged Sections

In monolithic beam and slab construction, where the web of
the beam projects below the slab, the beam is considered as a
flanged section for sagging moments. The effective width of
flange, over which uniform stress conditions can be assumed,
may be taken as b, = b, + b’, where

b =0.1(a, +1,) <0.21,< 0.5a,
b =02, +1,) <041, < 1.0a,

for L beams

for T beams

In the above expressions, b, is the web width, a,, is the
clear distance between the webs of adjacent beams and [,
is the distance between successive points of zero-bending
moment for the beam. If /. is the effective span, /, may
be taken as 0.85/,; when there is continuity at one end of
the span, and 0.7/, when there is continuity at both ends.
For up-stand beams, when considering hogging moments,
I, may be taken as 0.3/ at internal supports and 0.15/,, at
end supports.
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FIGURE 2.5 Forces on flanged section with x > A,.

In sections where the flange is in compression, the depth of
the neutral axis will generally be not greater than the thick-
ness of the flange. In this case, the section can be consid-
ered to be rectangular with b taken as the flange width. The
condition regarding the neutral axis depth can be confirmed
initially by showing that M < k, f,,bh; (d — k,h;), where h; is
the thickness of the flange. Alternatively, the section can be
considered to be rectangular initially, and the neutral axis
depth can be checked subsequently.

Figure 2.5 shows a flanged section in which the neutral
axis depth exceeds the flange thickness, and the concrete
force is divided into two components.

The required area of the tension reinforcement is given by

A=Ay + kify (b= b /08T,

where A, is the area of reinforcement required to resist a
moment M, applied to a rectangular section of width b, where

M, =M —k,f, (b—b)h;(d—kyh;) < :u’bdzfck

Using the rectangular concrete stress block in the forgoing
equations gives k; =0.45 and k, = 0.4. This approach gives
solutions that are ‘correct’ when x = A, but becomes slightly
more conservative as (x — h;) increases.

2.4.2.5 Analysis of a Given Section

The analysis of a section of any shape, with any arrangement
of reinforcement, involves a trial-and-error process. An initial
value is assumed for the neutral axis depth, from which the
concrete strains at the positions of the reinforcement can be
calculated. The corresponding stresses in the reinforcement
are determined, and the resulting forces in the reinforcement
and the concrete are obtained. If the forces are out of balance,
the value of the neutral axis depth is changed and the process
is repeated until equilibrium is achieved. Once the balanced
condition has been found, the resultant moment of the forces
about the neutral axis, or any convenient point, is calculated.

2.4.3 CoOLUMNS

Columns are compression members that can bend about any
axis. In design, an effective length and a slenderness ratio are
determined in relation to major and minor axes of bending.
The effective length of the column is a function of the clear

height and depends upon the restraint conditions at the ends.
A slenderness ratio is defined as the effective length divided
by the radius of gyration of the uncracked concrete section.

Columns should generally be designed for both first-order
and second-order effects, but second-order effects may be
ignored provided the slenderness ratio does not exceed a par-
ticular limiting value. This can vary considerably and has
to be determined from an equation involving several factors.
These can be calculated but default values are also given.

Columns are subjected to combinations of bending
moment and axial force, and the cross section may need to
be checked for more than one combination of values. Several
methods of analysis, of varying complexity, are available
for determining second-order effects. Many columns can
be treated as isolated members, and a simplified method of
design using equations based on an estimation of curvature
is commonly used. The equations contain a modification fac-
tor K,, the use of which results in an iterative process with K,
taken as 1.0 initially. The procedures are shown in Reynolds,
Tables 4.15 and 4.16.

In the code, for sections subjected to pure axial load, the
concrete strain is limited to 0.002 for values of f,, < 50 MPa.
In this case, the design stress in the reinforcement should be
limited to 400 MPa. However, in other parts of the code, the
design stress in this condition is shown as fj4 = f,, /% = 0.87f,.
In the derivation of the charts in this chapter, which apply for
all values of f, <50 MPa and f, <500 MPa, the maximum
compressive stress in the reinforcement was taken as 0.87f,,.
The charts contain sets of K, lines to aid the design process.

2.4.3.1 Rectangular Columns

Figure 2.6 shows a rectangular column section in which the
reinforcement is disposed equally on two opposite sides of a
horizontal axis through the mid-depth. By resolving forces
and taking moments about the mid-depth of the section, the
following equations are obtained for 0 < x/h < 1.0:

NIbhf., = k(xlh) + 0.5(A £, /bhf ) kg —

S

MIbRf, = ky(el){0.5 — ko)) + 0.5(A,fi/bhfa) kg, + ki)
x (d/h - 0.5)

The stress factors, k, and k,, are given by

kg = 1.4(x/h + dlh — D)/(x/h) < 0.87
e— b —] (hid)
X X (As/2)ks )
TNAY ! 3 [Akady
0.5h 2 i K b
1Jck
Axis_l_______dh kyx
of bending l
AS
° ° <
2 A (As/z)ks'),fyk

FIGURE 2.6 Forces acting on a rectangular column section.
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ko = 1.4(d/h — x/h)/(x/h) < 0.87
The maximum axial force N, is given by the equation
N,/bhf = 0.567 + 0.87(A, f\/bhf,,)

Design charts, based on the rectangular stress block for the
concrete, and for the values of d/h = 0.8 and 0.85, are given
in Tables A2 and A3, respectively. On each curve, a straight
line has been taken between the point where x/A = 1.0 and
the point where N = N,. The charts, which were determined
for f; =500 MPa, may be safely used for f,; <500 MPa. In
determining the forces in the concrete, no reduction has been
allowed for the area of concrete displaced by the compression
reinforcement. In the design of slender columns, the K, factor
is used to modify the deflection corresponding to a load N,
at which the moment is at maximum. A line corresponding to
N, passes through a cusp on each curve. For N < N, the K
value is taken as 1.0. For N > N, K can be determined from
the lines on the chart.

2.4.3.2 Circular Columns

Figure 2.7 shows a circular column section in which six bars
are equally spaced around the circumference. Solutions based
on six bars will be slightly conservative if more bars are used.
The bar arrangement relative to the axis of bending affects the
resistance of the section, and some combinations of bending
moment and axial force can result in a slightly more critical
condition, if the arrangement shown is rotated through 30°.
These small variations can reasonably be ignored.

The following analysis is based on a uniform stress block
for the concrete, of depth Ax and width /4 sin o at the base (as
shown in Figure 2.7). Negative axial forces are included to
cater for members such as tensile piles. By resolving forces
and taking moments about the mid-depth of the section, the
following equations are obtained, where o= cos™(1 — 2Ax/h)
for 0 <x < 1.0, and A, is the diameter of a circle through the
centres of the bars:

NIR = k(200 = sin 20)/8 + (T12)(Af, /A S
X (ksl - ksZ - ks’i)

MIRf, = k. (3sin o — sin 30)/72 + (/27.7)(A fu A Ju) (/)
X (kg + k)

hsin o ———»|

(As/g)kslfyk
>
EEE—
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FIGURE 2.7 Forces acting on a circular column section.

Since the width of the compression zone decreases in the
direction of the extreme compression fibre, the design stress
in the concrete has to be reduced by 10%. Thus, in the above
equations: k, = 0.9 X 0.567 = 0.51 and A =0.8.

The stress factors, kg, k,, and kg, are given by

s Ngls

~0.87 <k, + 1.4(0.433h/h — 0.5 + x/h)/(x/h) < 0.87
~0.87 <k, + 1.4(0.5 — x/h)/(x/h) < 0.87
~0.87 < ky = 1.40.5 + 0.433h/h — x/h)/(x/h) < 0.87

To avoid irregularities in the charts, the reduced design
stress in the concrete is used to determine the maximum
axial force N,, which is given by the equation:

N/ = (@4){0.51 + 0.87(A, f /A fu)}
The minimum axial force N, is given by the equation:
W _0'87(”/4)(Asf;/k/Acf;‘k)

Design charts for the values of 4 /h = 0.6 and 0.7, are given
in Tables A4 and A5, respectively. The previous statements
on the derivation and use of the charts for rectangular sec-
tions also apply to those for circular sections.

2.4.3.3 Analysis of a Given Section

Any given cross-section can be analysed by a trial-and-error
process. For a section bent about one axis, an initial value is
assumed for the neutral axis depth, from which the concrete
strains at the positions of the reinforcement can be calculated.
The resulting stresses in the reinforcement are determined,
and the forces in the reinforcement and concrete are evalu-
ated. If the resultant force is not equal to the design axial
force N, the value of the neutral axis depth is changed and the
process is repeated until equality is achieved. The resultant
moment of all the forces about the mid-depth of the section is
then the moment of resistance appropriate to N.

2.4.3.4 Example

The column section shown in Figure 2.8 is reinforced with
8H32 arranged as shown. The moment of resistance about the
major axis is to be obtained for the following requirements:

N=2300kN, f,=32MPa, f, =500MPa

l— 300 —
| '
_T_ 60 kyx Agkg vk
X T >
J_ T kl ckbx

240
- & — @ —** 600 <
240 As2ks2 yk
o o o i «—
60 As3ks3fyk

FIGURE 2.8 Forces acting on a given column section.
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Consider the bars in each half of the section to be replaced
by an equivalent pair of bars. The depth to the centroid of the
bars in one-half of the section = 60 + 240/4 = 120 mm. The
section is now considered to be reinforced with four equiva-
lent bars, where d = 600 — 120 = 480 mm.

Af,/bhf, = 6434 x 500/(300 X 600 x 32) = 0.56
NIbhf., = 2300 x 103300 x 600 x 32) = 0.40

From the design chart for d/h = 480/600 = 0.8,

M,/bh*f, = 0.18 (Table A2)
M, =0.18 X 300 x 600> x 32 x 10 =622 kN m

The solution can be checked using a trial-and-error pro-
cess to analyse the original section, as follows:
The axial load on the section is given by

N =k fabx + (Agky — Agky — Agka)f

where
d/h =540/600 = 0.9, and &, k, and kg are given by
kg = 1.4(x/h + d/h — D/(x/h) <0.87
ky, = 1.4(0.5 — x/h)/(x/h) < 0.87
ks = 1.4(d/h — x/h)/(x/h) < 0.87

Withx = 300 mm, x/h = 0.5, k,, = 0.87, k,, = O and k, = 0.87
N=0.45 x 32 x 300 x 300 x 10 = 1296 kN (< 2300)
With x = 360 mm, x/h = 0.6, k, =—0.233 and k = 0.7

N=0.45%32x300x360 x 102 + (2413 x 0.87 + 1608
% 0.233 — 2413 x 0.7) x 500 x 1073
= 1555 + 392 = 1947 kN (< 2300)

With x = 390 mm, x/h = 0.65, k, = —0.323 and k, = 0.538

N=0.45x32x300x390x 103
+ (2413 x 0.87 + 1608 x 0.323 — 2413 x 0.538)
x 500 x 1073
= 1685 + 660 = 2345 kN (> 2300)

With x = 387 mm, x/h = 0.645, k, =—0.315 and k; = 0.553

N=0.45x%32x300x387 x 1073
+ (2413 x 0.87 + 1608 x 0.315 — 2413 x 0.553)
% 500 x 1073
=1672 + 636 = 2308 kN

Since the internal and external forces are now sensibly
equal, taking moments about the mid-depth of the section gives

M, =k f bx(0.5h — k,x) + (Ag kg + Agka)(d — 0.5h)f
=0.45 x 32 x 300 x 387 x (300 — 0.4 x 387) x 10°
+ (2413 x 0.87 + 2413 x 0.553)(540 — 300) x 500 x 10-°
=243 + 412 = 655 kN m (> 622 obtained earlier)

The method in which the reinforcement was replaced
by four equivalent bars can be seen to give a conservative
estimate.

2.5 SHEAR

In an uncracked section, shear results in a system of mutually
orthogonal diagonal tension and compression stresses. When
the diagonal tension stress reaches the tensile strength of the
concrete, a diagonal crack occurs. This simple concept rarely
applies to reinforced concrete, since members such as beams
are already cracked in flexure, and sudden failure can occur
in members without shear reinforcement. Resistance to shear
can be increased by adding shear reinforcement but, at some
stage, the resistance is limited by the capacity of the inclined
struts that form within the web.

2.5.1 MEMBERS WITHOUT SHEAR REINFORCEMENT

The design resistance at any cross-section of a member not
requiring shear reinforcement can be calculated as

VRd,c = VRd,cbwd

where
b,, is the minimum width of the section in the tension zone
d is the effective depth to the tension reinforcement and
Vra. 18 the design concrete shear stress.

The design concrete shear stress is a function of the con-
crete strength, the effective depth and the reinforcement
percentage at the section considered. To be effective, this rein-
forcement should extend for a minimum distance of (/,y + d)
beyond the section, where [, , is the design anchorage length.

At a simple support, for a member carrying predominantly
uniform load, the length /, ; may be taken from the face of the
support. The design shear resistance of members with and
without axial load can be determined from the information
provided in Reynolds, Table 4.17.

In the UK National Annex, it is recommended that for val-
ues of f,, > 50 MPa, the shear strength of the concrete should
be determined by tests, unless there is evidence of satisfac-
tory past performance of the particular concrete mix includ-
ing the aggregates used. Alternatively, the shear strength
should be limited to that given for f, = 50 MPa.

2.5.2  MEMBERS WITH SHEAR REINFORCEMENT

The design of members with shear reinforcement is based on
a truss model, shown in Figure 2.9, in which the compression
and tension chords are spaced apart by a system consisting of
inclined concrete struts and vertical or inclined reinforcing
bars. Angle o between the reinforcement and the axis of the
member should be > 45°.

Angle Obetween the struts and the axis of the member may
be selected by the designer within the limits 1.0 <cot 6<2.5
generally. However, for elements in which shear co-exists
with externally applied tension, cot 0 should be taken as 1.0.
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FIGURE 2.9 Truss model and notation for members with shear reinforcement. A—compression chord, B—concrete strut, C—tension chord

and D—shear reinforcement.

The web forces are V sec 0 in the struts and V sec o in the
shear reinforcement over a panel length /= z(cot o + cot ),
where z may normally be taken as 0.9d. The width of each
strut is z(cot o+ cot 6) sin 6, and the design value of the
maximum shear force Vi ., is limited by the compressive
resistance provided by the struts, which includes a strength
reduction factor for concrete cracked in shear. The least shear
reinforcement is required when cot 6 1is such that V=V, ...

The truss model results in a force AF, in the tension
chord that is additional to the force M/z due to bending, but
the sum AF,y + M/z need not be taken greater than M, /z,
where M, is the maximum moment in the relevant hog-
ging or sagging region. The additional force AF,; can be
taken into account by shifting the bending moment curve on
each side of any point of maximum moment by an amount
a, = 0.5 z(cot 6 — cot ).

For members without shear reinforcement, a, = d should
be used. The curtailment of the longitudinal reinforcement
can then be based on the modified bending moment diagram.
A design procedure to determine the required area of shear
reinforcement, and details of the particular requirements for
beams and slabs, are shown in Reynolds, Table 4.18.

For most beams, a minimum amount of shear reinforce-
ment in the form of links is required, irrespective of the mag-
nitude of the shear force. Thus, there is no need to determine
VRd,c'

In members with inclined chords, the shear components
of the design forces in the chords may be added to the design
shear resistance provided by the reinforcement. In checking
that the design shear force does not exceed Vig x> the same
shear components may be deducted from the shear force
resulting from the design loads.

2.5.3 SHEAR UNDER CONCENTRATED LOADS

In slabs and column bases, the maximum shear stress at the
perimeter of a concentrated load should not exceed Vg pay-
Shear in solid slabs under concentrated loads can result in
punching failures on the inclined faces of truncated cones
or pyramids. For design purposes, a control perimeter
forming the shortest boundary that nowhere comes closer
to the perimeter of the loaded area than a specified distance
should be considered. The basic control perimeter may gen-
erally be taken at a distance 2d from the perimeter of the
loaded area.

If the maximum shear stress here is not greater than
Vraer then no shear reinforcement is required. Otherwise,

the position of the control perimeter at which the maxi-
mum shear stress is equal to vy, should be determined,
and shear reinforcement should be provided in the zone
between this control perimeter and the perimeter of the
loaded area.

For flat slabs with enlarged column heads (or drop panels),
where dy is the effective depth at the face of the column and
the column head (or drop) extends a distance /,; > 2dy; beyond
the face of the column, a basic control perimeter at a distance
2dy, from the column face should be considered. In addition,
a basic control perimeter at a distance 2d from the column
head (or drop) should be considered.

Control perimeters (in part or as a whole) at distances
less than 2d should also be considered where a concentrated
load is applied close to a supported edge, or is opposed by
a high pressure (e.g., soil pressure on bases). In such cases,
values of vy, may be multiplied by 2d/a, where a is the
distance from the edge of the load to the control perimeter.
For bases, the favourable action of the soil pressure may be
included when determining the shear force acting at the con-
trol perimeter.

Where a load or reaction is eccentric in relation to a shear
perimeter (e.g., at the edge of a slab, and in cases of moment
transfer between a slab and a column), a magnification factor
is included in the calculation of the maximum shear stress.
The details of the design procedures for shear under concen-
trated loads are shown in Reynolds, Table 4.19.

2.5.4 Bortom-LoADED BEaMS

Where load is applied near the bottom of a section, sufficient
vertical reinforcement to transmit the load to the top of the
section should be provided in addition to any reinforcement
required to resist shear.

2.6 TORSION

In normal beam-and-slab or framed construction, calcula-
tions for torsion are not usually necessary, since adequate
control of any torsional cracking in beams will be provided
by the required minimum shear reinforcement. When it is
judged as necessary to include torsional stiffness in the anal-
ysis of a structure, or torsional resistance is vital for static
equilibrium, members should be designed for the resulting
torsional moment.

The torsional resistance may be calculated on the basis of
a thin-walled closed section, in which equilibrium is satisfied
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by a plastic shear flow. A solid section may be modelled as
an equivalent thin-walled section. Complex shapes may be
divided into a series of sub-sections, each of which is modelled
as an equivalent thin-walled section, and the total torsional
resistance is taken as the sum of the resistances of the indi-
vidual elements. When torsion reinforcement is required, this
should consist of rectangular closed links together with longi-
tudinal reinforcement. Such reinforcement is additional to the
requirements for shear and bending. The details of a design
procedure for torsion are shown in Reynolds, Table 4.20.

2.7 DEFLECTION

The behaviour of a reinforced concrete beam under service
loading can be divided into two basic phases: before and
after cracking. During the uncracked phase, the member
behaves elastically as a homogeneous material. This phase
ends when the load reaches a value at which the first flexural
crack forms. The cracks result in a gradual reduction in stiff-
ness with increasing load during the cracked phase. The con-
crete between the cracks continues to provide some tensile
resistance though less, on average, than the tensile strength
of the concrete. Thus, the member is stiffer than the value
calculated on the assumption that concrete carries no tension.
These concepts are illustrated in Figure 2.10.

The deflections of members under the service loading
should not impair the function or the appearance of a struc-
ture. In buildings, the final deflection of members below
the support level, after an allowance for any pre-camber, is
limited to span/250. To minimise possible damage to non-
structural elements such as finishes, cladding and partitions,
deflection that occurs after the construction stage should also
be limited to span/500.

Generally, explicit calculation of the deflections is unneces-
sary to satisfy the code requirements, and simple rules in the
form of limiting span/effective depth ratios are provided. These
are considered adequate for avoiding deflection problems in
most circumstances and, subject to particular assumptions

Deflection assuming a

Load // maximum tensile stress
/ equal to tensile strength
/ of the concrete
/ _-
/ . . -
; Deflection assuming [~
/ ahomogeneous -7

. -~
uncracked section _ -~
1 -

Cracking | _ -
load ¢ Actual e Deflecti )
-
response _ < eflection assuming
-7 concrete has no
- .
-7 tensile strength
-
-
-
Deflection

FIGURE 2.10 Load—deflection behaviour.

made in their derivation, give a useful basis for estimating
long-term deflections of members in buildings, as follows:

actual span/effective depth ratio
limiting span/effective depth ratio

Deflection = X span/250

Although a check under quasi-permanent loading is nor-
mally allowed, the author of this book believes that a check
under characteristic loading is advisable when the need to
minimise possible damage to the elements of a building is a
consideration, as explained in Chapter 1.

In special circumstances, when the calculation of deflec-
tion is considered necessary, an adequate prediction can be
made by calculating the curvature at positions of maximum
bending moment, and then assuming that the curvature
variation along the member is proportional to the bending
moment diagram. Some useful deflection coefficients are
given in Reynolds, Table 3.42.

The deformation of a section, which could be a curvature
or, in the case of pure tension, an extension, or a combination
of these, is evaluated first for a homogeneous uncracked sec-
tion, &,, and second for a cracked section ignoring tension in
the concrete, 0,. The actual deformation of the section under
the design loading is then calculated as

0=06+1-0) ¢

where { is a distribution coefficient that takes into account
the degree of cracking according to the nature and duration
of the loading, and the stress in the tension reinforcement
under the load causing first cracking in relation to the stress
under the design service load.

When assessing long-term deflections, allowances need to
be made for the effect of concrete creep and shrinkage. Creep
can be taken into account by using an effective modulus of
elasticity E_ = E /(1 + ¢), where E_ is the short-term value
and ¢ is a creep coefficient. Shrinkage deformations can be
calculated separately and added to those due to loading.

Careful consideration is needed in the case of cantilevers,
where the usual formulae assume that the cantilever is rigidly
fixed and remains horizontal at the root. Where the cantilever
forms the end of a continuous beam, the deflection at the end
of the cantilever is likely to be either increased or decreased
by an amount /6, where [ is the cantilever length measured to
the centre of the support, and 0 is the rotation at the support.
If a cantilever is connected to a substantially rigid structure,
the effective length should be taken as the length to the face
of the support plus half the effective depth.

The details of span/effective depth ratios and explicit calcu-
lation procedures are shown in Reynolds, Tables 4.21 and 4.22.

2.8 CRACKING

Cracks in members under service loading should not impair
the appearance, durability or water tightness of a structure. In
buildings, the calculated crack width under quasi-permanent
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loading, or as a result of restrained deformations, is generally
limited to 0.3 mm.

To control cracking, it is necessary to ensure that the
tensile capacity of the reinforcement at yielding is not less
than the tensile force in the concrete just before cracking.
As a result, a minimum amount of reinforcement is required,
according to the strength of the steel, and the tensile strength
of the concrete at the time when cracks are likely to form.
Cracking due to restrained early thermal effects can occur in
continuous walls and slabs within a few days of the concrete
being placed. In other cases, it can be several weeks before
the applied load reaches a level at which cracking occurs.

Where minimum reinforcement is provided, the crack
width requirements may be met by direct calculation, or by
limiting either the bar size or the bar spacing. The details of
the design procedures are shown in Reynolds, Tables 4.23
and 4.24.

For the calculation of crack widths due to restrained
imposed deformation, information is provided in PD 6687.
The mean strain may be taken as 0.8Rg,,,, where R is a
restraint factor and g, is the imposed strain due to early
thermal shortening or drying shrinkage. Values of the
restraint factor R are given for various pour configurations.

For structures containing liquids, the design requirements
are related to leakage considerations. Where a small amount
of leakage and the associated surface staining or damp
patches is acceptable, the calculated crack width, for cracks
that can be expected to pass through the full thickness of the
section, is limited to a value that depends on the hydraulic
gradient (i.e., head of the liquid divided by thickness of the
section). The limits are 0.2 mm for hydraulic gradients <5,
reducing uniformly to 0.05 mm for hydraulic gradients > 35.

Although a cracking check under quasi-permanent load-
ing is implied in the UK National Annex, the author of this
book considers that either the frequent or the characteristic
load combination should be taken, as explained in Section
1.4.2. For members in axial tension, where at least the mini-
mum reinforcement is provided, the limiting values for either
the bar size or the bar spacing may be obtained from that are
shown in Reynolds, Table 4.25.

In sections subjected to bending, with or without axial
force, where the full thickness of the section is not cracked,
and at least 0.2 times the section thickness < 50 mm remains
in compression, the crack width limit may be taken as 0.3 mm.

For cracking due to the restraint of imposed deformations
such as shrinkage and early thermal movements, an esti-
mate needs to be made of the effective tensile strength of the
concrete when the first cracks are likely to occur. For walls
and slabs less than 1 m in thickness, it is often assumed that
such cracking will occur within 3 days of the concrete being
placed.

The nature of the cracking depends on the type of restraint.
For an element restrained at the ends (e.g., an infill bay with
construction joints between the new section of concrete and
the pre-existing sections), the crack formation is similar to
that caused by external loading. For effective crack control,
reinforcement can be determined from Reynolds, Table 4.26.

13

For a panel restrained along one edge (e.g., a wall cast
onto a pre-existing stiff base), the formation of the crack only
influences the distribution of stresses locally, and the crack
width becomes a function of the restrained strain rather than
the tensile strain capacity of the concrete.

In EN 1992-3, the mean strain contributing to the crack
width is taken as R,, &,.. For early thermal movements,
€ree = AT, where « is the coefficient of thermal expan-
sion for concrete and AT is the temperature fall between
the hydration peak and ambient at the time of construc-
tion. Typical values of AT can be estimated from the data in
Reynolds, Table 2.18. The restraint factor R,, may be taken
as 0.5 generally, or may be obtained from Reynolds, Table
3.45, where the values are shown for particular zones of pan-
els restrained along one, two or three edges, respectively.
For effective crack control, reinforcement can be determined
from Reynolds, Table 4.27.

It will be found that the calculated strain contributing to
the crack width for a panel restrained at its ends is normally
more than R, &;... Thus, the reinforcement required to limit
a crack width to the required value is greater for a panel
restrained at its ends than for a panel restrained along one or
two adjacent edges.

2.9 CONSIDERATIONS AFFECTING DESIGN
DETAILS

Bars may be set out individually, or grouped in bundles of
two or three in contact. Bundles of four bars may also be
used for vertical bars in compression, and for bars in a lapped
joint. For the safe transmission of bond forces, the cover pro-
vided to the bars should be not less than the bar diameter or,
for a bundle of bars, the equivalent diameter (< 55 mm) of a
notional bar with a cross-sectional area equal to the total area
of the bars in the bundle.

Gaps between bars (or bundles of bars) generally should
be not less than the greatest of (d, + 5 mm) where d, is the
maximum aggregate size, the bar diameter (or equivalent
diameter for a bundle) or 20 mm. The minimum and maxi-
mum amounts for the reinforcement content of different
members are shown in Reynolds, Table 4.28.

Additional rules for large diameter bars (> 40 mm in the
UK National Annex), and for bars grouped in bundles, are
given in Reynolds, Table 4.32.

At intermediate supports of continuous flanged beams,
the total area of tension reinforcement should be spread over
the effective width of the flange, but a greater concentration
may be provided over the web width.

2.9.1 Ties IN STRUCTURES

Building structures not specifically designed to withstand
accidental actions should be provided with a suitable tying
system, to prevent progressive collapse by providing alter-
native load paths after local damage. Where the structure is
divided into structurally independent sections, each section
should have an appropriate tying system. The reinforcement
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providing the ties may be assumed to act at its characteristic
strength, and only the specified tying forces need to be taken
into account. Reinforcement required for other purposes
may be considered to form part of, or the whole of the ties.
The details of the tying requirements specified in the UK
National Annex are shown in Reynolds, Table 4.29.

2.9.2 ANCHORAGE LENGTHS

At both sides of any cross section, bars should be provided
with an appropriate embedment length or other form of end
anchorage. The basic required anchorage length, assuming a
constant bond stress f, 4, is given by

ly.rqa = (0/4) X (O4lfva)

where 0, is the design stress in the bar at the particular sec-
tion, and f,, is the design the ultimate bond stress, which
depends on the bond condition. This is considered as either
‘good’ or ‘poor’, according to the position of the bar during
concreting.

The design anchorage length, measured along the cen-
treline of the bar from the section in question to the end of
the bar, is given by

boa =04 0 0 Oy Ots Ly g 2 1y in

where o, a,, o, oy and oy are coefficients depending on
numerous factors. Conservatively, /,; =/, .4 can be taken.

As a simplified alternative, a tension anchorage for a stan-
dard bend, hook or loop may be provided as an equivalent
length [, ., = 04 1,44 (see Figure 2.11), where ¢ is taken as
0.7 for covers perpendicular to the bend >3¢. Otherwise,
o, =1.0.

Bends or hooks do not contribute to compression anchor-
ages. The anchorage requirements are shown in Reynolds,
Table 4.30.

2.9.3 Laps IN BARrs

Forces can be transferred between reinforcement by lapping,
welding or joining bars with mechanical devices (couplers).
Laps should be located, if possible, away from positions of
maximum moment and should generally be staggered. The
design lap length is given by

ly= 0y 0y 0 0y 05 Ot Ly 10q 2 Lo min

25"’1
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FIGURE 2.11 Equivalent anchorage length for a standard bend.

where o is a coefficient that varies between 1.0 and 1.5,
depending on the percentage of lapped bars relative to the
total area of bars at the section. Conservatively, [y = O 1, ;44
can be taken.

Transverse reinforcement is required at each end of the lap
zone to resist transverse tension forces. In some minor cases,
transverse reinforcement or links required for other purposes
may be assumed as sufficient. The details of lap lengths are
shown in Reynolds, Table 4.31.

2.9.4 BenDs IN BArs

The radius of any bend in a reinforcing bar should conform
to the minimum requirements of BS 8666, and should ensure
that failure of the concrete inside the bend is prevented. For
bars bent to the minimum radius according to BS 8666, it is
not necessary to check for concrete failure if the anchorage
of the bar does not require a length more than 5¢ beyond the
end of the bend. A check for concrete failure is also unnec-
essary where the plane of the bend is not close to a concrete
face, and there is a transverse bar of at least the same size
inside the bend. A shear link may be considered as fully
anchored, if it passes around another bar not less than its
own size, through an angle of 90°, and continues beyond the
end of the bend for a length not less than 10¢ = 70 mm. The
details of the minimum bends in bars are given in Reynolds,
Table 2.19.

In other cases when a bend occurs at a position where
the bar is highly stressed, the bearing stress inside the bend
needs to be checked, and the radius of the bend will need
to be more than the minimum value given in BS 8666. This
situation occurs typically at monolithic connections between
members; for example, the junction of a beam and an end
column, and in short members such as corbels and pile caps.

The design bearing stress depends on the concrete
strength, and the containment provided by the concrete per-
pendicular to the plane of the bend. The details of designed
bends in bars are given in Reynolds, Table 4.31.

2.9.5 CURTAILMENT OF REINFORCEMENT

In flexural members, it is generally advisable to stagger the
curtailment points of the tension reinforcement as allowed by
the bending moment envelope. Bars to be curtailed need to
extend beyond the points where in theory they are no longer
needed for flexural resistance. The extension g, is related to
the shear force at the section. For members with upright shear
links, a, = 0.5 z cot O where z is the lever arm, and 0 is the
slope of the concrete struts assumed in the design for shear.
For members with no shear reinforcement, a, = d is used.

No reinforcement should be curtailed at a point less than a
full anchorage length /, ; from a section where it is required to
be fully stressed. Curtailment rules are shown in Reynolds,
Table 4.32, and illustrated in Figure 2.12.

At a simple end support, bottom bars should be provided
with a tension anchorage beyond the face of the support, where
the tensile force to be anchored is given by F'= 0.5V cot 6.
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FIGURE 2.12 Curtailment of longitudinal reinforcement taking into account the resistance within the anchorage lengths.

2.10 REINFORCEMENT

Reinforcement for concrete generally consists of steel bars,
or welded steel mesh fabric, which depend upon the provision
of a durable concrete cover for protection against corrosion.
The essential properties of bars to BS 4449 and wires to BS
4482 are summarised in Reynolds, Table 2.19.

2.10.1 BARrs

BS 4449 provides for bars with a characteristic yield strength
of 500 MPa in ductility classes A, B and C. Class A ductility
is not suitable where more than 20% moment redistribution
is assumed in the design. The bars are round in cross section,
with sets of parallel transverse ribs separated by longitudinal
ribs. The nominal size is the diameter of a circle with an area
equal to the effective cross-sectional area of the bar. Values

of the total cross-sectional area of the reinforcement in a con-
crete section, according to the number or spacing of the bars,
for different bar sizes, are given in Table A9.

In BS 8666, a reference letter is used to identify bar types
and grades. Reference H allows the reinforcement supplier
to use ductility class A, B or C for bars <12 mm diameter,
and ductility class B or C for larger bars. Reference B is used
if it is imperative, or considered desirable, to use ductility
class B or C in all sizes. The details of standard bar shapes,
designated by shape codes, are shown in Reynolds, Tables
2.21 and 2.22.

2.10.2 FaBRIC

BS 4483 provides for fabric produced from bars to BS 4449
or, for wrapping fabric, wire produced to BS 4482. The
details of the standard fabric types are given in Table A9.






3 Example 1: Multi-Storey Building

Description

The general arrangement of a five-storey building plus basement is shown in drawing 1. The suspended floors are of beam
and solid slab construction, but two other forms are also considered. A flat slab, and an integral beam and ribbed slab,
respectively, are shown in drawing 2. The upper four floors are designed for general office loading plus an allowance for
partitions, the ground floor for use as a retail premises and the basement for general storage purposes.

The building is provided with a central core containing two lifts, a general staircase, and an access well for services to all
floors. The walls enclosing these areas provide lateral stability to the structure as a whole. An additional fire escape staircase
(not shown) will be attached to the outside of the building. The intended working life is at least 50 years.

The minimum fire periods required by the Building Regulations (Reynolds, Table 3.12) are as follows:

Ground and upper storeys: offices and shops (not sprinklered), building height above ground <18 m, 1 h

Basement storey: storage (not sprinklered), depth of basement <10 m, 1.5 h
Note 1. In the reference column of the calculation sheets, clause references are to BS EN 1992-1-1 unless shown otherwise.
Note 2. The designation H is used generally to identify the bar type and grade. This allows the reinforcement supplier to use

ductility class A, B or C for bars up to and including 12 mm diameter, and ductility class B or C for larger bars. An
exception occurs at sections where the moment redistribution exceeds 20%, and B12 is used instead of H12.

Schedule of Drawings and Calculations

Drawing Components Type of Construction Calc. Sheets
1 General arrangement (plan and cross section)
2 Alternative floor plans

Beam and Solid Slab Floor Construction

3 Floor slab Continuous one-way spanning slab 1-4
4 Beam on line B Continuous beam supporting uniform load 5-11
5 Beam on line 1 Continuous beam supporting combined uniform and triangular load 12-13
6 Columns Bl and B2 Columns subjected to axial load and bending in one direction 14-17
Column A1 Column subjected to axial load and bending in two directions 18
Columns B1 and B2 Braced columns (fire-resistance) 19-20
Flat slab floor construction
7-9 Floor slab Flat slab (with and without drops) 21-31
10 Columns B1 and B2 Columns subjected to axial load and bending in one direction 32-35
Column Al Column subjected to axial load and bending in two directions 36
Integral Beam and Ribbed Slab Floor Construction
11 Ribbed slab Continuous ribbed slab 3741
12 Beam on line 2 Continuous band beam supporting uniform load 42-47
13 Column A2 and B2  Columns subjected to axial load and bending in one direction 48-52
Column A1l Column subjected to axial load and bending in two directions 53
All Forms of Construction
14 Stairs Longitudinal flights spanning onto transverse landings 54-56
15-16  Internal walls Interconnected wall system providing lateral stability to building 57-65
Note:

For design of basement retaining wall and foundation structure, see Example 2.
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Example 1: General Arrangement (Plan and Cross-Section) Drawing 1
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Example 1: Multi-Storey Building

Example 1: Alternative Floor Plans Drawing 2
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ALTERNATIVE (FLAT SLAB) FLOOR PLAN

Columns 400 x 400
Slabs 240 thick
Walls 200 thick
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ALTERNATIVE (RIBBED SLAB) FLOOR PLAN

Columns 400 x 400 (but 500 x 500 below 1 floor for columns B2 and E2 only)
Beams 450 deep
Slabs 450 deep
Walls 200 thick
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Example 1

Worked Examples for the Design of Concrete Structures to Eurocode 2

Calculation Sheet 1

Reference

CALCULATIONS

OUTPUT

CONCRETE QUALITY AND COVER FOR DURABILITY

and fixed in the case of a wall. The National Annex allows the design to be based
on the single load case of all spans carrying design variable and permanent load,
provided the area of each bay exceeds 30 m?, and ¢, < 1.25g, < 5 kN/m? excluding
partitions. The resulting support moments are then reduced by 20% and the span
moments are increased to suit. The following approximate values can be used.

Uniformly loaded one-way slab with three or more approximately equal spans

End support/slab connection First All Other
Pinned Fixed interior | interior | interior
support | spans | support
End End End End
support | span support span
Moment 0 0.086F1 | -0.063F! | 0.063FI | —0.086FI | 0.063F] |—-0.063FI
Shear 04F - 0.48F - 0.6F - 0.5F

F is the total design ultimate load and / is the effective span. The values shown
allow for 20% redistribution of the support moments. For a fixed connection at
the end support, the end span moment assumes an end support moment = 0.04F1.

BS 8500 External surfaces of the perimeter columns and beams are likely to be exposed to | Concrete strength
cyclic wet and dry conditions, class XC4, and moderate water saturation without class C32/40
de-icing agents, class XF1 (Reynolds, Table 4.5). A suitable concrete strength | Nominal cover
class is C32/40 with 35 mm nominal cover (Reynolds, Table 4.6). For internal external 35 mm
surfaces, exposure class XC1 applies and 25 mm nominal cover is appropriate. internal 25 mm
BEAM AND SLAB FLOOR CONSTRUCTION
FLOOR SLABS (GROUND AND UPPER FLOORS)

For a one-way continuous slab and a characteristic imposed load < 5 kN/m?, try a

span/effective depth ratio of 40. Allowing for 25 mm cover and 12 mm bars gives

an estimated thickness = 4800/40 + (25 + 12/2) = 150 mm say h =150 mm
Fire resistance

BS EN Allowing for the design to be based on more than 15% redistribution of moment,

1992-1-2 the slab should be taken as simply supported. For the ground floor slab (minimum

5.7.3(2) fire period 1.5 h), the required minimum dimensions are:

Table 5.8 : . o di .

Slab thickness: 100 mm Axis distance (to centre of bars): 30 mm Sufficient for 1.5 h
Since the cover required for durability is 25 mm, the axis distance is sufficient. fire period
Loading

BS EN The National Annex gives the following characteristic values for imposed loads:

1991-1-1 Offices for general use: 2.5 kN/m* Shopping areas: 4.0 kN/m’

"‘}.31;%.2NA ; Allowing 1.5 kN/m? for partitions gives the following loads for the office floors:

avle ’ Permanent load KkN/m? Variable load kN/m?
Self-weight of slab 0.150 x 25 =3.75 Imposed =25

Finishes and services =1.25 Partitions =15 | g=5.0kN/m’

&= 5.00 @ =40 | g.=4.0 kN/m?

BS EN 1990 | Two options are given for the action combinations to be considered at the ultimate

6.4.3.2(3) limit state in relation to internal failure of a structural member. In the Eurocode,

Table either Eq. (6.10) or the less favourable of Eq. (6.10a) and Eq. (6.10b) apply. The

Al1.2(B) National Annex gives values: 5 = 1.35, jo = 1.5, £=0.925 and i = 0.7. In this
case, Eq. (6.10b) is the most advantageous (for values of Gy < 4.50Qy).

Design ultimate load, n = &G + 100k =1.25 % 5.0+ 1.5x 4.0 =12.25 KN/m?
Total design ultimate load for 4.8 m span = 12.25 x 4.8 = 58.8 kN/m width F = 58.8 kN/m width
Analysis
5.1.3 (1P The slab spans one way and is continuous over either three or seven equal spans.
Table NA.1 | At an end support the connection will be treated as pinned in the case of a beam,

Since the redistribution
of moment does not
exceed 20%, class A
ductility reinforcement
is acceptable




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 2
Reference CALCULATIONS OUTPUT
The resulting values per m width, with £ = 58.8 kN/m width and /= 4.8 m, are:
Uniformly loaded one-way slab with three or more approximately equal spans
End support/slab connection First All Other
Pinned Fixed interior | interior | interior
support | spans | support
End End End End
support | span | support | span
M kNm 0 243 -17.8 17.8 —243 17.8 -17.8
VKN 23.5 - 28.2 - 353 - 29.4
Design Is base h class C32/40 and reinf d Jam BN
esign is based on concrete strength class C32/40 and reinforcement grade 500. o= 500 MPa
Allowing for 25 mm cover and 12 mm bars, d =150 — (25 + 12/2) = 119 mm d=119 mm

5.5(4)
Table NA.1

6.2.1(8)

6.2.2 (1)
Table NA.1

6.2.1 (4)

According to the values of M/bd’fy, where b = 1000 mm, appropriate values of z/d
and A4, can be determined (Table A1), and suitable bars selected (Table A9). For
the end span (pinned end) and at the first interior support:
Mibdfy =243 x 10%(1000 x 1197 x 32) = 0.054
A= M/(0.87fz) =24.3 x 10%/(0.87 x 500 x 0.95 x 119)
= 494 mm*/m (H12-200 gives 565 mm?/m)

z/d =0.95 (maximum)

Location Mibd’fy, z/d Ay Bars®
(mm?*/m)
End span (pinned end) 0.054 0.95 494 H12-200
End support (fixed) 0.039 0.95 362 H10-200
End span (fixed end) 0.039 0.95 362 H10-200
First interior support 0.054 0.95 494 H12-200
Interior spans 0.039 0.95 362 H10-200
Other interior supports 0.039 0.95 362 H10-200

A bar spacing of 200mm has been chosen at all locations so that after 50%
curtailment, the resulting spacing will not exceed 400 mm.

The National Annex allows redistribution without an explicit check on the rotation
capacity, for reinforcement with fy < 500 MPa, provided x/d < (6-0.4) where, for
reinforcement class A, 6> 0.8 and, for reinforcement classes B and C, 6> 0.7.

At the first interior support, 20% redistribution (i.e., 6= 0.8) is allowable, provided
x/d < (6-0.4) = 0.4. Since z/d = 0.95, x/d = 2.5(1 - z/d) = 0.125 (<0.4).

Shear Design
Shear may be checked at distance d from face of support. At first interior support,

V'=353-1225x (0.15+0.119) = 32.0 kN/m
v =Vibyd=32.0 x 10°/(1000 x 119) = 0.27 MPa

The design shear strength of a flexural member without shear reinforcement is
given by

1/3
Vo= 0.18k | 1004, /o > Vo = 0~035k3/2fck1/2
Ve byd

200 1004,
b

where k=1+ ,]— <2.0 <20 and x=1.5
d d

w

With 1004/byd = 100 x 565/(1000 x 119) = 0.47, and k = 2 for d <200 mm

Vi = 0.035 x 2¥? x 322 =0.56 MPa
ve=(0.18 x 2/1.5)(0.47 x 32)"* = 0.59 MPa ( >vy)

Note: This value of v, can also be obtained from Reynolds, Table 4.17.

Since v < v, no shear reinforcement is required.

Reinforcement as
shown in table

No shear reinforcement

21
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Calculation Sheet 3

Reference

CALCULATIONS

OUTPUT

74.1(4)

BS EN 1990
Al42
NA.2.2.6

7.4.1 (6)

7.4.2
Table NA.5

73.2(2)

733 (1)

9.3.1.1 (1)

9.3.1.1(2)

9.3.1.1(3)

9.3.1.2(1)

8.43(2)

Deflection (see Reynolds, Table 4.21).

Recommended deflection requirements with regard to the appearance and general
utility of a structure are given in relation to the quasi-permanent load combination.
However, the National Annex to BS EN 1990 indicates that the characteristic load
combination should be taken into account when considering damage to structural
and non-structural elements, including partitions.

Deflection requirements may be met by limiting the span/effective depth ratio to
specified values. The actual span/effective depth ratio = 4800/119 = 40.3.

Since the end support provides partial fixity, it is reasonable to assume that the
value obtained for the span moment (end pinned) is not less than the elastic value
for all appropriate load cases (i.e., no redistribution). Thus, the service stress in the
reinforcement under the characteristic load is given approximately by

0 = (fyd 1) (As reqfAs prov) [(gx + q1)/m]
= (500/1.15)(480/565)(9.0/12.25) = 271 MPa
From Table A2, limiting //d = basic ratio x o x f where:
For 1004,/bd = 100 x 480/(1000 x 119) = 0.40 < 0.1/3>° = 0.1 x 32° = 0.56,
&, = 0.55 + 0.0075f4/(1004/bd) + 0.0053 > [fu>*/(10044/bd) — 101"
=0.55+ 0.0075 x 32/0.40 + 0.005 x 32°° x (32°9/0.40 — 10)"° = 1.39

(Note: The value of o can also be obtained from Reynolds, Table 4.21, for the
given values of fo, = 32 MPa and 1004¢/bd = 0.40)

fs=310/0,=310/271=1.14
For an end span of a continuous slab, basic ratio = 26, and hence
Limiting //d =26 x o x fs=26 x 1.39 x 1.14 = 41.2 (>actual I/d = 40.3)
Cracking (see Reynolds, Table 4.23)
Minimum area of reinforcement required in tension zone for crack control:
Asmin = kekferenAed 05

Taking values of k; = 0.4, k = 1.0, foer = fom = 0.3/5*® = 3.0 MPa (for general
design purposes), A = bh/2 (for plain concrete section) and o; < fy = 500 MPa

Agmin = 0.4 x 1.0 x 3.0 x 1000 x (150/2)/500 = 180 mm*/m

(Note: A value for 1004 min/Ac = 0.24 can be obtained from Reynolds, Table 4.23,
giving A min = 0.0024 4, = 0.0024 x 1000 x 150/2 = 180 mmz/m)

No other specific measures are necessary provided overall depth does not exceed
200 mm, and detailing requirements are observed.

Detailing Requirements (see Reynolds, Tables 4.28 and 4.32)
Minimum area of longitudinal tension reinforcement:

Agmin = 0.26(fem!fy)bd = 0.26 x (3.0/500)bd = 0.00156bd > 0.0013bd
=0.00156 x 1000 x 119 = 186 mm*/m

Minimum area of secondary reinforcement (20% of principal reinforcement):
Agmin = 0.2 x 480 = 96 mm*/m  Use H10-400.

Maximum spacing of principal reinforcement in area of maximum moment:
2h =300 <250 mm. Elsewhere: 34 =450 <400 mm

Maximum spacing of secondary reinforcement in area of maximum moment:
3h =450 <400 mm. Elsewhere: 3.5/ =525 <450 mm

At a simply supported end, half the calculated span reinforcement should continue
to the support and be anchored. The tensile force is given by

F = (a/z)V, with a, = d and z = 0.9d. With V"= 23.5 kN/m and 4, = 283 mm*/m,
F=123.5/0.9=26.1 kN/m and o; = V/4,=26.1 x 10>/ 283 = 92 MPa
For good bond, fix = 32 MPa and o, = 435 MPa, ;0 = 35¢ (Reynolds, Table 4.30)

Check complies

H10-400

Check complies

H10-400

H10-400

Spacing satisfactory

Spacing satisfactory

H12-400




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 4
Reference CALCULATIONS OUTPUT
The tabulated value may be multiplied by oy /435, where a; = 92 MPa, giving
8.4.4 lbrqa = (92/435) % 35 x 12 =89 mm = [, i = 10¢p =10 x 12 = 120 mm
9.3.1.2(2) At an end support where partial fixity occurs, top reinforcement to resist at least
15% of the maximum moment in the end span should be provided. Use H10-400. | H10-400
At the edge beams, transverse partial fixity occurs and top reinforcement to resist
at least 25% of the maximum longitudinal moment in the adjacent spans should be
provided. The transverse reinforcement should extend at least 0.2 times the length
of the adjacent span from the face of the edge beam. Use H10-400. H10-400
Curtailment of longitudinal tension reinforcement
In the absence of an elastic moment envelope covering all appropriate load cases,
the following simplified curtailment rules will be used.
For bottom reinforcement, continue 50% onto support for a distance 210 ¢ from
the face, and 100% to within a distance from the centre of support as follows:
< 0.1 x span at pinned end support
< 0.2 x span at interior and fixed end supports
For top reinforcement, continue for distance beyond face of support as follows:
100% for = 0.2 x span = 960 mm (= lyzqa + d =35 x 12 + 119 = 540 mm)
50% for = 0.3 x span = 1440 mm at interior and fixed end supports
Tying Requirements (see Reynolds, Table 4.29).
9.10.2.3 The principal reinforcement in the bottom of each span can be utilised to provide
Table NA.1 | continuous internal ties. The tensile force to be resisted:
Ftie,im = [(gx + q)/7.5](L/5)F = F{ kKN/m
With /. = 4.8 m and F, = (20 + 4no) < 60 where n, is number of storeys,
Flicint = (9.0/7.5)(4.8/5)(20 + 4 x 6) = 50.7 kN/m
9.10.1 (4) Minimum area of reinforcement required with a; =500 MPa (i.e., % = 1.0)
Aqgmin = 50.7 x 1000/500 = 102 mm*/m, Use H10-400. H10-400
8.7.3 (1) If all bars are lapped at the same position, design lap length (Reynolds, Table 4.31):
lo = telva = Lo min = 200 mm, where e, = 1.5 for > 50% bars lapped
2424 For accidental design situations, 3 = 1.2 and y = 1.0 (Reynolds, Table 4.1), and /g
Table 2.1N may be taken as for normal design situations, where 3. = 1.5 and = 1.15.
lo = er6 % (35¢0) % Agpeq/ Asprov = 1.5 % (35 % 10) x(102/196) = 300 mm say Lap =300 mm
Bar Marks Commentary on Bar Arrangement (Drawing 3)

01 Principal bottom bars at a maximum spacing of 400 mm, providing 50% of total span reinforcement. Bars
are arranged to lap 300 mm with bars at a similar spacing in adjacent span to provide continuous internal tie.
At end support, bars are provided with 250 mm anchorage (> /, 1i,) into beam containing peripheral tie.

02 Principal bottom bars providing rest of span reinforcement, and curtailed 450 mm (<0.1 x span) from the
centre of end support and 950 mm (<0.2 x span) from the centre of interior support.

03 Secondary bars, at a maximum spacing in area of maximum moment of 400 mm, are provided in 6 m lengths
for ease of handling and economy of use (12 m stock lengths). Bottom bars extend 250 mm into edge beams
and are provided with laps of 550 mm (>/, = 1.5 x 35¢) for optimum crack control. Top bars are given laps
of 250 mm (> Iy ;ni, = 200 mm), and lap with bars 07 at end of run.

04 Secondary bottom bars as 03 but 8.5 m long.

05 Principal top bars at a maximum spacing of 400 mm, with alternate bars staggered and curtailed at distances
of say 1100 and 1600 mm from the centre of support (i.e., 950 mm and 1450 mm from face of support).

06 Top bars to resist at least 15% of span moment, anchored into beam and extending 720 mm into slab.

07 Top bars to resist at least 25% of span moment, anchored into beam and extending 960 mm into slab.

08 Secondary top bars lapping with bars 05 and 06.

23



Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 1: Reinforcement in Floor Slab (Ground and Upper Floors) Drawing 3
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Example 1: Multi-Storey Building

Example 1

Calculation Sheet 5

Reference

CALCULATIONS

OUTPUT

BS EN

1992-1-2
5.6.3(2)
Table 5.5

5.1.3 ()P
Table NA.1

53.2.1(4)

MAIN BEAMS (GROUND AND UPPER FLOORS)

For a continuous beam with a design ultimate load of 70 kN/m say, consider a
span/effective depth ratio of 15. Based on the end span, and allowing for 25 mm
cover with 8 mm links and 25 mm longitudinal bars, the estimated overall depth:

h=6000/15+ (25 + 8 + 25/2) = 450 mm say
Fire resistance

Allowing for the design to be based on more than 15% moment redistribution, the
beam should be taken as simply supported. For the ground floor beams (minimum
fire period 1.5 h), the required minimum dimensions are:

Beam width: 300 mm axis distance (to centre of bars in one layer): 40 mm
Axis distance to side of beam for corner bars: (40 + 10) = 50 mm

Since the cover required for durability is 25 mm, assuming the use of H8 links and
H32 main bars, the axis distances are sufficient.

Loading

For the slabs, the maximum design load is 12.25 kN/m? and the minimum load is
1.25 x 5.0 = 6.25 kKN/m”. The loads on the first interior beam taking shear force
coefficients for the slab of 0.6 for the end span and 0.5 for the interior span, are:

(max) (min)
Slab 1.1 x4.8x12.25= 64.7 1.1 x4.8x6.25= 33.0
Beam 125x03x03x25= 2.8 = 2.8
67.5 kN/m 35.8 kN/m

Analysis

The beams, except for those in the area adjacent to the central core of the building,
are continuous over three spans. Design moments and shears will be derived from
an elastic analysis of a sub-frame consisting of the beam at one level together with
the columns above and below. The columns are assumed fixed at the ends remote
from the beam. The National Annex allows designs to be based on the following
load cases: all spans carrying design variable and permanent load, and alternate
spans carrying design variable and permanent load with other spans carrying only
design permanent load. Since the sub-frame and the load cases are symmetrical
about the centreline, an analysis can be carried out for one half of the sub-frame
by taking the stiffness of the central span of the beam as half the actual value. The
analysis of a sub-frame where the columns above and below the floor are identical
(i.e. 2™, 3" and 4™ floors) will be shown. The sub-frames at ground and 1% floor
levels are slightly different due to the different storey heights.

©)
1
E
A
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o 44

©)

5000 L 7200
A
L

3500

450 x 300 450 x 300 450 x 300

300

:\lu 300 x 300 3001300}% -“v*-@
g 300 x 300 300 x 300 % 3,-@

777 77
Dimensions of sub-frame
Relative stiffness values, given by K = [/, will be based on the properties of the

uncracked rectangular section for both beam and column. (Alternatively, for the
beam, values based on the effective flange section within the span could be used.)

I, =300 x 450°/12 =2.278 x 10° mm* 1. =300 x 300*/12 = 0.675 x 10° mm*
Koena = 1,/6000 = 0.380 x 10° mm’ Ko i = 1,/7200 = 0.316 x 10° mm®
Keupper = Kelower = 1/3500 = 0.193 x 10° mm”

h =450 mm

Sufficient for 1.5 h
fire period

67.5 kN/m (max)
35.8 kN/m (min)
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 1 Calculation Sheet 6
Reference CALCULATIONS OUTPUT
Distribution factors for unit moment applied at an end joint are:
D, =0.380/(0.380 + 2 x 0.193) = 0.496, D, = (1 - 0.496)/2 = 0.252
Distribution factors for unit moment applied at an interior joint are:
Dy eng = 0.380/(0.380 + 0.5 x 0.316 + 2 x 0.193) = 0.380/0.924 = 0.411
Dyt = 0.5 x 0.316/0.924 = 0.171, D, = 0.193/0.924 = 0.209
Fixed-end moments due to maximum load on beams are:
Mg =67.5 x 67/12=202.5 kNm My =67.5x7.2°/12=291.6 kNm
Fixed-end moments due to minimum load on beams are:
Mq=35.8x6%/12=107.4kNm My =35.8x7.2%/12=154.7kNm
Although the sub-frame can be conveniently analysed by computer program, the
following moment distribution procedure will be used here. In the table below, the
basic operations are shown in rows 1 and 2 with a 50% moment carry-over in the
end span. There is no moment carry-over in the interior span as a result of taking
only 50% of the actual stiffness in calculating the distribution factors. Rows 3 and
4 are obtained by combining rows 1 and 2 in such a way that a moment at one
joint can be balanced without disturbing the equilibrium of the moments at the
other joint. Rows 5 and 6, which are obtained simply from rows 3 and 4, can now
be used to balance the moments at each joint in turn.
Joint and member End joint Interior joint
Row Moments in m;rpbers due to application | Upper | Beam | Lower | Upper End Interior | Lower
of moments at joints column column | column | beam beam | column
1 Unit moment applied at end joints 0.252 0.496 0.252 0.248
2 Unit moment applied at interior joints 0.205 0.209 0.411 0.171 0.209
3 (Row 1)/0.248 - (Row 2) 1.016 1.795 1.016 | -0.209 | 0.589 | -0.171 | -0.209
4 | (Row 2)/0.205 - (Row 1) -0.252 | 0.504 | -0.252 | 1.017 1.752 0.832 1.017
5 (Row 3)/(1.016 + 1.795 + 1.016) 0.2655 | 0.469 | 0.2655 | -0.055 | 0.154 | -0.044 | -0.055
6 | (Row4)/(1.017 +1.752 + 0.832+ 1.017) | -0.055 | 0.110 | -0.055 | 0.220 0.380 0.180 0.220
Case Moments (kN m) in members for load case
1 Maximum load (67.5 kN/m) on all spans
Fixed-end moments -202.5 202.5 | -291.6
(Row 5) x 202.5 53.8 94.9 53.8 -11.1 31.2 -9.0 -11.1
(Row 6) x (291.6 - 202.5) -4.9 9.8 -4.9 19.6 33.9 16.0 19.6
Sum to obtain final moments 48.9 -97.8 48.9 8.5 267.6 | -284.6 8.5
2 Maximum load (67.5kN/m) on end spans and minimum load (35.8 kN/m) on interior span
Fixed-end moments -202.5 202.5 | -154.7
(Row 5) x 202.5 53.8 94.9 53.8 -11.1 31.2 -9.0 -11.1
(Row 6) x (154.7 - 202.5) 2.6 -5.2 2.6 -10.5 -18.2 -8.6 -10.5
Sum to obtain final moments 56.4 -112.8 | 56.4 -21.6 | 2155 | -1723 | -21.6
3 Minimum load (35.8 kN/m) on end spans and maximum load (67.5 kN/m) on interior span
Fixed-end moments -107.4 107.4 | -291.6
(Row 5) x 107.4 28.5 50.4 28.5 -59 16.5 -4.7 -59
(Row 6) x (291.6 - 107.4) -10.1 20.2 -10.1 40.5 70.0 332 40.5
Sum to obtain final moments 18.4 -36.8 18.4 34.6 193.9 | -263.1 34.6




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 7
Reference CALCULATIONS OUTPUT
The shear forces at the ends of the span and the maximum sagging moment can
now be calculated from the following expressions, where the support moments M.
and My both take positive values. For the end span,
VL =nl/2 - (MR—M]_)/I and VR =nl- V]_
Distance from end of span to point of zero shear, a = Vi /n
Maximum sagging moment, M = Vi x a/2 — M.
For the interior span,
Vi = Vi =nl/2 and M = nl*/8 = M (or My)
Load | Location and End End Interior | Interior | Interior
Case | Member Support Span Support | Support Span
No. Bending Moment (kN m) in Members for Load Case
1 Beam -97.8 127.0 267.6 -284.6 152.8
Upper column 48.9 8.5
Lower column 48.9 8.5
2 Beam -112.8 141.8 215.5 -1723 59.7
Upper column 56.4 -21.6
Lower column 56.4 -21.6
3 Beam -36.8 55.3 193.9 —263.1 174.3
Upper column 18.4 34.6
Lower column 18.4 34.6
No. Shear Force (kN) in Members for Load Case
1 Beam 174.2 230.8 243.0
2 Beam 185.4 219.6 128.9
3 Beam 81.2 133.6 243.0
Allowing for some redistribution of moment, the maximum hogging moments in
the beam will be taken as 112.8 kNm at the end supports for load cases 1 and 2,
and 215.5 kNm at the interior supports for load cases 1 and 3. As a result, the
maximum sagging moment in the end span for load case 1 will be the same as that
for load case 2. In the interior span, the maximum sagging moment for load cases
1 and 3 will increase in order to maintain equilibrium, as follows:
M=675x7.2%/8-2155=221.9kNm
Flexural design
At the top of the beam, allowing for 25 mm cover, 12 mm transverse bars in slab
and 25 mm longitudinal bars, d =450 — (25 + 12 + 25/2) = 400 mm d =400 mm
5.5#4) At the interior supports, the ratio of design moment to maximum elastic moment
Table NA.1 | is 0=215.5/284.6 = 0.76, and the ductility criterion x/d < (6 — 0.4) = 0.36 applies.
2 6 2 200225 150 225 200
M/bd o = 215.5 x 10°/(300 x 400” x 32) = 0.140 I
2B12 2H25 2B12
From Table A1, A¢fu/bdfy = 0.188 and x/d = 0.361 (= 0.36). TQ-W‘F
A;=0.188 x 300 x 400 x 32/500 = 1444 mm? .|
From Table A9, 2H25 plus 4B12 provides 1434 mm”. This is sufficient since the L1
presence of 2H25 in the compression zone will reduce the value of x/d and the It
required value of Ayfy/bdf.. (Note: B12 rather than H12 required since < 0.8). At interior support
53.2.103) The tension flange is considered to extend beyond the side face of the beam say
9.2.1.2(2) for a distance given by be; = 0.2 x 0.15(/; + 1) = 0.03 x (6000 + 7200) = 400 mm. oH25
The bars will be spread over the effective width of the flange, with 2H25 inside o
the links and 2B12 either side of the web. o
At the end supports, where the bars will be contained inside the links, non
Mibd’fy, = 112.8 x 10%/(300 x 400% x 32) = 0.074, A,y /bdfy, = 0.092 b
Ag=0.092 x 300 x 400 x 32/500 = 707 mm”* (2H25 gives 982 mm®) At end support
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Calculation Sheet 8

Reference

CALCULATIONS

OUTPUT

532.103)

6.2.1(8)

6.2.3(3)

9.2.2 (5)
9.2.2 (6)

For sagging moments, the effective flange width is given by:
ber= by +2x0.2x0.7/=300+ 0.28 /

For the end spans: beg= 300 + 0.28 x 6000 = 1980 mm, with d =400 mm
Mibdfy = 141.8 x 10%/(1980 x 400> x 32) = 0.014, z/d = 0.95 (max)
A,=141.8 x 10°/(0.87 x 500 x 0.95 x 400) = 858 mm? (2H25 gives 982 mm?)

For the interior spans: bg= 300 + 0.28 x 7200 = 2316 mm, with d =400 mm
Mibdfy = 221.9 x 10%(2316 x 400* x 32) = 0.0187, z/d = 0.95 (max)
A,=221.9 x 10°/(0.87 x 500 x 0.95 x 400) = 1343 mm? (3H25 gives 1473 mm?)

Shear design

Since the load is uniformly distributed, the critical section for shear can be taken
at distance d from the face of support, that is, 550 mm from the centre of support.

At the end support, the maximum value is

V'=1854-67.5x0.55=148.3 kN

The required inclination of the concrete strut (defined by cot 6), to obtain the least
amount of shear reinforcement, can be shown to depend on the following factor:

Vi = Vl[by z(1 = £5/250)fi]
= 148.3 x 10/[300 x 0.9 x 400 x (1 — 32/250) x 32] = 0.049

From Reynolds, Tables 4.18, for vertical links and values of vy, < 0.138, cotd=2.5
can be used. The area of links required is then given by

Agls = Vifywazcotd
=148.3 x 10%/(0.87 x 500 x 0.9 x 400 x 2.5) = 0.38 mm*/mm
From Reynolds, Tables 4.20, H8-250 links gives 0.40 mm?*/mm
At the interior support, the maximum values are:
VL =230.8 - 67.5 x 0.55 = 193.7 kN, A,/s = 0.495 mm?*/mm, H8-200 links
Ve =243.0 - 67.5 x 0.55 = 205.9 kN, Ag,/s = 0.526 mm?*/mm, H8-175 links
Minimum requirements for vertical links are given by
Agy/s = (0.08Vf) by, Iy = (0.08V32) x 300/500 = 0.27 mm*/mm
§<0.75d=0.75 x 400 = 300 mm.
Using H8-300 links provides 0.33 mm%mm giving a design shear resistance:
Vias = (Ao/S) frwazcot® = 0.33 x 0.87 x 500 x 0.9 x 400 x 2.5 x 10~ = 129.2 kN

The region within which each group of links is required can now be determined,
and is shown on the shear force diagram.

@ @ ®

I HBlirits@s'pacim shown |

]
1250, 300 ., 200 , 175 300 175
T~ L G B e Ll
830! L 1510 ,, 1690 1690
4-—.4' AF-—H H'

— 243 kN i

|

Shear force diagram showing link requirements

- -
2H25
End span

-es

3H25
Interior span

H8-250 links

H8-200 links
HS8-175 links

HS8-300 links

Note

The link arrangement
shown will need to be
modified, to comply
with the requirement
for transverse bars at
the lap zones of the
main reinforcement
(see commentary on
bar arrangement in
calculation sheet 11).
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Example 1: Multi-Storey Building

Calculation Sheet 9

Reference

CALCULATIONS

OUTPUT

7.4.1(6)

7.4.2
Table NA.5
PD 6687

7.3.1(5)
Table NA .4

732(2)

BS EN 1990
Table
NA.A1.1

733 (2)

Table 7.2
Table 7.3

Deflection (see Reynolds, Table 4.21)

Deflection requirements may be met by limiting the span/effective depth ratio. For
the interior span, the actual span/effective depth ratio = 7200/400 = 18

The characteristic load is given by
gt qe=1.1x48x9.0+2.8/1.25=49.8 kN/m

Taking account of the moment redistribution in the analysis, the service stress in
the reinforcement under the characteristic load is given approximately by

05 = (fud 1) (Metastic/ Macsign) (A req/ As.pron)[(x + q1)/1]
=(500/1.15)(174.3/221.9)(1245/1473)(49.8/67.5) = 213 MPa

From Reynolds, Table 4.21, limiting //d = basic ratio x o x S where:

With bd taken as beghs+ by (d — he) = 2316 x 150 + 300 x 250 = 422.4 x 10°,
10044/bd = 100 x 1245/(422.4 x 10*) = 0.30 < 0.1/, = 0.1 x 32°° = 0.56
o, =0.55 + 0.0075/4/(10044/bd) + 0.005£5 > [fo /(1004 /bd) — 101"

=0.55+0.0075 x 32/0.30 + 0.005 x 32%° x (32°°/0.30 — 10)"° = 2.10
B.=310/0,=310/213 = 1.45

For an interior span of a continuous beam, basic ratio = 30. For flanged sections
with b/by, = 2316/300 = 7.72 > 3, the basic ratio should be multiplied by 0.8. For
beams with spans >7 m, supporting partitions liable to be damaged by excessive
deflections, the basic ratio should be multiplied by 7/span.

Limiting //d =30 x 0.8 x 7.0/7.2 x o x f;=23.3x2.10 x 1.45="71 (>17.8)
Cracking (see Reynolds, Tables 4.23 and 4.24)

The National Annex recommends with regard to appearance, for X0 and XCl1
exposure classes, that wy should be limited to 0.3 mm. In the absence of specific
requirements for appearance this limit may be relaxed (Reynolds, Table 4.1).

Minimum area of reinforcement required in tension zone for crack control:
As,min = kckf(‘:t‘cthct/O-s

For the interior support region, the effective tension flange extends approximately
400 mm beyond the side face of the beam. For the uncracked section, the depth of
the tension zone ignoring the effect of the reinforcement is given by

_ by h? (e -by)hE 3004502 + 8001502
b+ by -by )he] 20300450 +800x150]

=154 mm (>hy)

cr

For the flange, k. = 0.5 (since the neutral axis of the section is only just below the
flange), k= 0.65 (since b > 800 mm), A, = 1100 x 150 = 165 x 10° mm?. Thus,

Agmin = 0.5 x 0.65 x 3.0 x 165 x 10*/500 = 322 mm? (<1434 mm? provided)

The quasi-permanent load, where y» = 0.3 is obtained from the National Annex to
the Eurocode (Table 1.1), is given by

gt wg=1.1x48x(5.0+0.3 x4.0)+2.8/1.25=35.0 kKN/m
Taking account of the moment redistribution in the analysis, the service stress in
the reinforcement under the quasi-permanent load is given approximately by
Os = (f)‘/k/ys)(Melastic/Mdesi@)(A s,req/A s,prov)[(gk + l/Iqu)/n]
= (500/1.15)(284.6/215.5)(1436/1434)(35.0/67.5) = 298 MPa

The crack width criterion can be satisfied by limiting either the bar size or the bar
spacing. For the top of the beam, it is reasonable to ignore any requirement based
on appearance, since the surface of the beam will not be visible below the finishes.

Nevertheless, for wy = 0.4 mm and o; = 300 MPa, the recommended maximum
values, by interpolation, are bar spacing 175 mm or ¢*; = 14 mm. The maximum
bar size is then given by

b= ¢ (Fowert/2.9)her 14(h — d)] = 14 x (3.0/2.9) x [154/(4 x 50)] = 11 mm

Check complies
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Calculation Sheet 10

Reference

CALCULATIONS

OUTPUT

Table 7.2
Table 7.3

9.2.1.1 (1)

9.2.1.5 (1)
9.2.1.5(2)

Figure 8.2

8.43(2)

83(3)

9.2.13(2)

The bar arrangement comprises 12 mm bars at 200 mm centres, and 25 mm bars at
150 mm centres, respectively. Thus, although there is no specific requirement to be
satisfied, it can be inferred that w, will be of the order of 0.4 mm.

In the end span region, with no redistribution, the stress in the reinforcement under
the quasi-permanent loading is given approximately by

o, = (500/1.15)(811/982)(35.0/67.5) = 186 MPa

For wy = 0.3 mm, the maximum values (by interpolation) are: ¢*; = 28 mm, or bar
spacing 270 mm. The actual bar size is 25 mm, and the bar spacing is 200 mm.
For the interior span, the conditions are less critical since the reinforcement stress
is lower, and the actual bar spacing is 100 mm.

Detailing requirements
Minimum area of longitudinal tension reinforcement (Reynolds, Table 4.28).
Agmin = 0.26(fem/f1)bid = 0.26 x (3.0/500) bd = 0.00156bd > 0.0013 bd
For the hogging regions,
Aqmin = 0.00156 x 1100 x 400 = 687 mm” (<982 mm? provided)
For the sagging regions,
Agmin = 0.00156 x 300 x 400 = 188 mm® (<982 mm? provided)

At the bottom of each span, at least 25% of the area provided in the span should
continue to the supports and be provided with an anchorage length beyond the
face of the support not less than 10¢. In the final detail, 2H25 are made effectively
continuous for the whole length of the beam. Ly min = 10 x 25 =250 mm

At the end supports, even though the top bars will be in the form of U-bars in the
vertical plane, poor bond conditions will be assumed. From Reynolds, Table 4.30,
for poor bond and fi = 32 MPa, Iy 1qa = (A reg/ As prov) X 500> Iy min. Thus,

lbrqd = (Asreq/ Asprov) x 50¢=(707/982) x 50 x 25 = 900 mm

For U-bars with 50 mm cover top and bottom so as to fit comfortably inside the
links, the largest practical radius is obtained by using a semi-circular bend (shape
code 13). In this case, ¥ = 0.54 — (50 + ¢) = 150 mm (i.e. 6¢).

The minimum radius of bend of the bars depends on the value of ay, /¢, where a,, is
taken as half the centre-to-centre distance between the bars. Allowing for the bars
having 70 mm side cover to avoid the column bars, a, = 0.5 x 130 = 65 mm.

From Reynolds, Table 4.31, with £y = 32 MPa and ay /¢= 65/25 = 2.6, run = 8.4,

This value can be reduced by allowing for 4 eq < A4 prov, and taking into account
the stress reduction in the bar between the edge of the support and the start of the
bend. Thus, if » = 6¢, distance to start of bend =300 — (50 + 7 x 25) = 75 mm.

Reduced value of 7y, = (707/982)(1 — 75/900) x 8.4 ¢=5.6¢ (< 6¢ shown)
Curtailment of longitudinal tension reinforcement (see Reynolds, Table 4.32)

For the interior span, the resistance moment provided by 2H25 at the bottom of
the beam can be determined from Table A1 as follows:

Ad/bdfa. =982 x 500/(2316 x 400 x 32) = 0.016, z/d = 0.95 (max)
M=A440.87f1)z= 982 x 0.87 x 500 x 0.95 x 400 x 10° = 162.3 kN m

At the interior support, Ms = 215.5 kN'm and distance x from a support to a point
where M = 162.3 kNm is given by Vx — mx’/2 — 215.5=162.3 kN m

Hence, with /=243 kN and n = 67.5 kN/m,
0.5x* —3.6x+ 5.6 =0 solutions of which are x = 2.27 and 4.93 m

Thus, of the 3H25 required in the span, one bar is no longer needed for flexure at
2.27 m from the support. Here, V= 89.8 kN and Vg, = 129.2 kN with cotd= 2.5.
Thus, cotd = (V/Vras) x 2.5 = 1.74 is sufficient and the bar should extend beyond
these points for a minimum distance a; = z(cotd)/2 = 0.45d cot&

a;=0.45%x400x 1.74=313 mm, x—a; =2270-313 =1950 mm say

lb,min =250 mm

lb,rqd =900 mm

50 175,75
F

At bottom of interior
span, stop 1H25 at
1950 mm from
gridlines 2 and 3




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 11
Reference CALCULATIONS OUTPUT
At the top of the beam, 2H12 will be provided to support the links for the length
of each span. With d = 400 mm, the following values are obtained:
Agf/bdfe = 226 x 500/(300 x 400 x 32) = 0.029, z/d = 0.95 (max)
M =226 x0.87 x 500 x 0.95 x 400 x 10°=37.3 kNm
If V and M; are the values at the support, the distance x from a support to a point
where M =373 kNm is given by Vx — nx*/2 = M, —37.3
For the end span, for load cases 1 (after redistribution) and 2:
V'=1854 kN, M;=112.8 kNm, n = 67.5 kN/m, giving x = 0.45 and 5.05 m
For the interior span, for load case 2:
V'=128.9 kN, M;=172.3 kN m, n = 35.8 kN/m, giving x = 1.25 and 5.95 m
At these points, cotf? = 2.5, and the bars to be curtailed should extend for a further
9.2.1.3(2) minimum distance a; = 0.45 x 400 x 2.5 = 450 mm. It is also necessary to ensure | a; =450 mm
that the bars extend for a distance not less than (a; + /) beyond the face of the
support. For simplicity, /g =y rqa Will be assumed, as the modification coefficients | At end supports,
have only a minor effect. For the U-bars at an end support, /,q¢ = 900 mm. Thus, | extend upper leg of
since /g > x = 450 mm, the top leg should extend beyond the face of the support a | U-bars for 1350 mm
distance (a; + g ) =450 + 900 = 1350 mm. At an interior support, assuming poor | from the face of
8.43.2 bond conditions for the bars within the width of the web, /, ;¢ = 504. For the bars | support
in the flange, good bond conditions may be assumed and /,;qq = 35¢.
Thus, the H25 bars should extend not less than a; + 50¢ = 1700 mm from the face |At interior supports,
of support, nor less than the following distances from the centre of support: extend on each side
. from face of support.
— — — - )
End span: a;+ 950 = 1400 mm Interior span: @, + 1250 = 1700 mm H25 for 1700 mm and
The B12 bars should extend beyond the face of support: @+ 35¢=900 mmsay |B12 for 900 mm
Tying requirements (see Reynolds, Table 4.29)
9.10.2.3 The longitudinal reinforcement in the bottom of each span can be used to provide
Table NA.1 | continuous internal ties. With /, = 7.2 m and F, = (20 + 4n,) < 60,
Flicint = [(gx T q)/7.51(L/5)F; = (9.0/7.5)(7.2/5)(20 + 4 x 6) = 76 kN/m
9.10.1 (4) For beams at 4.8 m centres, with a; = 500 MPa, minimum area of reinforcement
Agmin = 4.8 x 76 x 1000/500 = 730 mm* Use 2H25 2H25
8.7.3(1) At the supports, where the bars will be lapped, design lap length
lo= s x (35¢) x Asreq! Asprov = 1.5 x (35 x 25) x (730/982) = 1000 mm say Lap = 1000 mm
Bar Marks Commentary on Bar Arrangement (Drawing 4)
01, 03 Bars in corners of links curtailed 50 mm from column face at each end to avoid clashing with column bars.

02 Loose bars positioned inside column bars. Bars lap 1000 mm with bars 01, and bars 03 in the adjacent span,
to provide continuity of internal ties.

04 Bar curtailed 1950 mm (see calculation sheet 10) from centreline of column at each end of span.

05 Loose U-bars, shape code 13, positioned inside column bars. Upper leg extends 1350 mm beyond face of
column to satisfy curtailment requirement (see calculation sheet 11) and lower leg laps 1000 mm with bar
mark 01. Overall dimension of semi-circular bend provides tolerance for U-bar to fit inside links.

06, 09 Bars in corners of links curtailed 50 mm from column face.

07 Bars positioned inside column bars, and extending beyond centre line of column 1850 mm into end span and
interior span (see calculation sheet 11).

08 Bars positioned in slab as shown on section B-B, and extending beyond centreline of column 1050 mm into
end span and interior span.

10 Closed links, shape code 51, with 25 mm nominal cover. Spacing of links determined by requirements for
shear reinforcement (see calculation sheet 8), and transverse reinforcement in lap zones of main bars. Where
diameter of lapped bars ¢ > 20 mm, transverse bars of total area not less than area of one lapped bar should
be provided within outer thirds of lap zone (see clause 8.7.4.1). For full zone, with ¢ =25 mm and allowing
for Agreq < As prov» total area of transverse bars Ay = 1.5 x 491 x 730/982 = 548 mm? (11H8-100).
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Example 1: Multi-Storey Building

Example 1

Calculation Sheet 12

Reference

CALCULATIONS

OUTPUT

5.1.3 ()P
Table NA.1

53.2.1(3)

532.1(3)

9.2.2 (5)
9.2.2 (6)

EDGE BEAMS (GROUND AND UPPER FLOORS)
Loading

In addition to self-weight, the beam will be designed to support a triangular area
of floor slab, and say a load due to walling, cladding and windows of 5 kN/m. If
the triangular area is taken to be formed by lines at 45° from the intersection of the
faces of the main beams and the edge beam, area = 0.5 x 4.5 x 2.25=15.0 m?.

The total design ultimate loads for each 4.8 m span are:

Beam and walling: 1.25 x (0.3 x 0.3 x 25 + 5.0) x 4.8 =43.5 kN (dead)
Slab: 1.25 x5.0x 5.0+ 1.5 x 4.0 x 5.0 = 31.3 kN (dead) + 30.0 kN (live)

Analysis

Although the beam is part of a frame, it will be analysed as a continuous member
on knife-edge supports. The simplified load cases allowed in the National Annex
will be assumed. Bending moment and shear force coefficients for uniform and
triangular loads are given in Reynolds, Tables 2.30, 2.31 and 2.32, respectively.
Hence, for a continuous beam with five or more equal spans, the maximum values
are as follows:

Location Bending moment (kN m)
End span (0.078 x 43.5+0.105 x 31.3 + 0.135 x 30) x 4.8 =51.5
Ist interior support | (0.105 x 43.5 +0.132 x 31.3 + 0.132 x 30) x 4.8 =60.8
Interior spans (0.046 x 43.5+0.068 x 31.3 +0.117 x 30) x 4.8 = 36.7
Other supports (0.079 x 43.5+ 0.099 x 31.3 + 0.099 x 30) x 4.8 =45.6

Location Shear force (kN)
End support (0.395 x43.5+0.369 x 31.3 +0.434 x 30) =41.8
1st interior support | (0.605 x 43.5 +0.631 x 31.3 + 0.649 x 30) = 65.5
ditto (interior span) | (0.526 x 43.5+0.532 x 31.3 + 0.622 x 30) = 58.2
Other supports (0.500 x 43.5+0.500 x 31.3 + 0.614 x 30) = 55.8

Flexural design

At the supports, allowing for 16 mm bars with 62 mm cover, so that the bar at the
inside face of the edge beam passes below the U-bars in the main beam,

d=450— (62 +16/2) =380 mm, b=300mm
In the spans, allowing for 35 mm cover with 8 mm links and 16 mm bars,
d =400 mm say, bs= by, +0.2x0.7/=300+ 0.14 x 4800 = 970 mm

From Table A1, the required reinforcement can be determined as follows:

Location MIbd*fy z/d A, mm? Bars
End span (pinned end) 0.010 0.95 312 2HI16
First interior support 0.044 0.95 387 2HI16
Interior spans 0.008 0.95 222 2HI12
Other interior supports 0.033 0.95 290 2HI16

At the interior supports, the tension flange is considered to extend beyond the side
face of the beam for a distance given by besi = 0.2 x 0.3/ =0.06 x 4800 = 290 mm.
The 2H16 will be positioned inside the links with an additional H12 in the flange.

Shear design

Minimum requirements for vertical links are given by
Agu/s = (0.08Vfog) by Ify = (0.08V32) x 300/500 = 0.27 mm*/mm
5<0.75d =0.75 x 380 = 285 mm.
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Calculation Sheet 13

Reference

CALCULATIONS

OUTPUT

6.2.3(3)

732(2)

Table 7.2

9.2.1.1(1)

9.2.1.5 (1)

9.10.2.3
Table NA.1

9.10.1 (4)

From Reynolds, Table 4.20, H8-275 links provides 0.36 mm?*/mm which gives a
design shear resistance:

Vias = (Asw/S) fmazcot® = 0.36 x 0.87 x 500 x 0.9 x 380 x 2.5 x 10° = 133.9 kN

Comparison with the maximum shear forces shows that the provision of minimum
links is sufficient in all cases.

Deflection

Since the loading and the span are both less than those for the main beam, there is
no need to check this requirement.

Cracking
At the interior supports, ber = 590 mm, and the depth to the neutral axis for the
uncracked section ignoring the effect of the reinforcement is given by

= bk’ Be=b BT 300x450% +290 %1502
b h+(br—by yhe]  2[300x 450+ 290x150]

= 188 mm (>/)

For the flange, k. = 0.9(1 — h¢/2x) = 0.9 x [1 — 150/(2 x 188)] = 0.54, k= 0.80
(for b =590 mm), A, = 590 x 150 = 88.5 x 10° mm”. Thus,

Agmin = 0.54 x 0.8 x 3.0 x 88.5 x 10*/500 = 230 mm” (<515 mm” provided).
In the spans, where b= 970 mm,

= 300x 4502 + 670x150?
2[300 %450+ 670 x150]

For the web, k. = 0.4, k = 0.90 (for 4 =450 mm), A, = 290 x 300 = 87 x 10° mm?
Agmin=0.4x0.9 x 3.0 x 87 x 10°/500 = 188 mm” (<226 mm’ provided).
For the interior spans, the stress in the reinforcement under quasi-permanent load:

o, = (500/1.15)(224/226)(59.8 + 0.3 x 20)/104.75 = 270 MPa

=160 mm (h—x)=450—-160=290 mm

For wy = 0.3 mm and oy = 270 MPa, maximum bar size (by interpolation):
&= @*s (ferett/2. ke hee /2(h = d)] = 13 x (3.0/2.9) x [0.4 x 290/(2 x 50)] = 15 mm
Detailing requirements
Minimum area of longitudinal tension reinforcement:
Agmin = 0.26(feumlf)bid = 0.26 x (3.0/500) bd = 0.00156bd > 0.0013 bd
For the interior support regions,
Agmin = 0.00156 x 590 x 380 = 350 mm” (<515 mm? provided)
For the span regions,
Asmin = 0.00156 x 300 x 400 = 188 mm’ (<226 mm’ provided)
Curtailment of longitudinal tension reinforcement

At the bottom of the beam, 2H16 in the end spans and 2H12 in the interior spans
will be provided for the length of the span. At the supports where at least 25% of
the area in the span is needed, 2H12 will be provided with a lap length of 300 mm.

At the top of the beam, 2H12 will be provided to support the links for the length
of each span. At the end supports where the columns provide partial fixity, 2H12
will be provided. At each support, the bars should extend beyond the face of the
support far enough to provide a lap length. Assuming poor bond conditions,

Projection from face of support = (50 + 1.5 x 50 x 12) = 950 mm

Tying requirements

The longitudinal reinforcement can be used to resist the peripheral tie force,
Fiicper =20+ 4ny= (20 + 4 x 6) =44 kN

Minimum area of reinforcement required with o, = 500 MPa,
Aqmin = 44 x 1000/500 = 88 mm® Use 1HI2

The bar on the inside face at the top of the beam will form the peripheral tie.

H8-275 links

Check complies

At all supports, extend
top bars for 950 mm
from face of support

1H12 as peripheral tie




Example 1: Multi-Storey Building

Example 1: Reinforcement in Edge Beams (Ground and Upper Floors) Drawing 5
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Bar Marks Commentary on Bar Arrangement (Drawing 5)

01 Bars in corners of links curtailed 50 mm from column face at each end to avoid clashing with column bars.

02 Loose bars positioned inside column bars and above bars in main beam. Bars lap 300 mm with bars 01, and
bars 03 in adjacent span.

03 Bars in corners of links curtailed 50 mm from column face at each end to avoid clashing with column bars.

04 Loose U-bar, shape code 21, positioned inside column bars and above bottom leg of U-bars in main beam.
Bar laps 300 mm with bars 01.

05 Loose U-bar, shape code 21, positioned inside column bars and below top leg of U-bars in main beam. Bar
laps 900 mm with bars 03.

06 Loose bars positioned inside column bars and under bars in main beam. Bars lap 900 mm with bars 03.

07 Bar positioned in slab as shown in section C-C, and extending 1100 mm either side of column centreline.

08 Closed links, shape code 51, with 35 mm nominal cover.
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Calculation Sheet 14

Reference

CALCULATIONS

OUTPUT

BS EN
1991-1-1
6.3.1.2
NA.2.

ACTIONS ON COLUMNS

For the columns on line B, the sub-frame analysis results shown on calculation
sheets 5—7 give beam shears and column moments for three load cases, and apply
at 2", 3™ and 4™ floor levels. For simplicity, the same values will be used at lower
floor levels, even though the storey heights result in sub-frame dimensions that are
slightly different. At roof level, the sub-frame and the loading are significantly
different, and another analysis is required. Loading details are as follows:

Characteristic loading for roof slab:

Slab and finishes: (3.75 + 1.5) = 5.25 kN/m? Imposed: 0.6 kN/m’
Design ultimate load for roof slab: 1 =125 x 5.25 + 1.5 x 0.6 = 7.5 kN/m’
Design ultimate loads for first interior roof beam:

1.1 x 4.8 x 7.5+ 2.8 =42.4 kN/m (max), 37.6 kN/m (min)

Loads per storey due to the self-weight of the columns:

Columns up to 1* floor: 1.25 x 0.3 x 0.3 x 25 x 3.55=10.0 kN

Columns above 1* floor: 1.25 x 0.3 x 0.3 x 25 x 3.05 = 8.6 kN

A reduction may be made in the total imposed floor load, according to the number
of storeys being supported at the level considered. For up to five storeys, this load
may be multiplied by ¢, = 1.1 — n/10, where n is the number of storeys.

5.8.83(3)

EXTERNAL COLUMN B1

At each level, the load applied is the sum of the shear force for the main beam at
line 1, and the uniform load only on the edge beam. Thus, at each floor, the load
from the edge beam is F'=43.5 kN. At the roof, the load due to the self-weight of
the beam and parapet is: £ = 1.25 x (0.3 x 0.3 + 0.15 x 1.0) x 25 x 4.8 =36.0 kN

The maximum moment and maximum coexistent load occur when load case 2 is
applied at all levels (see below). Maximum moment and minimum coexistent load
occur when load case 2 is applied at the level considered, and 1.0Gy is applied at
levels above. This arrangement can be critical for values of Nggq < Ny, Where

Noa = 0.44,fo= 0.4 x 300 x 300 x 0.85 x 32/1.5 x 107 = 653 kN

Values of axial load N (kN) and bending moment M (kNm)
Loading 1.25G + 1.50k 1.50k
Load case 1 2 1 2
Member N M N M N N
Roof beams 140.8 41.5 142.8 43.5 (11.8)
Column 8.6 8.6
149.4 48.9 151.4 56.4
4th floor beams 217.7 228.9 81.8 93.0
367.1 48.9 380.3 56.4
Column 8.6 8.6
375.7 48.9 388.9 56.4
3rd floor beams 217.7 228.9 81.8 93.0
593.4 48.9 617.8 56.4 163.6 186.0
Column 8.6 8.6
602.0 48.9 626.4 56.4
2nd floor beams 217.7 228.9 81.8 93.0
819.7 48.9 855.3 56.4 2454 279.0
Column 8.6 8.6
828.3 48.9 863.9 56.4
1st floor beams 217.7 228.9 81.8 93.0
1046.0 48.9 1092.8 56.4 327.2 372.0
Column 10.0 10.0
1056.0 48.9 1102.8 56.4
Grd. floor beam 217.7 228.9 81.8 93.0
Basement wall 1273.7 48.9 1331.7 56.4 409.0 465.0




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 15
Reference CALCULATIONS OUTPUT
For the storey from ground to 1st floor, with load case 2 at ground floor level:
Mot =56.4kNm, M, =-0.5M,=-282kNm
With load case 2 at levels above: Ngg=1102.8 — 0.3 x 372.0 = 991 kN (max)
With 1.0Gy at levels above: Ngq =[1046 — (327.2 + 11.8)]/1.25 = 574 kN (min)
6.1 (4) Minimum total design moment, with ey = 4/30 = 300/30 > 20 mm:
Mmin = NEd €y = 991 x 0.02=19.8 kN m
Effective length and slenderness
5.83.2 Effective length for braced members in regular frames is given by
lo= 0.5 (1 + )1+ a,) where, at joints 1 and 2,
o= k/(0.45 + k) and £ is the relative flexibility of the joint
Guidance in assessing the values to use in this relationship is given in document
PD 6687. A simplified method given in Concise Eurocode 2 will be used here. For
condition 1 (monolithic connection to beams at least as deep as the overall depth
of the column) at both top and bottom of column,
ly=10.75/=10.75 x 3.55 =2.66 m (for storeys above 1st floor, /o =2.29 m)
5209 First order moment from imperfections (simplified procedure):
M; = NI,/400 = 991 x 2.66/400 = 6.6 KN m
First order moments, including the effect of imperfections:
My =-282+6.6=-21.6 kNm, My =>56.4+6.6=63.0kNm
Radius of gyration of uncracked concrete section, i = A/N12 = 0.087 m
5.8.3.2(1) Slenderness ratio A= [, /i = 2.66/0.087 = 30.6
5.83.1(1) Slenderness criterion, A, = 20(4 x B x C)/\n where:
n=NIA.fog = NI(300% x 0.85 x 32/1.5) =991/1632 = 0.61
Taking4=0.7, B=1.1and C=1.7 = My, /My, = 1.7+ 21.6/63 = 2.0
Jiim =20 x 0.7 x 1.1 x 2.0/N0.61 =39.4 (>A=30.6)
Since A4 < Ay, second-order effects may be ignored and Mg = Moy (> Myin )
Design of cross-section
Allowing 35 mm nominal cover, 8 mm links and 20 mm longitudinal bars, results
in d=300-(35+ 8+ 20/2) = 247 mm, d/h = 247/300 = 0.82. Reinforcement can
be determined from the design chart in Table A2 (d/h = 0.8) as follows:
Nea/bhfyc= (991 or 583) x 10*/(300 x 300 x 32) = 0.35 or 0.20
Mg /bWy = 63.0 x 10°/(300 x 300 x 32) = 0.073
Aqfyx/bhfu = 0.03, which gives 4, = 0.03 x 300 x 300 x 32/500 = 173 mm’
9.52(2) Minimum amount of longitudinal reinforcement:
Agmin = 0.1Ngq /f,a = 0.1 x 991 x 10%/(500/1.15) = 228 mm® (4H12)
>0.0024, = 0.002 x 300 x 300 = 180 mm”
Similar calculations can be performed for the upper storeys, and all the results are
summarised below:
Storey NEd (kN MEd NEd MEd Afk As
. - . s 7yl 2
max/min) |(KNm)| BAf 0| Br2f, | Baf, | (mm)
| |
4th floor—roof | 151/110 | 57.3 | 0.05/0.04 | 0.067 0.17 980 | |
3rd—4th floor | 389/226 | 58.7 | 0.14/0.08 | 0.068 0.13 | 749 | |
2nd —3rd floor 608/341 | 59.9 | 0.21/0.12 | 0.070 0.09 519
1st—2nd floor 808/457 | 61.0 | 0.28/0.16 | 0.071 0.06 346 [:]
Grd - 1st floor 991/574 | 63.0 | 0.35/0.20 | 0.073 0.03 228 e e
A reasonable arrangement, allowing for laps at the bottom of each storey, would | 4H16 (Grd—3rd floor)
be to provide 4H16 for the bottom three storeys and 4H20 for the top two storeys. | 4H20 (3rd floor—roof)
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Calculation Sheet 16

Reference

CALCULATIONS

OUTPUT

PD 6687

BS EN 1990
Al132
Table
NA.A1.3

Tying requirements

The UK Building Regulations require vertical ties for buildings within Classes 2B
and 3, as defined in Approved Document A—structure. Class 2B includes offices
greater than four storeys but not exceeding 15 storeys, for which:

All columns and walls carrying vertical load should be tied continuously from the
lowest to the highest level. The tie should be capable of carrying a tensile force
equal to the load likely to be received by the column or wall from any one storey
under the accidental design situation. The accidental design load is taken as:

Gy + y1 Ok where, for shopping areas, y; = 0.7 (Table 1.1)

For the slab, accidental design load
=5.0+0.7 x 4.0 = 7.8 KN/m? (max), 5.0 kN/m?* (min)

For the first interior main beam, accidental design load
=1.1x4.8x7.8+0.3x0.3 x25=43.5 kN/m (max), 28.7 kN/m’ (min)

For the column, approximate accidental design load for load case 2 on main beam
(calculation sheet 7), plus edge beam and walling (calculation sheet 12):

Nag=(43.5/67.5) x 185.4 +43.5/1.25=154.3 kN
Minimum area of reinforcement required with o, = 500 MPa,
Agmin = 154.3 x 10%/500 = 309 mm? (4H12 sufficient)

INTERNAL COLUMN B2

The load from the main beam is the total shear force at line 2.

Values of axial load N (kN) and bending moment M (kNm)
Loading 1.25G + 1.50k 1.50k
Load case 1 3 1 3
Member N M N M N N
Roof beam 302.2 4.0 287.2 9.6 (33.9)
Column 8.6 8.6
310.8 8.5 2058 | 34.6
4th floor beam 473.8 376.6 222.5 125.3
784.6 8.5 6724 | 34.6
Column 8.6 8.6
793.2 8.5 681.0 | 34.6
3rd floor beam 473.8 376.6 222.5 1253
1267.0 8.5 1057.6 | 34.6 445.0 250.6
Column 8.6 8.6
1275.6 8.5 1066.2 | 34.6
2nd floor beam 473.8 376.6 222.5 125.3
1749.4 8.5 14428 | 34.6 667.5 375.9
Column 8.6 8.6
1758.0 8.5 14514 | 34.6
1st floor beam 473.8 376.6 222.5 1253
2231.8 8.5 1828.0 | 34.6 890.0 501.2
Column 10.0 10.0
2241.8 8.5 1838.0 | 34.6
Grd. floor beam 473.8 376.6 222.5 1253
2715.6 8.5 22146 | 34.6 1112.5 626.5
Column 10.0 10.0
Foundation 2725.6 2224.6

The maximum moment occurs when load case 3 is applied at the level considered.
Maximum coexistent load occurs when load case 1 is applied at levels above, and
minimum coexistent load occurs when 1.0Gy is applied at levels above. The latter
arrangement can be critical for values of Ngq < 653 kN (see calculation sheet 14).
The maximum load with a smaller coexistent moment results when load case 1 is
applied at all levels.
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Example 1 Calculation Sheet 17

Reference CALCULATIONS OUTPUT

For the basement storey with load case 1 at all levels:
Ngg=2725.6-0.4 x 1112.5=2281 kN
6.1 (4) Minimum total design moment, with e, = /30 = 300/30 > 20 mm:
Min = Negeg = 2281 x 0.02 = 45.6 kNm
For the basement storey with load case 3 at ground floor level:
Myop =34.6 KNm, Mo =-0.5M,5p =-17.3 kN m
Ngg=376.6 +2241.8 — 0.4 x (125.3 + 890.0) = 2212 kN (max)
Ngg=376.6 +[2241.8 - (890.0 + 33.9)]/1.25 = 1431 kN (min)
Effective length and slenderness
As for column B1, /[, =2.66 m and A= 30.6
5.2(09) First-order moment from imperfections (with load case 3 at ground floor level):
M; = Nly/400 = 2212 x 2.66/400 = 14.7 kKN m
First-order moments, including the effect of imperfections:
My =-173+147=-2.6 kNm, My, =34.6 +14.7=49.3kNm
5.8.3.1(1) Slenderness criterion: Ay, = 20(4 x B x C)/\/n where
n=N/A.fea=2212/1632 = 1.36 and
A=07,B=(1+2w)"°, C=1.7+2.6/49.3=1.75 where
0= Afya /A foa = As x 500/(1.15 x 1632 x 10°) = 4,/3754
Assuming 4H32, o= 3217/3754=0.85, B= (1 + 2)"> = 1.64 and
Jiim =20 x 0.7 x 1.64 x 1.75N1.36 = 34.4 (>A=30.6)
Since A < Ay, second-order effects may be ignored and Mgy = My, (> Mopin)
Design of cross-section

Although the nominal cover needed for durability is 25 mm, this will be increased
to 35 mm to ensure a minimum cover to the H32 bars not less than the bar size.

Allowing 35 mm nominal cover, 8 mm links and 32 mm longitudinal bars, results
in d=300-(35+ 8 + 32/2) = 240 mm say. Reinforcement can be determined from
the design chart in Table A2 (d/h = 0.8) as follows:

Nea/bhfac= (2212 or 1431) x 10*/(300 x 300 x 32) = 0.77 or 0.50
Miq /by = 49.3 x 10°/(300 x 3007 x 32) = 0.057
A foxIbhfu. = 0.42, which gives 4, = 0.42 x 300 x 300 x 32/500 = 2419 mm®

Similar calculations can be performed for the upper storeys, and all the results are
summarised below:

Storey Ngq (KN Mgy Ny My, A fyk ASz
max/min) | (KNm) | BRf, b2 f | DAf, | (mm)

4th floor-roof | 311/221 36.7 | 0.11/0.08 | 0.043 0.04 231
3rd—4th floor 793/429 39.9 | 0.28/0.15 | 0.046 0 min
2nd-3rd floor | 1231/637 42.8 | 0.43/0.22 | 0.050 0 min
1st—2nd floor 1625/845 454 | 0.57/0.29 | 0.053 0.17 980
Grd-1st floor | 1975/1054 | 47.7 | 0.69/0.37 | 0.055 0.32 1844 I
Basement 2212/1431 | 49.3 | 0.77/0.50 | 0.057 0.42 2419 | |

A reasonable arrangement would be to provide 4H32 for the bottom storey, 4H25
for the next storey, 4H20 for the next storey, and 4H16 for the top three storeys.

Tying requirements ! 1
Accidental design load (see calculation sheet 16) for load case 1 on main beam: 4H32 (Bottom storey)
_ B 4H25 (Grd-1st floor)
Nag=(43.5/67.5) x 473.8 =305.4 kN 4H20 (1st—2nd floor)
Aqmin = 305.4 x 10°/500 = 611 mm? (4H16 sufficient) 4H16 (2nd floor—roof)
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Calculation Sheet 18

Reference

CALCULATIONS

OUTPUT

5.2(9)

5.89(2)

5.8.9 (4)

CORNER COLUMN Al

From the calculations for column B1, it can be seen that the most critical condition
occurs at the bottom of the top storey, with minimum load 1.0Gy at roof level and
maximum design load at the 4th floor level.

Maximum loading for beams at 4th floor level:

Beam on line A kN/m Beam on line 1 kN

Slab 0.4 x4.8x1225=235 31.3+30.0=61.3
Beam and walling 43.5/4.8= 9.1 =43.5
32.6 104.8

Column moments for the frame on line A can be estimated from the results for the
sub-frame on line B (see calculation sheets 5—7). Thus, for load case 2:

M,=(32.6/67.5) x 56.4=27.3 kN m

Column moments for the frame on line 1 can be estimated on the assumption that
the column and beam ends, remote from the junction, are fixed and that the beam
possesses half its actual stiffness. Thus (see calculation sheet 5):

Kiena = 0.5 x (2.278 x 10°)/4800 = 0.237 x 10° mm’
Keupper = Kejpwer = 0.193 x 10° mm’

Beam fixed-end moment and resulting column moments:
Mrgy = (0.104 x 61.3 + 0.083 x 43.5) x 4.8 =48.0 kN m
M,=10.193/(2 x 0.193 +0.237)] x 48.0 =149 kN m

Minimum loading for beams at roof level:

Beam on line A kN/m Beamon line I kN

Slab 0.4x48x525=12.0 (included in line A)
Beam and parapet 28.8/4.8= 6.0 36.0/1.25=28.8
18.0 28.8

Minimum load at bottom of column (roof beams and weight of column):
Neq = (18.0/67.5) x 174.2 + 0.45 x 28.8 + 8.6/1.25 = 66 kN
First-order moment from imperfections (simplified procedure):
M; = NI,/400 = 66 x 2.66/400 = 0.5 kN m

Since imperfections need to be taken into account only in the direction where they
will have the most unfavourable effect,

M,,=27.3+0.5=27.8 kNm, Myp,=14.9 kN m
Design of cross-section

Assuming 4H16, the design resistance of the column for bending about either axis
can be determined from the design chart in Table A2 as follows:

A fyx Ibhfa. = 804 x 500/(300 x 300 x 32) = 0.14
Nia/bhfyc =66 x 10° /(300 x 300 x 32) = 0.023
Mg /bRy = 0.059 (for d/h = 0.8)

Thus, Myg, = Mray = 0.059 x 300 x 300% x 32 x 10 = 51.0 KN m

In the absence of a precise design for biaxial bending, a simplified criterion check
for compliance may be made as follows:

Nia = Acfea + Aofya = (3007 x 0.85 x 32/1.5 + 804 x 500/1.15) x 107 = 1981 kN
Ngq/Nrg=66/1981 =0.03. For values of Ngq/Nrg < 0.1, exponent a = 1.0.
(Mg, /Mraz )" + (Migy IMray )* = (27.8/51.0)"0 + (14.9/51.0)'° = 0.84 (<1.0)

Since the criterion is met at the most critical condition, a reasonable arrangement
would be to provide 4H16 for all storeys.

Tying requirements

From the calculations for column B1, it can be seen that 4H12 would be sufficient.

4H16 (Grd floor—roof)
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Example 1

Calculation Sheet 19

Reference

CALCULATIONS

OUTPUT

BS EN
1992-1-2

BS EN
1992-1-2
5.3
Annex C

BS EN
1992-1-2
532
Equation
5.7

FIRE-RESISTANCE

In Eurocode 2: Part 1.2, prescriptive rules for fire resistance are given for braced
columns only. The tabulated data in Section 5.3 is of limited application, including
restrictions on the first-order eccentricity under fire conditions. Limiting values of
e < 0.15b for Method A, and e < 0.25b for Method B, apply. Further tabulated
data, based on simplified calculation methods in Annex B, is given in Annex C for
values of e = 0.025b (210 mm), 0.25b6 (<100 mm) and 0.56 (<200 mm). In the
following calculations, the effective length and first-order eccentricity under fire
conditions are assumed to be equal to those at normal temperature.

Column B1

With 35 mm cover, 8 mm links and 16 mm longitudinal bars, axis distance of the
main bars, a = 35 + 8 + 16/2 = 50 mm say

For the storey from ground to first floor, from calculation sheet 15:
Nig =991 kN, Mgq =63 kKN'm, e =63/991 = 0.064 m, e/b = 0.064/0.3 = 0.21,
=30 say, @= Ay fya/Acfea = 804 x (500/1.15)/(300° x 0.85 x 32/1.5) = 0.21,
n=Nea /(1 + @Acfig = 991 x 10%/(1.21 x 3007 x 0.85 x 32/1.5) = 0.50

Since 0.15 < e/b < 0.25, method A is not applicable but method B can be used.
From Table 5.2b, for R 60 with = 0.1 and n = 0.5, the minimum dimensions for
column width/axis distance are 300/40. The same results can be obtained for the
next storey. Annex C can be used with some difficulty for all but the top storey.
For R 60 with A = 30, n = 0.3 and e/b = 0.5, values of 200/40 and 500/50 are
obtained with @= 0.5 and 0.1, respectively. Thus, with @ = 0.33, values of 300/40
can be reasonably deduced, as indicated below.

Storey Ngg Mgy elb ) n Column

4th floor—roof 151 58 1.28 0.33 0.07 NA

3rd—4th floor 389 59 0.50 0.33 0.18 300/40
2nd-3rd floor 608 61 0.33 0.21 0.30 300/40
1st—2nd floor 808 62 0.25 0.21 0.40 300/40
Grd-1st floor 991 63 0.21 0.21 0.50 300/40

For the top storey, if the column is considered as a beam and Ngg < Ny, is ignored,
A fy Ibhfoc = 0.21, Ag = 1210 mm? and 4H20 are still sufficient. Then, for R 60
and by, = 300 mm, the required minimum axis distance is 25 mm.

Column B2

With 35 mm cover, 8 mm links and 32 mm longitudinal bars, axis distance of the
main bars, @ =35 + 8 +32/2 = 60 mm say.

For the basement storey, from calculation sheet 17:
Npq =2212 kN, Mgq =50 kN m, e = 50/2212 = 0.023 m, /b = 0.023/0.3 = 0.08
@=AsfyalAofra= 3217 x (500/1.15)/(300” x 0.85 x 32/1.5) = 0.86
n =N /(1 + @ Afoa = 2212 x 10%/(1.86 x 300% x 0.85 x 32/1.5)=0.73

Since e/b = 0.08 (<0.15), [y =2.66 m (<3.0 m) and 4,/A4. = 0.036 (<0.4), method
A may be used. In this case, for R 90 and x4 = 0.7, Table 5.2a indicates minimum
dimensions for column width/axis distance = 350/53. Method A also provides an
equation for R, in which specific values may be used for each parameter.

R=120[(R i + R, + R+ Ry, + R, )/120]"* where, with 15 = n=0.73,
Ry =83(1 — 15) =83 x 0.27 =22.4, R,=1.6 (a - 30)=1.6 x (60 - 30) =48
R=9.6(05-10)=9.6x(5-2.66)=224, R,=0.090'"=0.09 x300=27, R,=0
Hence, R=120[(22.4 + 48 + 22.4 + 27 + 0)/120]"* = 120 min (>1.5 h)
(Note: Minimum axis distance is @ = 50 mm, which gives R, = 32 and R = 90 min)

For the storeys above the basement, a fire resistance of 1 h is sufficient. Also, for
the storeys above Istfloor, /[, = 2.29 m. Using the equation for all but the top
storey, even though e/b = 0.17 > 0.15 in one case, yields the following results:

Column OK for 1h
fire resistance

Basement storey
OK for 1.5h
fire resistance
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Example 1 Calculation Sheet 20
Reference CALCULATIONS OUTPUT
Storey Neg Mgy e/b ) n R Column
4th floor—roof 311 37 040 | 0.21 | 0.16 | 60 -
3rd-4th floor 793 40 0.17 0.21 0.40 | 60 300/25
2nd-3rd floor 1231 43 0.12 | 0.21 | 0.62 | 60 300/30
1st—2nd floor 1625 46 0.10 | 0.33 | 0.75 | 60 300/35
Grd-1st floor 1975 48 0.08 | 0.52 | 0.80 | 60 300/40
Basement 2212 50 0.08 | 0.86 | 0.73 | 90 300/50

For the top storey, if the column is considered as a beam and Nggq < Ny is ignored, | All storeys above
Aqfy/bhfy, = 0.13, A,= 749 mm® and 4H16 are still sufficient. Then, for R 60 and | basement are OK for

bmin = 300 mm, the required minimum axis distance is 25 mm. 1 h fire resistance
Column A1l

From the calculations for column B, it is reasonable to conclude that column Al | Column OK for 1h
is satisfactory for a fire resistance of 1 h. fire resistance

Bar marks

Commentary on Bar Arrangement (Drawing 6)

01

02, 06

03
04

05

Details shown are for columns B1 (top of basement wall to 1st floor level) and B2 (top of basement floor to
Ist floor level). Details for column A1 will be similar to column B1, except that two U-bars (bar mark 03)
will be provided to restrain the outer longitudinal bars in each direction.

Bars (shape code 26) bearing on 75 mm kicker and cranked to fit alongside bars projecting from basement
wall. Projection of starter bars = 1.5 x 35 x 16 + 75 = 925 mm say. Crank to begin 75 mm from end of
starter bar. Length of crank = 13¢ and overall offset dimension = 2¢. Since 4H16 are also sufficient at the
next level, projection of bars above first floor = 925 mm.

Closed links (shape code 51), with 35 mm nominal cover, starting above kicker and stopping below beams at
next floor level. The following requirements apply (see clause 9.5.3):

Minimum diameter of links = 0.25 x maximum diameter of longitudinal bars > 6 mm. Spacing should not
exceed least of 20 x minimum diameter of longitudinal bars, lesser dimension of column cross-section or
400 mm. In regions within a distance equal to the larger dimension of column cross-section above or below
a beam or slab, link spacing should not exceed 0.6 times the preceding values. Thus, the maximum link
spacing is 300 mm generally, and 180 mm for a distance of 300 mm above or below a beam or slab.

In the lap zones of the main bars, where the diameter of lapped bars ¢> 20 mm, transverse bars of total area
not less than area of one lapped bar should be provided within outer thirds of lap zone (see clause 8.7.4.1).
Thus, allowing for A eq < Asprov (see calculation sheet 17), total area of transverse bars for the full lap zone
should be not less than area of one lapped bar multiplied by 1.5 A eq/Asprov- For column B2, the following
requirements apply:

Fdn-Ist floor: Ay = 1.5 x 2419/3217 x 804 = 907 mm? (12H10)
Grd-1st floor: Ay =1.5 x 1844/1963 x 491 = 692 mm” (14HS)
Open U-bar (shape code 21), instead of closed link, to restrain outer longitudinal bars.

Bars (similar to bar mark 01) cranked to fit alongside bars projecting from foundation. Projection of starter
bars = 1.5 x 35 x 32 x 2419/3217 + 75 = 1400 mm say. Since 4H25 are sufficient at the next level,
projection of bars above ground floor level = 1.5 x 35 x 25 + 75 = 1400 mm say.

Bars (similar to bar mark 04). Since 4H20 are sufficient at the next level, projection of bars above 1st floor
level = 1.5 x 35 x 20 + 75 = 1125 mm.
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Example 1: Reinforcement in Columns B1 and B2 Drawing 6
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Calculation Sheet 21

Reference

CALCULATIONS

OUTPUT

FLAT SLAB FLOOR CONSTRUCTION

BS EN
1992-1-2
5.7.4(1)
Tables 5.8
and 5.9

BS EN 1990
6.4.3.2(3)
Table
A1.2(B)

1.1.2(5)
Figure 1.2

5.1.3 ()P
Table NA.1

FLOOR SLABS (GROUND AND UPPER FLOORS)

For a solid slab without drops and a characteristic imposed load < 5 kN/m’, try a
span/effective depth ratio of 36. Allowing for 25 mm cover and 16 mm bars gives
an estimated thickness = 7200/36 + (25 + 16/2) = 240 mm say.

Fire resistance

Allowing for the design to be based on more than 15% redistribution of moment,
the axis distance should be taken as for a one-way simply supported slab. For the
ground floor (minimum fire period 1.5 h), the required minimum dimensions
(Table A2) are:

Slab thickness: 200 mm  Axis distance (to centre of lower bars): 30 mm
Since the cover required for durability is 25 mm, the axis distance is sufficient.
Loading

Details of the characteristic imposed loads, and the action combination options for
the ultimate limit state, are given in calculation sheet 1.
kN/m? Variable load

=6.00 Imposed
=1.25 Partitions =15
g =725 g =4.0

Design ultimate load, n = &Gy + 10k = 1.25x 7.25 + 1.5x 4.0 =15.0 kN/m®

kN/m?
=25

Permanent load

Self-weight of slab 0.240 x 25
Finishes and services

Analysis

Several methods of analysis are available, including the use of simplified moment
coefficients, equivalent frame analysis, finite element analysis, grillage analysis
and yield-line methods. Equivalent frame analysis will be used in this example.

The structure is divided, into two orthogonal directions, into frames consisting of
columns and strips of slab. For vertical loading, the effective stiffness of the slab
strips may be based on the width between centrelines of panels. Each frame will
be simplified to a series of sub-frames, consisting of the slab at one level together
with the columns above and below the slab.

The equivalent frame model overestimates the restraint provided at edge columns
by assuming a continuous line support. A reasonable allowance for this inaccuracy
is to take the stiffness of the edge columns as 0.7 times the actual value (a similar
approach is taken in The Concrete Society Technical Report No. 64).

For large columns (4 > span/10 or 500 mm), an additional moment transfer due to
the different shear forces at the opposite faces of the column should be considered.
The Concrete Society Technical Report No. 64 suggests the additional moment is
taken as /4/3 x (difference in shear forces). In this case, hogging moments in the
slab greater than those at a distance 4/3 from the centre of the column may be
ignored. The column size in this example does not warrant such modifications.

In the absence of edge beams that are adequately designed for torsion, the moment
transferred to an edge or corner column should be limited to M, = 0.17b, & fex
where b, is the effective width of the moment transfer strip.

For an edge column, b, = ¢ + y where c¢ is the width of the column, and y is the
distance from the innermost face of the column to the edge of the slab. Referring
to drawing 2, y = 800 mm, which gives b, = 400 + 800 = 1200 mm.

Although a design based on the single load case of all spans carrying the design
maximum load is permitted for slabs, the case of alternate spans carrying design
maximum load with other spans carrying only design permanent load will also be
considered. The analysis of sub-frames where the columns above and below the
floor are identical (i.e., 2nd, 3rd and 4th floors) will be shown.

An analysis and subsequent slab design for flexure, defection and cracking will be
carried out for the sub-frames on lines B and 2, followed by a design for shear at
an internal column (B2) and an edge column (A2).

h =240 mm

Sufficient for 1.5 h
fire period

&= 7.25 kKN/m’
gy = 4.0 kN/m’

n=15.0 kN/m’
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Example 1 Calculation Sheet 22

Reference CALCULATIONS OUTPUT

SUB-FRAME ON LINE B
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Dimensions of sub-frame

Since the sub-frame and the load cases are symmetrical about the centreline, an
analysis can be carried out for one half of the sub-frame by taking the stiffness of
the central span as half the actual value.

I;=7200x 240°/12 = 8.29 x 10’ mm* 7, =400 x 400°/12 =2.13 x 10" mm*
K ena = I,/6000 = 1.38 x 10° mm® Kyin =1,/7200 = 1.15 x 10° mm’
Keypper = Ksjower = 1./3500 = 0.61 x 10° mm’
Distribution factors for unit moment applied at an end joint are:
Dy=1.38/(1.38 +2x0.7x0.61)=0.618, D.= (1 - 0.618)/2=0.191
Distribution factors for unit moment applied at an interior joint are:
Dseng=1.38/(1.38 +0.5x 1.15+2 x 0.61) =1.38/3.175 = 0.435
Dy =0.5x1.15/3.175=0.181, D, = 0.61/3.175 = 0.192
Maximum and minimum design loads for a full panel width of 7.2 m, assuming
shear force coefficients in the orthogonal directional of 0.6 for each span, are:

1.2x 7.2 x 15 =129.6 kN/m (max) 1.2 x7.2x9=77.8 KN/m (min)
Fixed-end moments due to maximum load on beams are:
Mepa=129.6 x 6*/12 = 388.8 KN m M =129.6 x 7.2%/12 = 559.9 kN'm
Fixed-end moments due to minimum load on beams are:
Mg =778 %612 =233.4kNm My =77.8x7.2%/12=336.1 kN m
An analysis similar to that on calculation sheet 6 yields the following results:
Load | Location and End End Interior | Interior | Interior
Case | Member Support Span Support | Support Span
No. Bending Moment (kN m) in Members for Load Case
1 Slab —144.0 262.5 529.4 -550.0 289.8
Upper column 72.0 10.3
Lower column 72.0 10.3
2 Slab —164.2 288.7 441.2 -369.6 134.6
Upper column 82.1 -35.8
Lower column 82.1 -35.8
3 Slab —66.2 134.7 405.8 -510.6 329.2
Upper column 33.1 52.4
Lower column 33.1 52.4
No. Shear Force (kN) in Members for Load Case
1 Slab 324.6 453.0 466.6
2 Slab 342.6 435.0 280.1
3 Slab 176.8 290.0 466.6
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Calculation Sheet 23

Reference

CALCULATIONS

OUTPUT

1.1.2(3)
Figure 1.1

Table I.1

5.5#)
Table NA.1

7.4.1(6)

Allowing for some redistribution of moment, the maximum hogging moments in
the slab will be taken as 164.2 kN m at the end support for load cases 1 and 2, and
441.2 kN mat the interior support for load cases 1 and 3. As a result, the maximum
sagging moment in the end span for load case 1 will be the same as that for load
case 2. In the interior span, the maximum sagging moment for load cases 1 and 3
will increase in order to maintain equilibrium, as follows:

M=129.6x7.2"/8 — 441.2=398.6 kNm
Flexural design

The panels should be notionally divided into column and middle strips, and the
bending moments for the full panel width apportioned within specified limits. On
lines B and E, the width of the column strip will be taken as 7200/2 = 3600 mm.
The hogging moments at the internal columns will be allocated in the proportions:
75% on column strips, 25% on middle strips. The sagging moments in the spans
will be allocated in the proportions: 55% on column strips, 45% on middle strips.

According to the values of M/bd” fy where the strip width b = 3600 mm, except at
the edge columns where b, = 1200 mm, appropriate values of z/d < 0.95 and 4 can
be determined (Table A1) and suitable bars selected (Table A9).

Allowing for 25 mm cover and 16 mm bars in each direction, for the second layer
of bars, d =240-(25 + 16 + 16/2) = 190 mm say. At an edge column,

Migmax = 0.17bd” fy = 0.17 x 1200 x 190% x 32 x 107° = 235.6 kN m
At the end supports:
For the moment transfer strip: M = 164.2 kN m (<235.6 kN m)
MIbd” fy=164.2 x10°/(1200 x 190° x 32) = 0.119  z/d =0.881
Ay = M/)(0.87fyz) = 164.2 x 10%/(0.87 x 500 x 0.881 x 190) = 2255 mm? (12H16)
At the interior supports:
For the column strip: M =0.75 x441.2 =330.9 kNm
MIbd* [y =330.9 x 10°/(3600 x 190> x 32) =0.080  z/d = 0.924
A, =330.9 x10°/(0.87 x500 x 0.924 x 190) = 4333 mm? (22H16)
For the middle strip: M =0.25 x441.2=110.3 kNm
MIbd” fy = 110.3 x10°/(3600 x 190> x 32) = 0.027  z/d = 0.95 (max)
Ay=110.3 x10°/(0.87 X500 x 0.95 x 190) = 1405 mm* (18H10)

Redistribution of moment gives 0 = 441.2/550 = 0.8. This is allowable without an
explicit check on the rotation capacity, provided x/d < (8 — 0.4) = 0.4. For the
column strip, z/d = 0.924 so that x/d = 2.5(1-z/d) = 0.190 (< 0.4).

In the end spans:
For the column strip: M= 0.55 x 288.7=158.8 kNm  M/bd*f = 0.038
A, =158.8 x 10°/(0.87 x 500 x 0.95 x 190) = 2023 mm” (18H12)
For the middle strip: M =0.45 x 288.7=129.9kNm  M/bd"f4 = 0.031
A,=129.9x 10°/(0.87 x 500 x 0.95 x 190) = 1655 mm* (15H12)
In the interior span:
For the column strip: M = 0.55x398.6 =219.3 kNm  M/bd" f. = 0.053
Ag=219.3 % 10°/(0.87 x 500 x 0.95 x 190) = 2793 mm? (14H16)
For the middle strip: M =0.45 x398.6 =179.4 kNm
A, =179.4 x 10°/(0.87 x 500 x 0.95 x 190) = 2285 mm* (12H16)
Deflection

Deflection requirements may be met by limiting the span-effective depth ratio. For
the interior span, the actual span/effective depth = 7200/190 = 38.

The characteristic load for a full panel width is given by
St qr=12x72x11.25=97.2kN/m

Column strip width
3600 mm

d =190 mm

At end supports, bars
in moment transfer
strip 12H16 (T)

At interior supports,
bars in column strip
22H16 (T)

bars in middle strip
18H10 (T)

In the end spans,
bars in column strip
18H12 (B)

bars in middle strip
(15H12)

In the interior spans,
bars in column strip
14H16 (B)

bars in middle strip
(12H16)
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Example 1

Calculation Sheet 24

Reference

CALCULATIONS

OUTPUT

7.4.2
Table NA.5

73.2(2)

BS EN 1990
Table
NA.Al.1

733(2)

Table 7.2
Table 7.3

9.3.1.1(1)

9.3.1.1 (2)

9.3.1.1 3)

9.4.1(2)

Taking account of the moment redistribution in the analysis, the service stress in
the bottom reinforcement for the full panel width (i.e., total for column and middle
strips) under the characteristic load is given approximately by

0, = (fyud V) (Metastic/Macsion)(As req/ s prov) [k + qi0/1]
= (500/1.15)(329.2/398.6)(5078/5228)(97.2/129.6) = 262 MPa
From Reynolds, Table 4.21, limiting //d = basic ratio x ¢, x 3 where:
For 1004,/bd = 100 x 5078/(7200 x 190) = 0.37 < 0.1£,>* = 0.1x 32°° = 0.56,
o, = 0.55 + 0.0075/4/(1004/bd) + 0.005£,"*[4>*/(1004,/bd) - 101"
=0.55+0.0075 x 32/0.37 + 0.005 x 32°° x (32°%/0.37-10)"° = 1.54

(Note: The value of o, can also be obtained from Reynolds, Table 4.21, for the
given values of £, = 32 MPa and 1004/bd = 0.37)

B=310/G=310262=1.18

For a flat slab, basic ratio = 24. Since the span does not exceed 8.5 m, there is no
need to modify this value and hence

Limiting I/d = 24 x o x f=24 x1.54 x 1.18 = 43.6 (>actual I/d = 38)

Cracking

Minimum area of reinforcement required in tension zone for crack control:
A min = kekfesered e O

Taking values of k. = 0.4, k = 1.0, foretr = fom = 0.3fck(2/3) = 3.0 MPa (for general
design purposes), A = bh/2 (for plain concrete section) and o, < fi, = 500 MPa

Agmin = 0.4x1.0x 3.0 1000 x (240/2)/500 = 288 mm?/m

(Note: A value for 1004 /A = 0.24 can be obtained from Reynolds, Table 4.23,
giving A min = 0.0024 4, = 0.0024 x 1000 x 240/2 = 288 mm?/m)

The quasi-permanent load, where y,= 0.3 is obtained from the National Annex to
the Eurocode (Table 1.1), is given by

G+ Y= 1.2X7.2% (7.25+0.3 X 4.0) = 73.0 kN/m

The crack width criterion can be satisfied by limiting either the bar size or the bar
spacing. For the top of the slab, it is reasonable to ignore any requirement based
on appearance, since the surface of the slab will not be visible below the finishes.
The service stress in the bottom reinforcement under the quasi-permanent load is
given approximately pro rata to the stress under the characteristic load as

0,= (73.0/97.2) x 262 = 197 MPa

For w, = 0.3 mm and &,= 200 MPa, the recommended maximum values are either
@;=25 mm or bar spacing = 250 mm ( Reynolds, Table 4.24). Maximum bar size:

A= 6 (fouerr/2.9) ke hee /2(h = d)]
=25x%(3.0/2.9) x[0.4 x 120/(2 x50)] = 12 mm

Detailing requirements
Minimum area of longitudinal tension reinforcement ( Reynolds, Table 4.28):

Aqmin = 0.26(feun/fyr)bid = 0.26 X (3.0/500) bd = 0.00156bd >0.0013 bd
=0.00156 x1000 % 190 = 297 mm*/m

Minimum area of secondary reinforcement (20% of principal reinforcement):
Agmin = 0.2 X2793/3.6 =155 mm*/m (for interior span column strip)

Maximum spacing of principal reinforcement in area of maximum moment:
2h =480 <250 mm. Elsewhere: 3/ =720 mm <400 mm

Maximum spacing of secondary reinforcement in area of maximum moment:
3h =720 <400 mm. Elsewhere: 3.5/ = 840 mm <450 mm

At internal columns, top reinforcement in the column strip should be placed with
two-thirds of the required area concentrated in the central half of the strip.

Check complies

Minimum tension
reinforcement
H10-250

Maximum bar size
12 mm or maximum
bar spacing 250 mm

Minimum tension
reinforcement
H10-250
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Example 1 Calculation Sheet 25
Reference CALCULATIONS OUTPUT
A suitable arrangement would be to provide 25H16 arranged in groups as follows:
17H16 in the central half, and 4H16 in each outer quarter.
BS EN For fire ratings of REI90 and above, top reinforcement that is continuous over the
1992-1-2 full span should be provided in the column strips. The reinforcement area should
5.74(2) be at least 20% of that required at the internal columns for the full panel width.
Agmin=0.2x 5738 =1148 mm® (15H10 required in ground floor slab)
An arrangement of 18H10-200 at all levels would be suitable.
In the spans, for ease of construction, the bar spacing for the bottom reinforcement
will be made uniform for the full panel width. Thus, bars provided in the middle
strip will be the same as those required in the column strip. Suitable arrangements
would be 36H12-200 in the end spans and 36H16-200 in the interior span.
9.4.1(3) Bottom reinforcement (=2 bars) in each orthogonal direction should be provided
to pass through all internal columns.
9.4.2 At the edge columns, the reinforcement required for moment transfer should be
Figure 9.9 placed within the effective width b, = 1200 mm (see calculation sheet 21). An

arrangement of 13H16-100 would be suitable.

Between the moment transfer zones, at a free edge, nominal reinforcement should
be provided in the form of U bars in the vertical plane with legs, of length equal to
0.15 x span, perpendicular to the edge of the slab. Bars parallel to the edge of the
slab should be placed in the corners of the U bars and distributed along the top and
bottom faces of the slab.

Curtailment of longitudinal tension reinforcement

In the absence of an elastic moment envelope covering all appropriate load cases,
the simplified curtailment rules for one-way continuous slabs will be used in each
orthogonal direction (see calculation sheet 4).

Tying requirements (see Reynolds, Table 4.29)

The principal reinforcement in the bottom of each span can be utilised to provide
continuous internal ties. With /.= 7.2 m and F, = (20 + 4n,) < 60,

Flicint = [(gx + q)/7.51(L/5)F = (11.25/7.5)(7.2/5)(20 + 4 x 6) = 95 kN/m
Minimum area of reinforcement required with oy = 500 MPa (i.e., s = 1.0)

A min =95 % 1000/500 = 190 mm?*/m < minimum for normal design situations.
If all bars are lapped at same position, design lap length (Reynolds, Table 4.31):

lo = tlslpa = lp min = 200 mm, where e = 1.5 for > 50% bars lapped

For accidental design situations, 3. = 1.2 (Reynolds, Table 4.1), and the value of /g
will be taken as that determined for normal design situations. Thus,

Iy = etg < (35¢) = 1.5 x (35 x 10) = 550 mm say

Use minimum tension
reinforcement with lap
length = 550 mm

SUB-FRAME ON LINE 2

The support conditions at C and D are difficult to model. All the walls enclosing
the central core of the building are stiffened by return walls, while some walls are
also perforated by openings. Since the walls are 200 mm thick and the column
dimensions are 400 x 400, the stiffness of a column is equivalent to a wall length
equal to 8 x 400 = 3200 mm (approximately half the length of the wall on line C).

For ease of construction, the connection between the slab and the walls will utilise
bent-out bars cast into the wall, for which proprietary systems are generally used.
The bars that can be provided are typically limited to a maximum of H16-150.

For ease of analysis, the stiffness of the wall on line C will be considered the same
as that of two edge columns on line A. If the resulting moment at C is beyond the
capacity of a proprietary reinforcement system, this moment will be reduced and
the span moment increased accordingly. An alternative approach suggested in The
Concrete Society Technical Report No. 64 would be to consider a pinned support
at C. The wall will be designed to resist the maximum slab moment that can be
generated by the chosen set of bent-out bars.
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Calculation Sheet 26

Example 1
Reference CALCULATIONS OUTPUT
1 . | - 1
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Dimensions of simplified sub-frame
The properties of the members are:
I, = 6600 x 240°/12 = 7.60 x 10° mm* I, =400 x 400°/12 =2.13 x 10° mm*
K, =1,/7200 = 1.06 x 10° mm’ K. =1./3500 = 0.61 mm’
Distribution factors for unit moment applied at an end joint are:
Dy=1.06/(1.06 +2x 0.7 x 0.61) =0.554, D. = (1-0.554)/2 = 0.223
Distribution factors for unit moment applied at the interior joint are:
Dy=1.06/(2 x 1.06 +2 % 0.61) =1.06/3.34 = 0.318, D. = 0.61/3.34 = 0.182
Assuming shear force coefficients for the spans in the orthogonal directional of
0.60 for the end span and 0.50 for the interior span, loaded width for sub-frame on
line 2 is (0.6 x 6.0 + 0.5 x 7.2) = 7.2 m. Thus, the maximum and minimum loads
for the full panel width are:
7.2 x 15 =108 kN/m (max) 7.2 % 9.0 = 64.8 kN/m (min)
Fixed-end moments due to maximum and minimum load on slab are:
Mipax = 108 x7.2%/12 = 466.6 kKN 'm, My, = 64.8 x 7.2°/12 =280 kN'm
The following results are obtained for load case 1 (maximum load on both spans),
load case 2 (maximum load on span AB, minimum load on span BC) and load
case 3 (minimum load on span AB, maximum load on span BC).
Load | Location and Support Span Support | Support Span Support
Case | Member A AB B B BC C
No. Bending Moment (kN m) in Members for Load Case Moment
1 Slab —-208.2 3114 595.9 -595.9 311.4 208.2
Upper column 104.1 0 —-104.1
Lower column 104.1 0 —104.1
2 Slab -226.8 332.3 524.3 —429.1 168.0 106.2
Upper column 113.4 —47.6 -53.1
Lower column 113.4 -47.6 -53.1
3 Slab -106.2 168.0 429.1 -524.3 3323 226.8
Upper column 53.1 47.6 -113.4
Lower column 53.1 47.6 -113.4
No. Shear Force (kN) in Members for Load Case Shear
1 Slab 335.0 442.6 442.6 335.0
2 Slab 347.5 430.1 278.1 188.5
3 Slab 188.5 278.1 430.1 347.5
Allowing for some redistribution of moment, the maximum hogging moments in
the slab will be taken as 226.8 kN m at supports A and C, and 524.3 kN m at support
B. As a result, the maximum sagging moments in the spans will remain unchanged
for load cases 2 and 3, but will increase to 332.3 kN m for load case 1.
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Example 1 Calculation Sheet 27
Reference CALCULATIONS OUTPUT
Flexural design
The width of the column strip on lines 2 and 3, and the middle strip for the panel
between lines 2 and 3, will be taken as 7200/2 = 3600 mm. Allocation of the panel
moments between column and middle strips is specified in calculation sheet 23.
Assuming the bars are in the first layer, and allowing for 25 mm cover and 16 mm
bars, d =240—(25 + 16/2) = 206 mm say. At an edge column, d =206 mm

7.4.1(6)

7.4.2
Table NA.5

Mygmax = 0.17body fo. = 0.17 x 1200 x 206 x 32 x 10° =277 kN m (>226.8 kN m)

Calculations similar to those in calculation sheet 23, yield the following results:

Location Strip M(KNm)| M/bd” e z/d A Bars
Support A | Transfer | 226.8 0.139 0.857 2954 15H16
Span A-B | column 182.8 0.038 0.95 2148 19H12
(and B-C) | middle 149.5 0.031 0.95 1756 16H12
Support B | column 393.2 0.081 0.923 4754 24H16

middle 131.1 0.027 0.95 1540 20H10
Support C total 226.8 0.024 0.95 2665 34H10
Deflection

The deflection requirements may be met by limiting the span/effective depth ratio,
where the actual span/effective depth = 7200/206 = 35

From Reynolds, Table 4.21, limiting //d = basic ratio x @ x /% where:
For 10044/bd = 100 x 3904/(7200 x 206) = 0.27 < 0.1£,>* = 0.1 x 325 = 0.56,
e, = 0.55 + 0.0075f,,/(10044/bd) + 0.0057,>*[£o*/(1004/bd) 101"
=0.55+0.0075 x 32/0.27 + 0.005 x 32 % (32°°/0.27-10)"° = 2.46

The service stress in the bottom reinforcement for the full panel width under the
characteristic load is given approximately by

0y = (fd ) (A req/ As pro) (G + q1)/1]
=(500/1.15)(3904/3958)(11.25/15) = 322 MPa
=310/, =310/322=0.96
Limiting //d =24 x o x [i;= 24 x 2.46 x 0.96 = 56.6 (>actual //d = 35)
Other considerations

The requirements for cracking, detailing, curtailment and tying are similar to those
for the sub-frame on line B (see calculation sheets 24 and 25). The following bar
arrangements would be suitable:

At support A (transfer strip):  15H16 in zone of width 1200 mm

At support B (column strip):  17H16 in central half, 4H16 in each outer quarter
(middle strip): ~ 19H10-200

At support C (full panel): 36H10-200 (included with wall reinforcement)

In both spans (full panel): 36H12-200

SUB-FRAME ON LINE A

The loading comprises the shear force from the span in the orthogonal direction
plus the load resulting from a 600 mm wide edge strip of slab, and a uniform load
of 5 kN/m to cover walling, cladding and windows. Total design loads, assuming
a shear force coefficient of 0.4 for the span in the orthogonal direction are:

(0.4x724+0.6)x 15.0+1.25 % 5.0 = 58.5 kN/m (max), 37.6 kN/m (min)
Width of strip from edge of slab to centre of panel = 600 + 3600 = 4200 mm.

The analysis of the sub-frame will be similar to that for the sub-frame on line B,
except that the column/slab stiffness ratio is greater. However, since the maximum
load is only 45% of that for the sub-frame on line B, it will be sufficient to provide
a similar layout of reinforcement in the slab.
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Example 1 Calculation Sheet 28
Reference CALCULATIONS OUTPUT
SHEAR DESIGN
Shear stresses in the slab are checked on control perimeters that are constructed so
as to minimise the length of the perimeter. The basic control perimeter is taken at
distance 2d from the column perimeter, where d is taken as the mean effective
depth for the reinforcement in two orthogonal directions. At the column perimeter,
6.4.5(3) the maximum shear stress should not exceed Vrq max. With &, = 1.0,
6.2.2 (6) VRdmax = 0.5Vfea = 0.5 % 0.6(1 —fix /250) x (e fox /1.5) = 0.2(1 — £ /250) fore
The column reaction is taken as the greater of the values obtained from an analysis
in two orthogonal directions. The maximum shear stress on a control perimeter is
6.4.3 (3) taken as [ x mean shear stress, where fis a factor to be determined. For structures
where lateral stability does not depend on frame action, and adjacent span lengths
6.4.3 (6) differ by no more than 25%, approximate values for /7 may be used.
Column B2 e S
For the top reinforcement in the column strips in the two orthogonal directions, { 3
the mean effective depth is d = (190 + 206)/2 = 198 mm. ;
6.4.2 (1) The width of the basic control perimeter, taken at distance 2d = 400 mm say from |
Figure 6.13 the face of the column, is b = ¢ + 2 x 2d = 400 + 2 x 400 = 1200 mm i
6.43(3) For an internal rectangular column, where the loading is eccentric about one axis i-‘ ______ T l

Equation 6.43

6.4.3(6)
Figure 6.21N

6.4.5(3)
Equation 6.53

6.4.4 (1)

Equation 6.47

6.2.2(1)

6.4.3(2)
6.4.5 (1)

6.4.5 (4)

only, =1+ 1.8M/Vb may be used. Thus, the following values are obtained:

From the analyses on calculation sheets 22 and 26, respectively, the results for the
sub-frame on line B are critical. From these, the following values are obtained:

Load case 1: '=453.0 + 466.6 =919.6 kN, M =10.3 + 10.3 =20.6 kNm
F=1+1.8x20.6/(919.6 x 1.2)=1.04, ¥V =956.4 kN

Load case 3: V'=290.0 + 466.6 = 756.6 KN, M =524 +52.4=104.8 kNm
f=1+1.8x104.8/(756.6 x 1.2) =1.21, AV=915.5kN

Alternatively, since lateral stability does not depend on frame action, and adjacent
span lengths do not differ by more than 25%, = 1.15 could be used in both cases.
The value of /7 determined for load case 1 is used in the following calculations.

Thus, at the column perimeter
v=pV/iugd=1.04x919.6 x 10° / (4 x 400 x 198) = 3.02 MPa
VRdmax = 0.2(1 = fe/250) fo = 0.2 x (1 =32/250) x 32 = 5.58 MPa (>v)

The length of the basic control perimeter is #; =4 x 400 + 27 x 400 = 4113 mm.
v=LViud=1.04x919.6 x 10° / (4113 x 198) = 1.18 MPa

The punching shear resistance is assessed on the basis of the mean value, for the
two orthogonal directions, of the tension reinforcement in a slab width equal to the
column width plus 3d each side =400 + 6 x 198 = 1600 mm say. The central half
of each column strip is 1800 mm wide and contains 17H16-100. Thus,

p=Aglbyd=3418/(1800 x 198) = 0.0096 and, with k = 2.0 for d < 200 mm:
Vrae = (0.18%/3)(100 )" = (0.18 x 2.0/1.5)(0.96 x 32)'* = 0.75 MPa
Vain = 0.035672£, 2 = 0.035 x 2% x 322 = 0.56 MPa

Since v > vrq,, shear reinforcement is required. With the effective design strength
of the reinforcement f{qer = 250 + 0.25d = 300 MPa say, the area required in one
perimeter of vertical shear reinforcement, placed at the maximum radial spacing
s; = 0.75d = 150 mm say, is given by

Ay = (v=0.75Vrq,c) 41 5: /(1.5f pwa ef)
=(1.18=0.75 x 0.75) x 4113 x 150/(1.5 x 300) = 847 mm* (12H10 say)
The length of the control perimeter at which v = vgq is given by
Uow = BVI(vraed) = 1.04 x 919.6 x 10> / (0.75 x 198) = 6440 mm

The distance of this control perimeter from the face of the column is given by

Basic control perimeter
for internal column
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Calculation Sheet 29

Reference

CALCULATIONS

OUTPUT

6.4.2 (4)
Figure 6.15

6.4.3 (6)
Figure 6.21IN

6.4.3 (3)
Equation 6.38

6.4.3 (4)
Figure 6.20a

6.43(2)

6.4.5(4)

(Uou — 40)/ 21 = (6440 —4 % 400)/277= 770 mm

The distance of the final perimeter of reinforcement from the control perimeter at
which v = vy, should not exceed 1.5d = 300 mm say.

Thus, 4 reinforcement perimeters spaced at s, = 150 mm, with the first perimeter
at 100 mm from the column perimeter, would be suitable.

Column B1

Since the slab extends 400 mm beyond the outer face of the column, the length of
the basic control perimeter at distance 2d = 400 mm say from the column face is

u; =2 %400 + 3 x 400 + 7 x 400 = 3256 mm

Since lateral stability does not depend on frame action, and adjacent span lengths
do not differ by more than 25%, = 1.4 may be used.

From the results of the analysis for the sub-frame on line B (calculation sheet 22),
the maximum shear force (for load case 2) is 342.6 kN. To this must be added the
load resulting from a 600 mm wide edge strip of slab plus 5 kN/m due to walling,
cladding and windows. Thus, the total shear force transferred to the column is

V=342.6 +12x 7.2 x (0.6 x 15.0 + 1.25 x 5.0) =474.4 kN
Maximum shear stress, with /= 1.4, along the basic control perimeter is
v=[V/ud=14x474.4 10°/ (3256 x 198) = 1.03 MPa

Alternatively, in cases where there is no eccentricity parallel to the slab edge, and
the eccentricity perpendicular to the slab edge is toward the interior, the punching
shear force may be taken as uniformly distributed along an equivalent (reduced)
control perimeter (see adjacent figure). The length of the reduced perimeter is

up» =2 x 400 + 7x 400 = 2056 mm
Uniform shear stress along reduced control perimeter is
v="V/iud=474.4 x 10°/ (2056 x 198) = 1.17 MPa

The maximum shear stress obtained for the basic control perimeter will be used in
the following calculations, that is, v=1.03 MPa

In the direction perpendicular to the slab edge, the moment transfer strip contains
13H16. Ignoring the nominal reinforcement provided outside this zone, for a slab
width equal to the column width plus 3d each side = 1600 mm say,

m=Ag/by,d=2614/(1600 x 198) = 0.0082

In the direction parallel to the slab edge, o = 0.0096 as for column B2. Thus, the
mean value is p = 0.0089, for which vpa, = 0.24 x (0.89 x 32)'" = 0.73 MPa.

Since v > gy, shear reinforcement is required and, with s, = 0.754 = 150 mm:
Agy = (v —=0.75vrac) 1 8 /(1.5f4wa.er)
=(1.03-0.75 x 0.73) x 3256 x 150/(1.5 x 300) = 524 mm’ (8H10 say)
The length of the control perimeter at which v = vgq, is given by
tow = FVI(Vraed) = 1.4 x 474.4 x 10° / (0.73 x 198) = 4595 mm
The distance of this control perimeter from the face of the column is given by
(Uou—2 x 400 =3¢)/ 7= (4595 -800 - 1200)/7= 826 mm
Thus, 4 reinforcement perimeters spaced at s, = 150 mm, with the first perimeter
at 100 mm from the column perimeter, would be suitable.
Column A2

From the results of the analysis for the sub-frame on line 2 (calculation sheet 26),
the maximum shear force (for load case 2) is 347.5 kN. Thus, the total shear force
transferred to the column is

V=3475+72x(0.6x 15.0+1.25x 5.0)=457.3 kN

Since this value is only slightly less than that for column B1, a similar layout of
shear reinforcement will be required.

Shear reinforcement on
four perimeters with
12H10 on each one.

o
Basic control perimeter
for edge column

=154
<0,5¢,

175 B

'
R
————=
oy 2d
|

Equivalent (reduced)
control perimeter for
edge column

Shear reinforcement on
four perimeters with
8H10 on each one.

Shear reinforcement on
four perimeters with
8H10 on each one.
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Example 1 Calculation Sheet 30
Reference CALCULATIONS OUTPUT
Column Al
6.4.2(4) Since the slab extends 400 mm beyond the outer face of the column, the length of
Figure 6.15 | the basic control perimeter at distance 2d = 400 mm say from the column face is
u; =2 % 400 + 2 x 400 + (7/2) x 400 = 2228 mm
6.4.3 (6) Since lateral stability does not depend on frame action, and adjacent span lengths _
Figure 6.21N | do not differ by more than 25%, /#= 1.5 may be used.
For the sub-frame on line A (calculation sheet 27), the maximum design load is Basi I peri
58.5 kN/m. Considering the additional edge loading for the sub-frame on line 1, a;lc contro peirlmeter
and assuming shear force coefficients of 0.45 for both sub-frames, the total shear or corner cofumn
force transferred to the column is
V'=0.45x[58.5% 6.0+ (0.6 x 15.0 +1.25 x 5.0) x 7.2] =207.4 kN
6.4.3(4) Maximum shear stress, with /7= 1.5, along the basic control perimeter is
Equation 6.38
quation v=BV/iud=15x207.4x 10° / (2228 x 198) = 0.70 MPa
Suppose that each moment transfer strip contains 11H16. Ignoring the nominal
reinforcement provided outside these zones, for a width taken from the edge of the
slab to a position 3d beyond the inner face of the column = 1400 mm say:
1 =2212/(1400 x 198) = 0.0080, vrq. = 0.24 x (0.80 x 32)"* = 0.70 MPa Shear reinforcement
6.4.3(2) Since v does not exceed vgq,, there is no need to provide shear reinforcement. not required
Bar Marks Commentary on Bar Arrangement (Drawings 7, 8 and 9)
For the bottom bars, a spacing of 200 mm in each direction suits the column layout and ensures that two bars
pass through each column. The preferred arrangement would be to use alternate long and short bars with the
long bars, being lapped on the column lines, providing continuous internal ties. However, this would result
in H12-400 at the ends of the spans, which is less than the minimum reinforcement requirements. Instead, an
arrangement is used in which the spacing remains at 200 mm throughout, but the bar diameters are changed.
For the top bars required at the column positions, it is recommended that the curtailment position of alternate
bars should be staggered at distances from the face of the column of 0.2 x span and 0.3 x span respectively.
However, the layout is already intricate enough without this further complication.

01 Bars (shape code 21) providing at least 50% of area needed in span A —B. Length of top leg not less than
0.15 x span = 1200 mm say. Bottom leg laps with bar 02, where lap length = 1.5 x 35¢ = 550 mm say.

02 Straight bars providing 100% of area needed in span A —B. Bar curtailed at distance from centre of columns
not more than 0.2 x span = 1400 mm say.

03 Straight bars providing at least 50% of area needed in span A—B. Bar laps 550 mm with bar 02.

04 Bars (shape code 21) providing at least 50% of area needed in span 1 —2. Length of top leg = 1200 mm say.
Bottom leg laps 550 mm with bar 05.

05 Straight bars providing 100% of area needed in span 1—2, and at least 50% of area needed in span 2-3. Bar
curtailed at distance not more than 0.2 = span = 1200 mm from centre of columns on line 1. Bar laps with
bar 05, where lap length = 1.5 x 35¢ = 650 mm say.

06 Straight bars providing 100% of area needed in span 2—3. Bar curtailed at distance from centre of columns
not more than 0.2 x span = 1400 mm say,

07 Bars (shape code 11, minimum end projection) extending 0.3 x span = 1800 mm beyond face of column.

08 Straight bars providing minimum reinforcement and lapping 550 mm with bars 07 and 10.

09, 14 Straight bars providing minimum reinforcement and lapping 550 mm with bars 10.
10, 11 Straight bars extending not less than 0.3 x span = 2200 mm say beyond faces of column.

12 Straight bars providing minimum reinforcement and lapping 550 mm with bars 10 and 13.

13 Bars (shape code 11, minimum end projection) extending 0.3 x span = 2200 mm say beyond face of column.

15 Straight bars in corners of links and extending 35¢ = 350 mm beyond last link.

16 Links (shape code 22) anchored around bars in inner layers.

17 Bars (shape code 11, minimum end projection) extending 35 ¢ = 350 mm beyond last link.
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Example 1: Bottom Reinforcement in Flat Slab Floor Drawing 7
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Example 1: Top Reinforcement in Flat Slab Floor Drawing 8
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Example 1: Cross-Sections and Shear Reinforcement Flat Slab Floor Drawing 9
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Example 1

Calculation Sheet 31

Reference CALCULATIONS

OUTPUT

SLAB WITH DROP PANELS

The necessity for shear reinforcement at the internal and edge columns could be
avoided by introducing drop panels. The increased slab stiffness at the columns
will increase the hogging moments in the slab, but the effect will be small in this
example and can be offset by increasing the moment redistribution at these points.
In the following calculations, the moments and shear forces obtained for the slab
without drop panels, and the same tension reinforcement, will be assumed. Since
the effective depth of the reinforcement is increased at the drop panel, the moment
of resistance will be increased locally. Taking the depth of the drop panel below
the slab soffit as 140 mm, the mean effective depth dy = 140 + 198 = 338 mm.

Column B2

The length of the basic control perimeter, taken at distance 2dy = 675 mm say
from the face of the column, is: u; =4 x 400 + 27 % 675 = 5841 mm.

6.4.3(3)
Equation 6.38

The maximum shear stress, with /#= 1.04, along the basic control perimeter is
v=pVhd=1.04x919.6x 10°/ (5841 x 338) = 0.49 MPa

For a slab width equal to the column width plus 3d, each side = 2430 mm say, that
contains 17H16 + 4H16 as provided in the slab without drop panels,

1= Ay/b,d = 4223/(2430 x 338) = 0.0051 and, with k = 1.77 for d = 338 mm:
Vrae = (0.18 x 1.77/1.5)(0.51 x 32)” = 0.54 MPa (>v)

Distance from edge of drop panel to control perimeter for slab at which v = vgq,
should not exceed 2d. Thus, length of side of drop panel (see calculation sheet 28)
should be not less than (6440 — 47d)/4 = (6440 — 47 x 198)/4 = 1200 mm say.

Column B1
The length of the basic control perimeter is: u; = 5 x 400 + 7x 675 = 4120 mm

6.4.4(1)

Equation 6.47

6.43(3)
Equation 6.38

The maximum shear stress, with /i= 1.4, along the basic control perimeter is
v=[V/ud=14x4744x 10’/ (4120 x 338) = 0.48 MPa

In the direction perpendicular to the slab edge, for a slab width of 2430 mm that
contains 13H16 + 6H10, 4 = 3085/(2430 x 338) = 0.0037. In the direction parallel
to the slab edge, m = 0.0051 as for column B2. The mean value is o, = 0.0044, for
which vgq = (0.18 x 1.77/1.5)(0.44 x 32)"* = 0.51 MPa (>v)

For v = vy, at basic control perimeter for slab, length of side of drop panel (see
calculation sheet 29) should be not less than (4595 -2 x 198)/3 = 1200 mm say.

dy=338 mm

Size of drop panel
1200 x 1200 x 380
deep overall

Size of drop panel
1200 x 1200 x 380
deep overall

400 , 400 ., 400 _ 400

Plan at column B1 Plan at column B2
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Calculation Sheet 32

Reference

CALCULATIONS

OUTPUT

BS EN
1991-1-1
6.3.1.2
NA.2.

ACTIONS ON COLUMNS

For the columns on line B, the sub-frame analysis results shown in calculation
sheet 22 given beam shears 2nd, 3rd and 4th floor levels. For simplicity, the same
values will be used at lower floor levels, even though the storey heights result in
sub-frame dimensions that are slightly different. At the roof level, the sub-frame
and the loading are significantly different, and another analysis is required. Loading
details are as follows:

Characteristic loading for roof slab:

Slab and finishes: (6.0 + 1.5) = 7.5 kN/m? Imposed: 0.6 kN/m?
Design ultimate load for roof slab: n = 1.25 x 7.5 + 1.5 x 0.6 = 10.3 kN/m’
Loads per storey due to the self-weight of the columns:

Columns up to Istfloor: 1.25x 0.4 x 0.4 x 25 x 3.76 = 18.8 kN

Columns above Ist floor: 1.25 x 0.4 x 0.4 x 25 x 3.26 = 16.3 kKN

A reduction may be made in the total imposed floor load, according to the number
of storeys being supported at the level considered. For up to five storeys, this load
may be multiplied by e, = 1.1 -n/10, where n is the number of storeys.

EDGE COLUMN B1

At each level, the load applied is the shear force from the sub-frame on line B (see
calculation sheet 22) plus the edge loading. At each floor, the load due to the edge
slab and walling = 1.2 x 7.2 x (0.6 » 15.0 + 1.25 x 5.0) = 131.8 kN. At the roof,
the additional load = 1.2 % 7.2 % (0.6 x 10.3 + 1.25 x 0.15 x 1.0 x 25) = 93.9 kN.

The maximum moment and maximum coexistent load occur when load case 2 is
applied at all levels (see below). Maximum moment and minimum coexistent load
occur when load case 2 is applied at the level considered, and 1.0Gy is applied at
levels above. This arrangement can be critical for values of Nggq < Ny, Where:

Noa = 044, fog = 0.4 x 400 x 400 x 0.85 x 32/1.5 x 107 = 1160 kN

Values of axial load N (kN) and bending moment M (kN m)
Loading 1.25G + 1.50x 1.50%
Load case 1 2 1 2
Member N M N M N N
Roof slab 308.7 61.7 311.8 64.2 (18.8)
Column 16.3 16.3
325.0 72.0 328.1 82.1
4th floor slab 456.4 474.4 129.8 147.8
781.4 72.0 802.5 82.1
Column 16.3 16.3
797.7 72.0 818.8 82.1
3rd floor slab 456.4 474.4 129.8 147.8
1254.1 72.0 1293.2 82.1 259.6 295.6
Column 16.3 16.3
1270.4 72.0 1309.5 82.1
2nd floor slab 456.4 474.4 129.8 147.8
1726.8 72.0 1783.9 82.1 389.4 4434
Column 16.3 16.3
1743.1 72.0 1800.2 82.1
1st floor slab 456.4 474.4 129.8 147.8
2199.5 72.0 2274.6 82.1 519.2 591.2
Column 18.8 18.8
2218.3 72.0 2293.4 82.1
Grd. floor slab 456.4 474.4 129.8 147.8
Basement wall 2674.7 72.0 2767.8 82.1 649. 739.0

For the storey from ground to Ist floor, with load case 2 at ground floor level:
My = 82.1 KNm, My =-0.5Myy = -41.1 kNm
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Example 1 Calculation Sheet 33
Reference CALCULATIONS OUTPUT
With load case 2 at levels above: Ngg =2293.4-0.3 x 591.2 = 2116 kN (max)
With 1.0G at levels above: Ngg=[2199.5-(519.2 + 18.8)]/1.25 = 1329 kN (min)
6.1 (4) Minimum total design moment, with ey = 4/30 = 300/30 = 20 mm:
Min = Nggep=2116 x 0.02 =42.4 kNm
Effective length and slenderness
Using the simplified method in Concise Eurocode 2, with condition 2 (monolithic
connection to members shallower than the overall depth of the column) at both top
and bottom of the column,
lp=10.85/=0.85 x 3.76 = 3.2 m (for storeys above Istfloor, [y =2.77 m)
5209 First- order moment from imperfections (simplified procedure):
M; = Nly/400 =2116 x 3.2/400 = 17.0 kN m
First-order moments, including the effect of imperfections:
My =-41.1+17.0=-24.1 kNm, Mp, =82.1 +17.0=99.1 kNm
Radius of gyration of uncracked concrete section, i = A/ V12=0.115m
5.8.3.2(1) Slenderness ratio A = /y/i = 3.2/0.115=27.8
5.8.3.1(1) Slenderness criterion, Aym =20(4 x B x C)/Aln where:
n=NIA.f.q = NI(400% x 0.85 x 32/1.5) =2116/2901 = 0.73
Taking4=0.7, B=1.1and C=1.7-M, /My =1.7+24.1/99.1 = 1.94
Aim=20x 0.7 x 1.1 x 1.94N0.73 =349 (>1=27.8)
Since A < Ay, , second order effects may be ignored and Mgy = My, (2 My )
Design of cross-section
Allowing 35 mm nominal cover, 8 mm links and 32 mm longitudinal bars, results
ind =400- (35 + 8 + 32/2) = 340 mm say, d/h = 340/400 = 0.85. Reinforcement
can be determined from the design chart in Table A3 as follows:
Nga/bhfy.= (2116 or 1329) x 10%/(400 x 400 x 32) = 0.42 or 0.26
Mg /bR f = 99.1 x 10°/(400 x 400% x 32) = 0.049, A, fy /bhfu. = 0
9.52(2) Minimum amount of longitudinal reinforcement:
Agmin = 0.1Ngq/fya = 0.1 x 2116 x 10%/(500/1.15) = 487 mm? (4H16)
> 0.0024, = 0.002 x 400 x 400 = 320 mm’
Similar calculations for the other storeys provide results as summarised below.
Storey NEd(kN. Mgy NE-d My, A fyk A52
max/min) |(kN m) bhf,, thka bhf,, (mm?®)
4th floor—roof 328/245 84.4 | 0.07/0.05 | 0.042 0.07 717
3rd—4thfloor 819/519 87.8 | 0.16/0.10 | 0.043 0 320
2nd-3rd floor 1284/794 | 91.0 | 0.25/0.16 | 0.045 0 320
1st—2nd floor 1722/1068 | 94.0 | 0.34/0.21 | 0.046 0 396
Grd—1Istfloor | 2116/1329 | 99.1 | 0.42/0.26 | 0.049 0 487
Tying requirements
BS EN 1990 | For the slab, the accidental design load (Gy + 1 Qx)
?;l-if =7.25+0.7 x 4.0 = 10 KN/m’ (max), 7.25 kN/m® (min)
NA.AL3 For the column, approximate accidental design load for load case 2 on sub-frame
on line B (calculation sheet 22), plus edge loading (calculation sheet 32):
Nag=(10/15) % 342.6 + 1.2 x 7.2 x (0.6 x 10 + 5.0) = 323.5 kN
Minimum area of reinforcement required with o; = 500 MPa, D
Aqgpmin = 323.5 % 10°/500 = 647 mm” (4H16 sufficient)
An arrangement of 4H16 at all storeys is sufficient to meet both normal structural
and tying requirements. 4H16
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Calculation Sheet 34

Reference

CALCULATIONS

OUTPUT

6.1(4)

5.2(9)

5.8.3.1(1)

INTERNAL COLUMN B2

The load from the sub-frame on line B is the total shear force at line 2.

Values of axial load N (kN) and bending moment M (kN m)
Loading 1.25G, + 1.50k 1.50k
Load case 1 3 1 3
Member N M N M N N
Roof slab 639.6 5.0 614.6 13.7 (55.9)
Column 163 16.3
655.9 10.3 630.9 52.4
4th floor slab 919.6 756.6 367.8 204.5
1575.5 10.3 1387.5 52.4
Column 16.3 16.3
1591.8 10.3 1403.8 52.4
3rd floor slab 919.6 756.6 367.8 204.5
25114 10.3 2160.4 52.4 735.6 409.0
Column 16.3 16.3
2527.7 10.3 2176.7 524
2ndfloor slab 919.6 756.6 367.8 204.5
3447.3 10.3 29333 52.4 1103.4 613.5
Column 16.3 16.3
3463.6 10.3 2949.6 524
1st floor slab 919.6 756.6 367.8 204.5
4383.2 10.3 3706.2 52.4 1471.2 818.
Column 18.8 18.8
4402.0 10.3 3725.0 52.4
Grd floor slab 919.6 756.6 367.8 204.5
5321.6 10.3 4481.6 52.4 1839.0 | 1022.5
Column 18.8 18.8
Foundation 53404 4500.4

The maximum moment occurs when load case 3 is applied at the level considered.
Maximum coexistent load occurs when load case 1 is applied at levels above, and
minimum coexistent load occurs when 1.0Gy is applied at levels above. The latter
arrangement can be critical for values of Ngg < 1160 kN. The maximum load with
a smaller coexistent moment results when load case 1 is applied at all levels.

For the basement storey with load case 1 at all levels:
Ngg = 5340.4-0.4% 1839.0 = 4605 kN
Minimum total design moment, with ey = 4/30 =400/30 = 20 mm:
Min = Nggeo = 4605 x 0.02=92.1 kNm
For the basement storey with load case 3 at ground floor level:
Mo =52.4kNm, My, =-0.5M,,=-26.2 kNm
Ngg=756.6 +4402.0-0.4 x (204.5 + 1471.2) =4488 kN (max)
Ngg=756.6 +[4402.0 - (1471.2 + 55.9)]/1.25 = 3057 kN (min)
Effective length and slenderness
As for column B1, /=32 mand 4A=27.8
First-order moment from imperfections (with load case 3 at ground floor level):
M; = Nly/400 = 4488 x 3.2/400 = 35.9 kKN m
First-order moments, including the effect of imperfections:
My =-262+359=9.7kNm, My =52.4+359=883kNm
Slenderness criterion: Ay, =20(4 x B x C)/\fn where
n=N/A_foa = 4488/2901 = 1.55 and
A=0.7,B=(+2»)", C=1.7-9.7/88.3 = 1.59 where
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Example 1 Calculation Sheet 35
Reference CALCULATIONS OUTPUT
0= AsfyalAcfoa = As x 500/(1.15 x 2901 x 10%) = 4,/6672
Assuming 6H32, @ = 4825/6672=0.72, B=(1 + 2)"> = 1.56 and
Atim =20 % 0.7 x 1.56 x 1.59/N1.55=27.9 (>4=27.8)
Since A < Ay, second-order effects may be ignored and Mgy = My (2 Moin)-
Design of cross-section
Although the nominal cover needed for durability is 25 mm, this will be increased
to 35 mm to ensure a minimum cover to the H32 bars not less than the bar size.
Since M,,;, > M, the critical condition occurs with load case 1 at all levels. The
reinforcement can be determined from the design chart in Table A3 as follows.
Nia/bhfy = 4605 x 10°/(400 x 400 x 32) = 0.90
Mg /bR fic=92.1 x 10° /(400 x 4007 x 32) = 0.045
Asfy/bhfac = 0.52, which gives A= 0.52 x 400 x 400 x 32/500 = 5325 mm?
A reasonable arrangement would be to provide 8H32, with a bar at each corner of
the column and a bar at the mid-point of each side. For the upper storeys, critical
conditions occur with load case 3 at the level considered and either maximum load
(case 1) or minimum load (1.0Gy) at levels above, as summarised below.
Storey Ngg (KN Mg Ny My, A, fyk ASZ
max/min) |(kN m) bh[ck bhz-fck b}!fck (mm”)
4th floor-roof 656/483 57.0 | 0.13/0.09 | 0.028 0 320
3rd—4th floor 1592/922 | 63.4 | 0.31/0.18 | 0.031 0 366
2nd-3rd floor | 2454/1376 | 69.4 | 0.48/0.27 | 0.034 0 565
Ist-2nd floor | 3243/1831 | 74.9 | 0.63/0.36 | 0.037 0.19 1946
Grd—1st floor | 3814/2285 | 82.9 | 0.75/0.45 | 0.041 0.34 3482
Basement 4605 92.1 0.90 0.045 0.52 5325
9.52(2) Minimum amount of longitudinal reinforcement (2nd-3rd floor):
Asmin = 0.1Ngq/fyqa = 0.1 x 2454 x 10%/(500/1.15) = 565 mm” (4H16)
9.52(0) Maximum amount of longitudinal reinforcement:
Aqmax = 0.044, = 0.04 x 400 x 400 = 6400 mm? (8H32)
Tying requirements
BS EN 1990 | Accidental design load applied to column for load case 1 on sub-frame on line B:
Al3.2 Nag = (10/15) x 919.6 = 613.0 kN
Table
NA.A1.3 Minimum area of reinforcement required with o; = 500 MPa,
8H32 (Bottom storey)

A min = 613 % 10°/500 = 1226 mm® (4H20 sufficient)

A reasonable arrangement would be to provide 8H32 for the bottom storey, 8H25
for the next storey, 4H25 for the next storey and 4H20 for the top three storeys.

8H25 (Grd—1st floor)
4H25 (1st-2nd floor)
4H20 (2nd floor-roof)

CORNER COLUMN Al

From the calculations for column B1, it can be seen that the most critical condition
occurs at the bottom of the top storey, with minimum load 1.0Gy at roof level and
maximum design load at4th floor level.

Maximum loading for sub-frames at4th floor level:

Frame on line A kN/m  Frame on line 1 kN/m

Slab 04x72%x15.0=432 04x6.0x15.0=36.0
Edge strip and walling 0.6 x 15+ 1.25x5.0=15.3 15.3
58.5 51.3

Maximum column moments for the sub-frames on lines A and 1 can be taken pro
rata to the results for the sub-frames on lines B and 2 (for load case 2), as follows:

Frame on line A, M, = (58.5/129.6) x 82.1 =37.0 kN m
Frame on line 1, M, = (51.3/108.0) x 113.4 =53.9 kN m
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Calculation Sheet 36

Reference

CALCULATIONS OUTPUT

Minimum loading for sub-frames at roof level:

Frame on line A kN/m  Frame on line 1 kN/m

Slab 04x72x%7.25=20.9 (included in line A)
Edge strip & parapet 0.6 x 7.25 +0.15x 25= 8.1 8.1
29.0 8.1

Minimum load at bottom of column (roof slab and weight of column):
Ngg=0.45%(29.0 x 6.0+ 8.1 x 7.2) + 16.3/1.25 =118 kN

5209 First-order moment from imperfections (simplified procedure):
M; = Nly/400 = 118 x 2.77/400 = 0.8 kKN m
5.89(2) Since imperfections need to be taken into account only in the direction where they
will have the most unfavourable effect,
M,,=37.0 kNm, My, =53.9+0.8 =547 kNm
Design of cross-section
Assuming 4H20, the design resistance of the column for bending about either axis
can be determined from the design chart in Table A3 as follows:
A fyx /bhfy = 1257 % 500/(400 x 400 x 32) = 0.12
Nia/bhfy = 118 x 10° /(400 x 400 x 32) = 0.023
Myq /bhfyc = 0.050 (for d/h = 0.85)
Thus, Mgg, = Mgay = 0.05 x 400 x 400> x 32 x 10°=102.4 kN m
5.8.9 (4) In the absence of a precise design for biaxial bending, a simplified criterion check
for compliance may be made as follows:
Nia = Acfoa + As fya = (4007 x 0.85 x 32/1.5 + 1257 x 500/1.15) x 107 = 3448 kN
Ngq/Nrq=118/3448 = 0.034. For values of Ngq/Ngq < 0.1, exponent a = 1.0.
(Mg, /Mg, )" + (Myay /Mgay ) = (37.0/102.4)" + (54.7/102.4)"° = 0.90 (£1.0)
Tying requirements
From the calculations for column B1, it can be seen that 4H16 would be sufficient.
A reasonable arrangement would be to provide 4H20 for the top storey, and 4H16 | 4H16 (Grd —4thfloor)
for the lower storeys. 4H20 (4thfloor—roof)
FIRE RESISTANCE
The columns can be assumed to meet the requirements, since 300 x 300 columns
were sufficient for the beam and slab construction (calculation sheets 19-20).
Bar Marks Commentary on BarArrangement (Drawing 10)

01 Bars (shape code 26) bearing on 75 mm kicker and cranked to fit alongside bars projecting from basement
wall. Projection of starter bars = 1.5 x 35 x 16 + 75 = 925 mm say. Crank to begin 75 mm from end of
starter bar. Length of crank = 13¢ and overall offset dimension = 2¢. Since 4H16 are also sufficient at the
next level, projection of bars above first floor = 925 mm.

02, 05 Closed links (shape code 51), with 35 mm nominal cover, starting above kicker and stopping below slab at
next floor level. See bar commentary in calculation sheet 20 for details of code requirements. For main bars
of 16 mm diameter, link spacing should not exceed 20 x 16 =320 mm generally, or 0.6 x 320 = 192 mm for
a distance of 400 mm above or below the slab. For larger diameter main bars, maximum link spacing values
are 400 mm and 240 mm, respectively. For column B2, required areas of transverse bars in lap zones are:

Fdn—Grd floor: Ay = 1.5 x 5325/6434 x 804 = 998 mm? (13H10)
Grd—lIstfloor: Ag=1.5x 491 = 737 mm” (15H8)

03 Bars (similar to bar mark 01) cranked to fit alongside bars projecting from foundation. Projection of starter
bars = 1.5 x 35 x 32 x 5325/6434 + 75 = 1500 mm say. Since 8H25 are sufficient at the next level,
projection of bars above ground floor level = 1.5 x 35 x 25 + 75 = 1400 mm say.

04 Bars (similar to bar mark 03). Projection of bars above first floor level = 1400 mm.
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Example 1: Reinforcement in Columns B1 and B2 Drawing 10
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Example 1 Calculation Sheet 37
Reference CALCULATIONS OUTPUT

INTEGRAL BEAM AND RIBBED SLAB FLOOR CONSTRUCTION
FLOOR SLABS (GROUND AND UPPER FLOORS)

0
For the end span of a ribbed one-way continuous slab and a characteristic imposed J;w—!
load < 5 kKN/m?, try a span/effective depth ratio of 0.8 x 40 = 32. Since the span 1{:&
exceeds 7 m and supports partitions liable to be damaged by excessive deflection, 10°
this value should be multiplied by 7/span giving 32 x 7/9.6 = 24 say. 350
Allowing for 25 mm bars with 35 mm nominal cover gives an estimated overall h I
depth = 9600/24 + (35 + 25/2) = 450 mm say. If a 350 mm deep trough mould is 125

BS EN

1991-1-2
5.7.5(1)
Table 5.6
Table 5.8

used with a 100 mm thick flange, overall depth = 450 mm.
Fire resistance

Allowing for the design to be based on no more than 15% moment redistribution,
the slab may be taken as continuous. For the ground floor (minimum fire period
1.5 h), the required minimum dimensions are:

Flange thickness: 100 mm
Rib width: 150 mm

Axis distance to side of rib for corner bars: (35 + 10) = 45 mm

Axis distance (to centre of bars): 20 mm

Axis distance (to centre of bars in one layer): 35 mm

If the finishes included not less than 25 mm non-combustible material, the flange
thickness could be reduced to 75 mm. With 25 mm nominal cover for durability,
the axis distances to the main bars will be sufficient.

Loading

Details of the characteristic imposed loads, and the action combination options for
the ultimate limit state, are given in calculation sheet 1. The volume of concrete
for the chosen section is 0.210 m’ per square metre of floor area.

Permanent load KN/m? Variable load KN/m’
Self-weight of slab 0.210x25 =5.25 Imposed =25
Finishes and services =1.25 Partitions =15

gk =6.50 =40

Design ultimate load = £36Gy + 100k = 1.25 x 6.5 + 1.5 x 4.0 = 14.1 kN/m’
Design permanent load = &y5Gy = 1.25 x 6.5 = 8.1 kN/m?
Analysis

The effective span could be taken as the distance between the faces of the integral
beams plus the overall depth of the slab, provided the beams are designed to resist
the resulting torsion. In this example, the slab will be designed to span between
the centres of the beams assuming that the supports provide no rotational restraint.
The following two load cases will be considered: (1) both spans carrying design
ultimate load, and (2) one span carrying design ultimate load with the other span
carrying only design permanent load. The effect of the ribbed slab becoming solid
towards the ends of each span is to increase the elastic hogging moment at the
internal support. However, since this effect is small and can be offset by moment
redistribution, it will be ignored in the analysis.

The elastic moments and corresponding shears can be calculated as follows:
Load case 1
Hogging moment at interior support 2:
M=0.125 x 14.1 x 9.6” = 162.5 kN m/m
Shear force at end supports: V'=10.5 x 14.1 x 9.6 -162.5/9.6 = 50.8 kN/m
Shear force at interior support: V'=14.1 x 9.6 — 50.8 = 84.6 kN/m
Maximum sagging moment: M = 0.5 x 50.8%/14.1 = 91.5 kN m/m
Load case 2
Hogging moment at interior support 2:
M=0.0625 x (14.1 +8.1) x 9.6° = 127.9 kN m/m

Sufficient for 1.5 h
fire period

2= 6.5 kN/m?
gv= 4.0 kKN/m’

n=14.1kN/m




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 38
Reference CALCULATIONS OUTPUT
Shear force at end support 1: '=10.5 x 14.1 x 9.6 — 127.9/9.6 = 54.4 kN/m
Maximum sagging moment in span 1-2: M = 0.5 x 54.4%/14.1 = 105.0 kN m/m
Shear force at end support 3: ¥'=0.5 x 8.1 x 9.6 — 127.9/9.6 = 25.6 kN/m
Maximum sagging moment in span 2—-3: M = 0.5 x 25.6%/8.1 = 40.5 kN m/m
Multiplying these values by 0.6, applicable to a rib spacing of 600 mm, gives the
following results that will now be used to design the section.
Load | Member Span 1-2 Span 2-3
Case | Support/Span 1 Span 2 2 Span 3
1 Moment kN m 0 549 | -97.5 | -97.5 | 549 0
Shear kN | 30.5 50.8 50.8 30.5
2 Moment kN m 0 63.0 | -76.8 | -76.8 | 243 0
Shear kN | 32.7 48.6 31.3 154
Flexural design
The section is solid at the supports and flanged in the spans. Allowing for 25 mm
cover, 8 mm links and 25 mm main bars, d = 450 - (25 + 8 + 25/2) =400 mm say. | d=400 mm

6.2.2 (1)
Table NA.1

According to the values of M/bd’fy,, where b = 600 mm, appropriate values of z/d
and 4 can be determined (Table Al) and suitable bars selected (Table A9). These
values will be valid for the span section, provided the neutral axis depth does not
exceed the flange thickness, that is z/d = (1 - 0.4 x/d) > (1 - 0.4 x 75/400) = 0.925.

At the interior support, for load case 1:
MIbd*fy.=97.5 x 10%/(600 x 4007 x 32) = 0.032
Ay = MI(0.87f,z) = 97.5 x 10°/(0.87 x 500 x 0.95 x 400) = 590 mm’ (3H16)

Alternatively, 1H25 giving M, = (491/590) x 97.5 = 81.1 kN m could be provided.
The resulting moment redistribution would be 100 x (97.5 — 81.1)/97.5 = 17%.
The span moment obtained for load case 2 would still exceed that for load case 1.

z/d = 0.95 (maximum)

For the span section, for load case 2:
Mibd’fy = 63.0 x 10%/(600 x 400 x 32) =0.021 z/d = 0.95 (maximum)
Ay =63.0 x 10%/(0.87 x 500 x 0.95 x 400) = 381 mm® (1H25)

Shear design

The critical section for shear in the ribbed portion of the slab will be taken at the
face of the beam at the interior support. For hogging, the neutral axis depth can be
determined by iteration, where b is taken as 125 mm initially, as follows:

b =125+ x tan 10°, A¢fyi /bdfe = 603 x 500/(b x 400 x 32) =23.5/b

b =125 mm, Afy /bdfy = 0.188, x/d = 0.361, x = 144 mm

b =125+ 144tan 10° = 150 mm, A /bdfe = 0.157, x/d = 0.301, x = 120 mm
b =125+ 120tan 10° = 146 mm, A, /bdfy = 0.161, x/d = 0.309, x = 123 mm

The value of b, is taken as the smallest width of the section in the tensile area, and
is given by by, = 125 + 2x tan 10° = 125 + 2 x 123 tan 10° = 168 mm

At 600 mm from the centre of the interior support, for load case 1:
V=50.8-0.6%14.1 x 0.6 =45.7 kN
v=Vibyd =457 x 10*/(168 x 400) = 0.68 MPa

The design shear strength of a flexural member without shear reinforcement is
given by

P 1/3
Ve = [O'lgk lLLA“d ok ] 2 Vi = 0.035K2, 72
e w

where k=1+ /— <2.0,

\ 4

200 [100As|]<2_0 and 7— 15

w

At interior support,

provide 3H16 per rib

at top of slab

In each span,

provide 1H25 per rib

at bottom of slab
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Calculation Sheet 39

Reference

CALCULATIONS

OUTPUT

6.2.1(4)

7.4.1(6)

742
Table NA.5
PD 6687

73.2(2)

BS EN 1990
Table
NA.A1.1

With & = 1.7 (for d = 400 mm), vy, = 0.035 x 1.7%% x 32" = 0.44 MPa

If the tension bars are distributed uniformly across the flange to provide H16-200,
only 1H16 (over the rib) will be taken into account for shear resistance.

10044/by,d =100 x 203/(168 x 400) = 0.30
ve = (0.18 x 1.7/1.5)(0.30 x 32)"*= 0.43 > vn = 0.44 MPa
Since v > v, shear reinforcement is required.
Minimum requirements for vertical links are given by
Agyls = (0.08Vfu) by fyx = (0.08V32) x 168/500 = 0.15 mm*/mm
§<0.75d = 0.75 x 400 = 300 mm.
Using H6-300 links provides 0.19 mm*/mm giving a design shear resistance:
Vias = (Asw/s) fywazcot) =0.19 x 0.87 x 500 x 0.9 x 400 x 2.5 x 10°=74.4kN

In the sagging region, b, is the width of the section at the level of the H25 bar at
the bottom of the rib. At the point of contra-flexure, for load case 2, V= 32.7 kN.

v=Vibyd =32.7 x 10>/(142 % 400) = 0.58 MPa
100A44/byd = 100 x 491/(142 % 400) = 0.86
ve=(0.18 x 1.7/1.5)(0.86 x 32)*=0.61 MPa

Since v < v, no shear reinforcement is required within the sagging region, except
at the end supports. Here, the bar at the bottom of the rib will lap with an H16 bar
and minimum links will be provided over the length of the lap.

Deflection

Deflection requirements may be met by limiting the span/effective depth ratio. For
each span, the actual span/effective depth ratio = 9600/400 = 24.

The characteristic load: gy + ¢x = 6.5+ 4.0 =10.5 kN/m
The reinforcement stress under the characteristic load is given approximately by
T = (k1) (As req As pro) [ (8 + qi)/n]
=(500/1.15)(381/491)(10.5/14.1) = 252 MPa
From Reynolds, Table 4.21, limiting //d = basic ratio x & x [, where:

With bd taken as bh¢+ by, (d- hy), where by, is taken as the average width of the rib
above the level of the bottom reinforcement,

bd =600 x 100 + (125 +2 x 200tan 10°) x 350 = 128.4 x 10°,
10044/bd = 100 x 491/(128.4 x 10°) = 0.38 < 0.1£,>° = 0.1 x 32 =0.56
;= 0.55 + 0.0075£4/(1004/bd) + 0.005£, > [f*/(1004/bd) - 101"

=0.55+0.0075 x 32/0.38 + 0.005 x 32%° x (32°3/0.38 - 10)'° = 1.48
B =310/0,=310/252=1.23

For an end span of a continuous slab, basic ratio = 26. For flanged sections with
values of b/by, greater than 3, the basic ratio should be multiplied by 0.8. For slabs
with spans exceeding 7 m, supporting partitions liable to be damaged by excessive
deflections, the basic ratio should be multiplied by 7/span.

Limiting //d = 26 x 0.8 x 7.0/9.6 x ¢ x 5, =15.1 x 1.48 x 1.23 =27.5 (>24)
Cracking
Minimum area of reinforcement required in tension zone for crack control:
As min = ke eteded O
Taking values of k. = 0.4, k = 1.0, fuer = fom = 0.3/”> = 3.0 MPa (for general
design purposes), 4. = bh/2 (for solid section at support) and & < fyc = 500 MPa
Aqgmin = 0.4 % 1.0 x 3.0 x 600 x (450/2)/500 = 324 mm? (<603 mm?)

The quasi-permanent load, where 5 = 0.3 is obtained from the National Annex to
the Eurocode (Table 1.1), is given by:

Provide H6-300 links
in each rib, from face
of supporting beam to
end of top bar

Check complies
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Example 1 Calculation Sheet 40
Reference CALCULATIONS OUTPUT
gt yag = 6.5+ 0.3 x 4.0 =7.7 kN/m’
The service stress in the reinforcement under the quasi-permanent load is given
approximately by
gg = (f)-/k/ZG)(As,req/As,prov)[(gk + ‘P’ZQk)/"]
=(500/1.15)(590/603)(7.7/14.1) = 232 MPa
7.3.3(2) The crack width criterion can be satisfied by limiting either the bar size or the bar
Table 7.2 spacing. Although the top surface of the slab will not be visible below the finishes,
Table 7.3 the deemed-to-satisfy criteria for w = 0.3 mm will be checked. The recommended
maximum values, by interpolation, are bar spacing =210 mm or ¢*; = 18 mm.
The maximum bar size is then given by
i = ¢ (fererr/2.9) ke her /2(h-d)] = 18 % (3.0/2.9) x 0.4 x 225/(2 x 50) = 16 mm
If the bars are distributed uniformly to provide H16-200, it can be inferred that wy
will be less than 0.3 mm.
Detailing requirements
9.2.1.1 (1) Minimum area of longitudinal tension reinforcement (Reynolds, Table 4.28):
Agmin = 0.26(feml fi)bid = 0.26 x (3.0/500) bd = 0.00156 bd= 0.0013 bd
where b, is the mean width of the tension zone
For the sagging region, b, = 125 +350tan 10° = 187 mm and
Aqgmin = 0.00156 x 187 x 400 = 117 mm” (<491 mm? provided)
For the hogging region, the depth of the tension zone for the uncracked section:
by h® +(be-by)h:  187x450° +413x100°
hcr: W (f w)f — =168 mm
2byht (be=by )] 2[187% 450+ 413x100]
b= (600 x 100 + 236 x 68)/168 =452 mm
Aqgmin = 0.00156 x 452 x 400 = 282 mm® (<603 mm? provided)
9.2.1.2 (1) At an end support where partial fixity occurs, top reinforcement to resist at least
25% of the maximum moment in the end span should be provided.
Agmin = 0.25 x 381 =96 mm* (1H16)
9.2.1.5 (1) At the bottom of each span, at least 25% of the area provided in the span should Atend :
9.2.1.5(2) continue to the supports and be provided with an anchorage length beyond the end supports,
. fth rt not less than 10 provide U-bars in
ace of the support not less than 10¢. the vertical plane
Agmin = 0.25 x 491 = 123 mm”* (1H16) Ly min =10 x 16 = 160 mm (1H16 per rib)
At an end support, the tensile force is given by
F=(ay/2)V, with a;=d and z = 0.94. With V'=32.7 kN and 4, = 201 mm?
F=327/0.9=136.3kN/mand o, = V/4,=736.3 x 10*/ 201 = 181 MPa
8.43(2) For good bond, fox = 32 MPa and oy = 435 MPa, [, ,qa = 35¢ (Reynolds, Table 4.30)
The tabulated value may be multiplied by o, /435, where o; = 181 MPa, giving
4.4 lhrqa = (181/435) x 35 x 16 =233 mm = ly, yip = 104 =10 x 16 = 160 mm
Curtailment of longitudinal tension reinforcement
If 7} and V, are values at the end and interior supports, respectively, the distance x
from the interior support to a point of contra-flexure is given by V, —nx = V.
Load case 1 gives the following values: o
Vi =30.5KN, ¥,=50.8 kN, n = 0.6 x 14.1 = 8.46 kN/m, x = 2.4 m At interior support,
curtail top bars at
The top bar in each rib will be extended beyond this point for a further minimum | 2.85 m from centre
distance a; = 0.45d cotf) = 0.45 x 400 x 2.5 =450 mm of support
Load case 2, with minimum load on the span, gives the following values:
Vi=154KkN, 7,=313kN,n=0.6 x 8.1 =4.86 kN/m, x=3.3 m
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Calculation Sheet 41

Reference

CALCULATIONS OUTPUT

If the flange is reinforced with A252 fabric, the hogging moment of resistance and | Provide A252 fabric
shear resistance in the region where x > 2.4 m, are as follows: reinforcement in flange

M, = A(0.87f;2) = (0.6 x 252) x (0.87 x 500 x 0.95 x 410) x 107 =25.6 KNm
Vi = Vain byd = 0.44 x 142 x 410 x 107 = 25.6 kN

These resistances are sufficient to cater for the values that occur for load case 2,
with minimum load on the span, in the region between x =2.4 m and x =3.3 m.

Tying requirements (see Reynolds, Table 4.29)

9.102.3 The longitudinal reinforcement in the bottom of each rib can be used to provide
Table NA.1 continuous internal ties. With /.= 9.6 m and F;, = (20 + 4n,) < 60, . )
At interior support,

Flicint = [(gx T q)/7.51(L/5)F; = (10.5/7.5)(9.6/5)(20 + 4 x 6) = 118.3 kN/m provide TH16 bar at
9.10.1 (4) With &, = 500 MPa, minimum area of reinforcement bottom of each rib

Agmin = 118.3 x 600/500 = 142 mm’ (1H16) At each end of each

. . . span, provide 850 mm
Design lap length to develop full tensile resistance of bar laps between bars in
8.7.3 (1) ly= tg % (35¢) = 1.5 x (35 x 16) = 850 mm say bottom of each rib
Bar Marks Commentary on Bar Arrangement (Drawing 11)

01 Bar at bottom of longitudinal ribs, with 35 mm nominal cover, curtailed 50 mm from face of integral beam
at each end.

02 U-bar, shape code 21, with legs of equal length. Lower leg positioned above bar mark 01, with 850 mm lap.
Dimension in vertical plane to provide tolerance for U-bar to fit inside links.

03 Bar positioned above bar mark 01, with 850 mm lap in each span.

04 Top bars at spacing of 200 mm, extending beyond centreline of interior beam 2850 mm into each span.

05 Closed links, shape code 33, at maximum spacing permitted by requirements for shear reinforcement (see
calculation sheet 39). No additional requirements for transverse reinforcement in lap zones, since diameter
of lapped bars is less than 20 mm (see clause 8.7.4.1).

06 U-bar, shape code 21, with legs of equal length. Lower leg laps 650 mm with bar mark 07.

07 Bar at bottom of transverse rib, crossing over bar mark 01 in longitudinal ribs.

A252 fabric reinforcement in 2.4 m wide sheets with 300 mm laps. Sheets to intermesh with transverse wires
in layer 2, and longitudinal wires in alternate sheets in layers 1 and 3, respectively.
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Drawing 11

Reinforcement in Trough Slab Floor
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 1 Calculation Sheet 42

Reference CALCULATIONS OUTPUT

INTEGRAL BEAM ON LINE 2

The beam dimensions, which were assumed in the design of the ribbed slab, are
450 mm deep and 1200 mm wide.

Fire resistance

BS EN Allowing for the design to be based on no more than 15% moment redistribution,
1992-1-2 the beam may be taken as continuous. For the ground floor (minimum fire period
5.6.3(2) 1.5 h), the required minimum dimensions are:
Table 5.6 Beam width: > 250 mm. Axis distance (to centre of bars in one layer): 25 mm
Axis distance to side of beam for corner bars: (25 + 10) = 35 mm Sufficient for 1.5 h
Since the cover required for durability is 25 mm, the axis distances are sufficient. fire period
Loading

For the ribbed slab, the maximum design load is 14.1 kN/m® and the minimum
design load is 8.1 kN/m®. The extra volume of concrete in the solid portion of the
slab is (0.45 - 0.21) = 0.24 m® per square metre of floor area. The loads on the
beam taking shear force coefficients for the slab of 0.625 for each span, are:

(max) (min)
Slab 1.25x9.6x 14.1= 169.2 1.25%x9.6x8.1= 97.2
Extra 1.25x1.2x0.24x25 = 9.0 = 9.0
178.2 kN/m 106.2 kN/m

Analysis

The beams are continuous over two spans. Design moments and shears will be
derived from an elastic analysis of a sub-frame consisting of the beam at one level
together with the columns above and below. The analysis of a sub-frame where
the columns above and below the floor are identical will be shown. The support
conditions at C and D are difficult to model. For ease of analysis, the stiffness of
the wall on line C will be taken the same as that of the column on line A. Since the
wall is 200 mm thick and the column is 400 x 400, this is equivalent to taking a
wall length equal to 8 x 400 = 3200 mm.

® ©

i3

7200 v 7200 ¥
A A
A &£ 73 &L
8 8
L= - 3
al 4 a
" = 4501200 ¥ 450 = 1200
T o p=
g| ¥ g
] § §
* 2 777 AV

Dimensions of simplified sub-frame (2nd, 3rd and 4th floors)

The properties of the members are:
I,=1200 % 450°/12=9.11 x 10° mm* K, = 1,,/7200 = 1.27 x 10® mm’
1. =400 x 400° /12 =2.13 x 10’ mm’ K. =1./3500=0.61 mm’
1,=3200%200°/12=2.13x 10° mm* K, =1,/3500 = 0.61 mm’
Distribution factors for unit moment applied at an end joint are:
Dy =127/(1.27 +2 x 0.61) = 0.510, D, = (1-0.510)/2 = 0.245
Distribution factors for unit moment applied at the interior joint are:
D,=127/(2x1.27+2x0.61)=1.27/3.76 = 0.338, D, = 0.61/3.76 = 0.162

Fixed-end moments due to maximum and minimum load on slab are:




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 43
Reference CALCULATIONS OUTPUT
Mo = 178.2 3 7.2° /12 =769.8 kKN m, My, = 106.2 ¢ 7.2°/12 = 458.8 kN'm
The following results are obtained for load case 1 (maximum load on both spans),
load case 2 (maximum load on span AB, minimum load on span BC), and load
case 3 (minimum load on span AB, maximum load on span BC).
Load | Location and Support Span Support | Support Span
Case | Member A AB B B BC
No. Bending Moment (kN m) in Members for Load Case
1 Beam -377.2 502.1 966.1 -966.1 502.1
Upper column 188.6 0
Lower column 188.6 0
2 Beam -412.4 538.7 840.0 -701.8 266.4
Upper column 206.2 -69.1
Lower column 206.2 -69.1
3 Beam -189.6 266.4 701.8 -840.0 538.7
Upper column 94.8 69.1
Lower column 94.8 69.1
No. Shear Force (kN) in Members for Load Case
1 Beam 559.8 723.3 723.3
Beam 582.2 700.9 453.5
3 Beam 311.2 453.5 700.9
Allowing for some moment redistribution, the maximum hogging moments in the
beam will be taken as 412.4 kN m at supports A and C, and 840.0 kN mat support
B. As a result, the maximum sagging moments in the spans will remain unchanged
for load cases 2 and 3, but will increase to 538.7 kN m for load case 1.
Flexural design
At the top of the beam, allowing for 25 mm cover, A252 fabric, 16 mm transverse
bars and 25 mm longitudinal bars,
d=450-(25+2x8+16+25/2) =380 mm 13H25

5.5
Table NA.1

53.2.1(3)

At the interior support, the ratio of design moment to maximum elastic moment is
0= 840/966.1 = 0.87, and the ductility criterion x/d < (& —0.4) = 0.47 applies.

Mibd*fy = 840 x 10%/(1200 x 380% x 32) =0.152

From Table A1, A/fu/bdfy = 0.208 and x/d = 0.399 (<0.47).
A,=0.208 x 1200 x 380 x 32/500 = 6070 mm® (13H25)

At the end supports, where M =412.4 kNm:
Mibd’fy = 0.075, Afy/bdfy. = 0.093, 4,= 2715 mm’ (6H25)

At the bottom of the beam, allowing for 25 mm cover with 8 mm links and 25 mm
longitudinal bars, d =450 — (25 + 8 +25/2) = 400 mm say.

For the spans, where the effective flange width is given by:
beir=by +2x 0.2x0.7]=1200 + 0.28 x 7200 = 3216 mm
MIbd*fy. = 538.7 x 10%/(3216 x 400% x 32) = 0.033 (<0.054), z/d = 0.95 (max)
Ay = M/0.87f,z = 538.7 x 10°/(0.87 x 500 x 0.95 x 400) = 3259 mm? (11H20)
Shear design

Since the load is uniformly distributed, the critical section for shear can be taken at
distance d from the face of support, that is, 580 mm from the centre of column.

At interior support B, the critical shear value is:
V=7233-1782x 0.58 =620 kN

The required inclination of the concrete strut (defined by cot8), to obtain the least
amount of shear reinforcement, can be shown to depend on the following factor:

At interior support

6H25

At end support

Spans

11H20

[
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Calculation Sheet 44

Reference

CALCULATIONS

OUTPUT

9.2.2 (6)
9.2.2(8)

7.4.1 (6)

7.4.2
Table NA.5
PD 6687

732 (2)

53.2.1(3)

vy = VI[byz(1 — f4/250)fex which, with V= 620 kN, gives
Vo = 620 x 10*/[1200 x 0.9 x 380 x (1 — 32/250) x 32] = 0.054

From Reynolds, Table 4.18, for vertical links and values of v,, < 0.138, cotf = 2.5
can be used. The area of links required is then given by

Agls = Vifywazcotf
=620 x 10%/(0.87 x 500 x 0.9 x 380 x 2.5) = 1.67 mm*/mm

Maximum longitudinal spacing of vertical links, sy,x = 0.75d = 285 mm
Maximum transverse spacing of legs, s max = 0.75d = 285 mm (<600 mm)

6H8-175 gives Ag/s = 302/175 = 1.72 mm*mm (3 sets of links)
Minimum requirements for vertical links are given by

Agy/s = (0.08Vfoy) by fyx = (0.08¥32) x 1200/500 = 1.09 mm?*/mm

6H8-200 links gives A,/s = 302/200 = 1.51 mm*/mm

Vias = (Asw/s) fywazcotf =1.51 x 0.87 x 500 x 0.9 x 380 x 2.5 x 10°=561.6 kN
Distance from support B at which Vg = 561.6 kN is sufficient is given by

(V=Vras)/n=(723.3-561.6)/178.2=0.91 m
At support A, critical shear is V'=582.2 — 178.2 x 0.58 =479 kN (<Vgqs)
Deflection (See Reynolds, Table 4.21)

Deflection requirements may be met by limiting the span/effective depth ratio. The
actual span/effective depth ratio = 7200/400 = 18

The characteristic load is given by
gt q=125%x9.6x10.5+12x0.24 %25 =1332kN/m

The reinforcement stress under the characteristic load is given approximately by
05 = (fud 1) (As.ea/ s pro) [ (8 + g1)/]

=(500/1.15)(3259/3456)(133.2/178.2) = 307 MPa

From Reynolds, Table 4.21, limiting //d = basic ratio x a; = [ where:

With bd taken as beghe+ by (d—hy) = 3216 x 100 + 1200 x 300 = 681.6 x 10°,
1004/bd = 100 x 3259/(681.6 x 10°) = 0.48 < 0.1/,*° = 0.1 x 32°° =0.56
% = 0.55 + 0.0075/4/(1004/bd) + 0.005£, > [£>/(1004,/bd) — 101"

=0.55+0.0075 x 32/0.48 + 0.005 x 32%° x (32°°/0.48 — 10)"° = 1.12
f:=310/0,=310/307 = 1.01

For an end span of a continuous beam, the basic ratio = 26. For beams with spans
exceeding 7 m, supporting partitions liable to be damaged by excessive deflections,
the basic ratio should be multiplied by 7/span. For flanged sections, the basic ratio
should be multiplied by (11 -5/b,,)/10 = (11-3216/1200)/10 = 0.83 > 0.8.

Limiting //d =26 x 0.83 x 7.0/7.2 x &y = ;=21 x 1.12 x 1.01 =23.7 (>18)

Cracking

Minimum area of reinforcement required in tension zone for crack control:
As,min = kckﬁx,cffAct/ e

For the hogging region at the interior support, the tension flange is considered to
extend beyond the side face of the beam for a distance given by

begr; = 0.2 x 0.15(1; + 1) = 0.03 x (7200 + 7200) =400 mm say.

For the uncracked section, the depth of the tension zone ignoring the effect of the
reinforcement is given by

by h? 4 (bp—by )k 1200x450° +800x100
2[by h+ (b =by )] 2[1200x% 450 + 800 100]

=202 mm (> ;)

cr

At interior support

L [

H8-175 (3 sets)

Minimum links
H8-200 (3 sets)

Note. Link spacing
chosen to suit spacing
of bars in ribbed slab

Check complies




Example 1: Multi-Storey Building

Example 1

Calculation Sheet 45

Reference

CALCULATIONS

OUTPUT

BS EN 1990
Table
NA.Al.1

733(2)

Table 7.2
Table 7.3

Table 7.2
Table 7.3

9.2.1.1 (1)

9.2.1.5 (1)
9.2.1.5 (2)

Figure 8.2

8.4.3(2)
8.3(3)

A =2000x 100 + 1200 x 102=322.4 x 10* mm’, k= 0.65 (since b = 800 mm),
ke=0.9 x (152/202) x (200/322.4) = 0.42 > 0.5. Hence,
Agmin = 0.5 % 0.65 x 3.0 x 322.4 x 10*/500 = 629 mm” (<6380 mm” provided)

The quasi-permanent load, where y» = 0.3 is obtained from the National Annex to
the Eurocode (Table 1.1), is given by

gt ng=1.25%9.6 x (6.5 + 0.3 x 4.0) + 9.0/1.25 = 99.6 kN/m

Taking account of the moment redistribution in the analysis, the service stress in
the reinforcement under the quasi-permanent load is given approximately by

05 = (f;/k/75)(Melastic/Mdesign)(As,req/As,prov)[(gk + W2qk)/n]
= (500/1.15)(966.1/840.0)(6070/6380)(99.6/178.2) = 266 MPa

The crack width criterion can be satisfied by limiting either the bar size or the bar
spacing. For the top of the beam, it is reasonable to ignore any requirement based
on appearance, since the surface of the beam will not be visible below the finishes.

Nevertheless, for wy = 0.3 mm and g, = 270 MPa, the recommended maximum
values, by interpolation, are bar spacing 160 mm or ¢*; = 13 mm. The maximum
bar size is then given by:

b= ¢, (Faerr/2.9) [her 1A(h—d)] = 13 x (3.0/2.9) x [202/(4 x 70)] = 10 mm

The reinforcement comprises 25 mm bars at 90 mm centres approximately. Thus,
although there is no specific requirement to be satisfied, it can be inferred that wy
will be less than 0.3 mm. (Note: This is a rather dubious means of compliance in
cases such as this where the cover is large).

In the sagging regions, with no redistribution, the stress in the reinforcement under
the quasi-permanent loading is given approximately by

0, = (500/1.15)(3259/3456)(99.6/178.2) = 230 MPa

For wy = 0.3 mm, the maximum values, by interpolation, are: ¢*; = 18 mm, or bar
spacing 210 mm. The bar size is 20 mm and the maximum bar spacing is 180 mm.

Detailing requirements
Minimum area of longitudinal tension reinforcement (Reynolds, Table 4.28):
Agmin = 0.26(fem!fi)bd = 0.26 x (3.0/500) bd = 0.00156bd = 0.0013 bd
For the hogging region at the interior support,
hee =202 mm, b= (2000 x 100 + 1200 x 102)/202 = 1596
Agmin = 0.00156 x 1596 x 380 = 946 mm’
For the sagging regions,
Agmin = 0.00156 x 1200 x 400 = 749 mm”

At the bottom of each span, at least 25% of the area provided in the span should
continue to the supports and be provided with an anchorage length beyond the face
of the support of not less than 10¢. In the final detail, 6 bars are made effectively
continuous for the whole length of the beam. Ly min = 10 x 25 =250 mm

For the bars at the top of the beam, poor bond conditions are assumed. Hence, from
Reynolds, Table 4.30, with fo = 32 MPa, fy1qq = (As req/As prov) X 50¢0 = Ly min.

Thus, at the end supports
lhrqa = (Asreq/Asprov) x 50¢p=(2715/2945) x 50 x 25 = 1150 mm

The minimum radius of bend of the bars depends on the value of a, /¢, where a, is
taken as half the centre-to-centre distance between the bars. In the final detail, the
bar spacing is about 200 mm, so that @, = 0.5 x 200 = 100 mm.

From Reynolds, Table 4.31, with f;, = 32 MPa and a, /¢ = 100/25 =4, rypy, = 7.14.

This value can be reduced by allowing for 4 .q < 4 v, and taking into account the
stress reduction in the bar between the edge of the support and the start of the bend.
Thus, if a standard U-bar (shape code 21) is used, » = 3.5¢, and distance from edge

lb‘min =250 mm

lb,rqd = 1150 mm

35 1125 652.5

|
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Calculation Sheet 46

Reference

CALCULATIONS

OUTPUT

9.2.13 (2)

9.2.13 (2)

9.10.2.3
Table NA.1

9.10.1 (4)

8.7.3 (1)

of support to start of bend = 800 - (35 + 4.5 x 25) = 652.5 mm.
Reduced value of 7, = (2715/2945)(1 — 652.5/1150) x 7.1¢p=2.9¢ (<3.5¢)
Curtailment of longitudinal tension reinforcement (see Reynolds, Table 4.32)

Since the shear reinforcement consists of 3 sets of 2-leg links, a minimum of six
longitudinal bars will be provided. The resistance moment provided by 6H20 at the
bottom of the beam can be determined as follows:

M=A4,0.87f;)z= 1885 x 0.87 x 500 x 0.95 x 400 x 10° =311.6 kN m

At the end support, M, = 412.4 kNmand distance x from the support to a point
where M =311.6 kNm is given by: Vx—nx*/2 —412.4=311.6 kNm

For load cases 1 (after redistribution) and 2:
V'=582.2 kN and n = 178.2 kN/m giving the equation:
0.5x*~3.27x+4.06 =0 solutions of which are x = 1.67 m and 4.87 m

Thus, of the 11H20 required in the spans, 5 bars are no longer needed for flexure at
1.67 and 4.87 m from the end support. Here V' = 284.6 kn and Vyqs = 446.3 kN
with cotf = 2.5. Thus cot@= (V/Vgqs) * 2.5 = 1.60 is sufficient and the bars should
extend beyond these points for a minimum distance @, = z(cot#)/2 = 0.45d cotf.

a;=0.45 %400 x 1.6 =288 mm
x—a;=1670—-288 = 1350 mm say, x+ a;=4870+ 288 =5200 mm say
At the top of the beam, with 6H12 supporting the links, the resistance moment:
M =679 x 0.87 x 500 x 0.95 x 380 x 10™° = 106.6 kN m
If V and M; are the values at the end support, the distance x from the support to a
point where M = 106.6 kN m is given by: Vx — nx*/2 = M, — 106.6
For load cases 1 (after redistribution) and 2:
V'=5822kN, M;=412.4kNm, n=178.2 kN/m, giving x = 0.58 and 5.96 m
For load case 3:
V'=311.2 kN, M, =189.6 kNm, n =106.2 kN/m, giving x = 0.28 and 5.58 m

At these points, cotd = 2.5, and the bars to be curtailed should extend for a further
distance not less than a; = 0.45 x 380 x 2.5 =430 mm. It is also necessary to ensure
that the bars extend for a distance not less than (a; + /yg) beyond the face of the
support. For simplicity, lyg = lyrqa Will be assumed, as the modification coefficients
have only a minor effect. For the U-bars at the end support, /,;q¢ = 1150 mm. Thus,
the critical distance is (a; + /g ) =430 + 1150 = 1600 mm say from face of support.

At the interior support, the bars to be curtailed should extend for a distance not less

than a; + 50¢ from face of support, nor less than g, +(/—x) from the centre of support.

Thus, of the 13H25 bars required at the centre of support, 7 bars could be curtailed
at (a; + Ly ) = 430 + 1250 = 1680 mm from face of support, with the other 6 bars

curtailed at a; + (/ — x) = 430 + (7200 — 5580) = 2050 mm from the centre of support.

Tying requirements (see Reynolds, Table 4.29)

The longitudinal reinforcement at the bottom of each span can be used to provide
continuous internal ties. With /.= 7.2 m and F, = (20 + 4n,) < 60,

Fiicint = [(gx)/7.5](1/5)F = (9.0/7.5)(7.2/5)(20 + 4 x 6) = 76 kN/m

For beams at 9.6 m centres, with a; = 500 MPa, minimum area of reinforcement
Aqgmin = 9.6 x 76 x 1000/500 = 1460 mm” Use 6H20

At the supports, where the bars will be lapped, design lap length
lo= a5 x (35¢) % Agreq/Asprov = 1.5 x (35 x 20) x (1460/1885) = 850 mm say

At bottom of each
span, stop SH20 at
1350 mm from end
support and 2000 mm
from interior support

At the end supports,
extend upper leg of

U-bars for 1600 mm
from face of support

At interior support,
extend all bars for
2050 mm fromthe
centre of support

6H20 continuous at
bottom of beam

850 mm lap
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Example 1 Calculation Sheet 47
Reference CALCULATIONS OUTPUT

INTEGRAL BEAM ON LINE 1

The loading comprises the shear force from the ribbed slab, plus the load resulting

from the 600 mm wide edge strip of slab and extra volume of concrete in the solid

portion of the slab, and a load of 5 kN/m to cover walling, cladding and windows.

Total design load, assuming a shear force coefficient of 0.4 for the slab span is
(04x9.6+0.6) x 14.1 +1.25 x (1.2 x 0.24 x 25 + 5.0) = 78 kN/m (max)

The analysis of the sub-frame on line 1 will be similar to that for the sub-frame on

line 2, except that the beam is continuous over five spans. The design load is 44%

of that for the beam on line 2, giving pro-rata reinforcement as follows:
Interior support: 4; = 0.44 x 6070 = 2670 mm? (6H25) 6H25 interior support
End support: A, = 0.44 x 2715 = 1195 mm’ (6H16) 6H16 end supports
7.2 m spans: 4, = 0.44 x 3259 = 1434mm’ (6H20) 6H20 spans

For shear links, providing H8-200 (three sets) throughout will suffice.

9.10.2 The longitudinal reinforcement at the bottom of each span can be used to provide
Table NA.1 | continuous internal and peripheral ties, where Fije per = £y = 44 kN. 6H16 continuous at
Agpmin = [(4.8 + 0.6) x 76 + 44] x 1000/500 = 909 mm* Use 6H16 bottom of beam
ly=1.5x (35 x 16) % (909/1206) = 650 mm say 650 mm lap
Bar Marks Commentary on Bar Arrangement (Drawing 12)
01,08 Bars in corners of links curtailed 50 mm from column face at each end.

02 Loose U-bars, shape code 21. Upper leg extends (a; + /,q) = 430 + 50 x 16 = 1250 mm say beyond face of
column, to satisfy curtailment requirement, and lower leg laps 650 mm with bar mark 01. Overall dimension
of vertical leg provides tolerance for U-bar to fit inside links.

03 Loose bars lapping 650 mm with bars 01 to provide continuity of internal ties.

04, 12 Bars extending into each span 2050 mm beyond centreline of column.

05 Bars in corner of links lapping 300 mm with bars 02 and 04.

06, 07 Closed links, shape code 51, in sets of one 06 and two 07. Spacing of links determined by requirements for
shear reinforcement (see calculation sheet 44), and transverse reinforcement in lap zones of main bars.
Where diameter of lapped bars ¢ > 20 mm, transverse bars of total area not less than area of one lapped bar
should be provided within outer third of lap zone (see clause 8.7.4.1). For the beam on line 2, allowing for
A req < Ag prov» total area of transverse bars for full lap zone is 4y = 1.5 x 314 x 1460/1885 = 365 mm? (8HB).
The transverse reinforcement provided to the longitudinal bars comprises 4HS to the outer two bars and 8H8
to the inner four bars, which is considered to be a reasonable arrangement.

09 Bars curtailed 1350 mm from centreline of column A and 2000 mm from centreline of column B (see
calculation sheet 46).

10 Loose U-bars, shape code 21. Upper leg extends 1600 mm beyond face of column to satisfy curtailment
requirement (see calculation sheet 46) and lower leg laps 850 mm with bar mark 01. Overall dimension of
vertical leg provides tolerance for U-bar to fit inside links.

11 Loose bars lapping 850 mm with bars 08 to provide continuity of internal ties.

13 Bars in corner of links lapping 300 mm with bars 10 and 12.
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Example 1: Multi-Storey Building

Example 1

Calculation Sheet 48

Reference

CALCULATIONS

OUTPUT

BS EN
1991-1-1
6.3.1.2
NA.2

ACTIONS ON COLUMNS

For the columns on line 2, the sub-frame analysis results shown in calculation
sheet 43 give beam shears and column moments for three load cases, and apply at
2nd, 3rd and 4th floor levels. For simplicity, the same values will be used at lower
floor levels, even though the storey heights result in sub-frame dimensions that are
slightly different. At the roof level, the sub-frame and the loading are significantly
different, and another analysis is required. Loading details are as follows:

Characteristic loading for roof slab:

Slab and finishes: (5.25 + 1.5) = 6.75 kN/m’ Imposed: 0.6 kN/m?
Design ultimate load for roof slab: n =1.25 x 6.75 + 1.5 x 0.6 = 9.4 kN/m’
Loads per storey due to the self-weight of the columns:

Columns up to Istfloor: 1.25x 0.4 x 0.4 = 25 x 3.55=17.8 kN

Columns above Istfloor: 1.25 x 0.4 x 0.4 x 25 x 3.05 =153 kN

A reduction may be made in the total imposed floor load, according to the number
of storeys being supported at the level considered. For up to five storeys, this load
may be multiplied by e, = 1.1 -7r/10, where n is the number of storeys.

EDGE COLUMN A2

At each level, the load applied is the shear force from the sub-frame on line 2 (see
calculation sheet 43) plus force F' due to the edge loading on line A.

Floor: F=1.2x 9.6 x [0.6 x 14.1 + 1.25 x (1.0 x 0.24 x 25 + 5.0)] = 255.9 kN
ROOF: F=1.2x 9.6 [0.6 x 9.4 + 1.25 x (0.24 + 0.15) x 25] = 205.4 kN

The maximum moment and maximum coexistent load occur when load case 2 is
applied at all levels (see below). Maximum moment and minimum coexistent load
occur when load case 2 is applied at the level considered, and 1.0Gy is applied at
levels above. This arrangement can be critical for values of Ngg < Ny, where:

Noat = 0.44, fog = 0.4 x 400 x 400 x 0.85 x 32/1.5 x 107 = 1160 kN

Values of axial load N (kN) and bending moment M (kN m)
Loading 1.25G + 1.50 1.50x
Load case 1 2 1 2
Member N M N M N N
Roof slab 569.8 | 170.5 573.8 | 1753 (32.3)
column 153 153
585.1 | 188.6 589.1 | 206.2
4th floor slab 815.7 838.1 226.2 248.6
1400.8 | 188.6 14272 | 206.2
Column 153 153
1416.1 | 188.6 14425 | 206.2
3rd floor slab 815.7 838.1 226.2 248.6
2231.8 | 188.6 2280.6 | 206.2 452.4 497.2
Column 153 153
2247.1 | 188.6 22959 | 206.2
2nd floor slab 815.7 838.1 226.2 248.6
3062.8 | 188.6 3134.0 | 206.2 678.6 745.8
Column 153 153
3078.1 | 188.6 31493 | 206.2
1st floor slab 815.7 838.1 226.2 248.6
3893.8 | 188.6 3987.4 | 206.2 904.8 994 .4
Column 17.8 17.8
3911.6 | 188.6 4005.2 | 206.2
Grd. floor slab 815.7 838.1 226.2 248.6
Basement wall 47273 | 188.6 4843.3 | 206.2 1131.0 | 1243.0

For the storey from ground to 1st floor, with load case 2 at ground floor level:
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 1 Calculation Sheet 49
Reference CALCULATIONS OUTPUT
Mo = 188.6 KNm, My, =—0.5Mp = —94.3 kKNm
With load case 2 at levels above: Ngg =4005.2-0.3 x 994.4 = 3707 kN (max)
With 1.0Gy at levels above: Ngg = [3893.8 - (904.8 + 32.3)]/1.25 = 2365 kN (min)
6.1 (4) Minimum total design moment, with ey = 4/30 = 300/30 = 20 mm:
Min = Ngqgeo = 3707 x 0.02 =74.2 KN m
Effective length and slenderness
Using the simplified method in Concise Eurocode 2, with condition 1 (monolithic
connection to beams at least as deep as the overall depth of the column) at both top
and bottom of the column,
ly=10.75/=0.75 % 3.55 =2.66 m (for storeys above 1st floor, /[, =2.29 m)
5209) First-order moment from imperfections (simplified procedure):
M; = Nly/400 = 3707 x 2.66/400 = 24.7 kN m
First-order moments, including the effect of imperfections:
My =-94.3 +24.7=-69.6 KN m, M, = 188.6 +24.7=213.3 kNm
Radius of gyration of uncracked concrete section, i = A/Y12=0.115 m
5.83.2(1) Slenderness ratio A =1, /i = 2.66/0.115=23.2
5.8.3.1(1) Slenderness criterion, A, = 20(4 x B x C)/Nn where:
n = NIA.fog = NI(400% x 0.85 x 32/1.5) = 3707/2901 = 1.28
Taking 4 =0.7, B=1.1 and C=1.7- My, /My, = 1.7 + 69.6/213.3 =2.02
Atim =20 % 0.7 % 1.1 x 2.02/71.28 =27.5 (> A=23.2)
Since A < Ay, second order effects may be ignored and Mgy = My, (2 Miin )
Design of cross-section
Allowing 35 mm nominal cover, 8 mm links and 32 mm longitudinal bars, results
in d =400 - (35 + 8 + 32/2) = 340 mm say, d/h = 340/400 = 0.85. Reinforcement
can be determined from the design chart in Table A3 as follows:
Nia/bhfyc = (3707 or 2365) x 10*/(400 x 400 x 32) = 0.73 or 0.46
Mg /bhfy = 2133 x 10°/(400 x 400% x 32) = 0.104
Ay /bhf = 0.51, which gives 4, = 0.51 x 400 x 400 x 32/500 = 5223 mm?’
9.52(2) Minimum amount of longitudinal reinforcement:
Agmin = 0.1Ngg /fya = 0.1 x 3707 x 10%/(500/1.15) = 853 mm” (4H20)
> 0.0024, = 0.002 x 400 x 400 = 320 mm’
9.52(3) Maximum amount of longitudinal reinforcement:
Aqmax = 0.044, = 0.04 x 400 x 400 = 6400 mm” (8H32)
Similar calculations for the other storeys provide results as summarised below.
Storey Ngg (kN Mg Ny M, A S As ,
max/min) |(kNm)| bAf, b f, b, (mm?) |
4th floor-roof 574/442 191.9 | 0.11/0.08 | 0.094 0.20 | 2048
3rd—4th floor 1443/914 | 196.9 | 0.28/0.18 | 0.096 0.10 1024 ®_ e b
2nd-3rd floor | 2246/1397 | 201.5 | 0.44/0.27 | 0.098 0.20 | 2048 i ‘
Ist-2nd floor | 3000/1881 | 205.8 | 0.59/0.37 | 0.101 0.36 | 3687
Grd-1Ist floor | 3707/2365 | 213.3 | 0.73/0.46 | 0.104 0.51 5223
8H32 (Grd-1st floor)
A reasonable arrangement would be to provide 8H32 for the bottom storey, 8H25 8H25 (1st—2nd floor)
for the next storey and 4H32 for the top three storeys. 4H32 (2nd floor-roof)
Tying requirements
BS EN 1990 | For the slab, accidental design load (Gy + 11 0x)
Al3.2 = 6.5+ 0.7 x 4.0 = 9.3 kKN/m> (max), 6.5 kN/m> (min)




Example 1: Multi-Storey Building

Example 1 Calculation Sheet 50
Reference CALCULATIONS OUTPUT
Table For the beam on line 2 (calculation sheet 42), accidental design load
NA.AL3 = (9.3/14.1) x 169.2 +9.0/1.25 = 118.8 KN/m (max), 85.2 kN/m (min)

For the column, approximate accidental design load for load case 2 on beam plus
edge loading (calculation sheets 43 and 48):

Nag=(118.8/178.2) x 582.2+1.2x 9.6 x (0.6 x 9.3 + 6.0 +5.0) = 579.2 kN
Minimum area of reinforcement required with g; = 500 MPa,

Agmin = 579.2 % 10° /500 = 1159 mm? (4H20 sufficient)

INTERNAL COLUMN B2

The load from the sub-frame on line 2 is the total shear force at line B.

Values of axial load N (kN) and bending moment M (kN m)
Loading 1.25G, + 1.50¢ 1.50k
Load case 1 2 1 2
Member N M N M N N
Roof beam 1025.2 0 981.7 14.0 (90.9)
Column 153 153
1040.5 0 997.0 69.1
4th floor beam 1446.6 1154.4 584.5 292.3
2487.1 0 21514 69.1
Column 153 153
2502.4 0 2166.7 69.1
3rd floor beam 1446.6 1154.4 584.5 292.3
3949.0 0 3321.1 69.1 1169.0 584.6
Column 153 153
3964.3 0 3336.4 69.1
2nd floor beam 1446.6 1154.4 584.5 2923
5410.9 0 4490.8 69.1 1753.5 876.9
Column 153 153
5426.2 0 4506.1 69.1
1st floor beam 1446.6 1154.4 584.5 292.3
6872.8 0 5660.5 69.1 2338.0 | 1169.2
Column 17.8 17.8
6890.6 0 5678.3 69.1
Grd. floor beam 1446.6 1154.4 584.5 292.3
8337.2 0 6832.7 69.1 2922.5 | 1461.5
Column 17.8 17.8
Foundation 8355.0 6850.5

The maximum moment occurs when load case 2 is applied at the level considered.
Maximum coexistent load occurs when load case 1 is applied at levels above, and
minimum coexistent load occurs when 1.0G, is applied at levels above. The latter
arrangement can be critical for values of Ngg < 1160 kN (see calculation sheet 48).
The maximum load with a smaller coexistent moment results when load case 1 is
applied at all levels.

For the basement storey with load case 1 at all levels:
Nig=8355-0.4x2922.5=7186 kN

6.1 (4) Minimum total design moment, with e, = #/30 = 400/30 > 20 mm:
Moin = Npqep = 7186 x 0.02 = 143.7 kN'm

For the basement storey with load case 2 at ground floor level:
Moy =69.1 kKNm, My, =-0.5M,,, =-34.6 kKNm
Ngg= 1154.4 + 6890.6—0.4 x (292.3 + 2338) = 6993 kN (max)
Nig=1154.4 +[6890.6 — (2338 + 90.9)]/1.25 = 4724 kN (min)
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Calculation Sheet 51

Reference

CALCULATIONS

OUTPUT

5.2(9)

5.8.3.1(1)

9.5.2(2)

9.52(3)

BS EN 1990
Al13.2

Effective length and slenderness
As for column A2, [y=2.66 m and 1=23.2
First order moment from imperfections (with load case 2 at ground floor level):
M; = Nly/400 = 6993 x 2.66/400 = 46.5 kN m
First order moments, including the effect of imperfections:
My =-34.5+46.5=12.0 kNm, My, = 69.1 +46.5=115.6 kNm
Slenderness criterion: Ay, = 20(4 x B x C)/\/n where
n=N/A.fea = 6993/2901 = 2.41 and
A=07,B=(+2w)",C=1.7-12.0/115.6 = 1.60 where
0= A fyalAcfea = As x 500/(1.15 x 2901 x 10°) = 4,/6672
Assuming 8H32, o= 6434/6672 = 0.96, B= (1 + 2)** = 1.70 and
Aim=20%0.7x 1.7 x 1.6/N2.41 =24.5 (>1=23.2)
Since A < Ay, second-order effects may be ignored and Mgq = My, (>Mpin)
Design of cross-section

Although the nominal cover needed for durability is 25 mm, this will be increased
to 35 mm to ensure a minimum cover to the H32 bars not less than the bar size.

Since M, > My,, the critical condition occurs with load case 1 at all levels. The
reinforcement can be determined from the design chart in Table A3.

Nia/bhfyc = 7186 x 10%/(400 x 400 x 32) = 1.40
Mg /bRy = 143.7 x 10°/(400 x 400* x 32) = 0.070

It is clear from the design chart that the size of the cross-section is too small. If this
is increased to 500 x 500, the following values are obtained:

Nia /bhfy = 7186 x 10°/(500 x 500 x 32) = 0.90

My /bRy = 143.7 x 10°/(500 x 500% x 32) = 0.036

Agfy/bhfa. = 0.50, which gives 4, = 0.5 x 500 x 500 x 32/500 = 8000 mm”
Maximum amount of longitudinal reinforcement:

Agmax = 0.044, = 0.04 x 500 x 500 = 10000 mm” (12H32)

Similar calculations for the other storeys, with the size of the cross-section taken as
500 x 500 up to 1st floor level and 400 x 400 above this level, provide results as
summarised below.

Storey Nggq (KN

max/min)

Mg N M

E,d Ed
Nm)| B, | biif,

ALy | A5
bif,, | (mm?)

0.037 0

0.041 0.03
0.045 0.35
0.048 0.63
0.031 0.34
0.036 0.50

1041/760
2503/1462
3848/2164
5076/2866

6190
7186

75.1
83.4
91.2
98.2
123.8
143.7

0.20/0.15
0.49/0.29
0.75/0.42
0.99/0.56
0.78
0.90

4th floor-roof
3rd—4th floor

2nd-3rd floor
Ist-2nd floor

Grd-1st floor

Basement

320
576
2048
6452
5440
8000

Minimum amount of longitudinal reinforcement (3rd—4th floor):
Agmin = 0.1Ngq [fyq = 0.1 x 2503 x 10%/(500/1.15) = 576 mm* (4H16)
Maximum amount of longitudinal reinforcement (0.044.):
Above 1st floor: Ag . = 0.04 x 400 x 400 = 6400 mm?’ (8H32)
Below 1st floor: 4 max = 0.04 x 500 x 500 = 10,000 mm? (12H32)
Tying requirements
Accidental design load applied to column for load case 1 on beam on line 2:
Npa = (118.8/178.2) x 1446.6 = 964.4 kKN

12H32 (Bottom storey)

12H25 (Grd —1st floor)
8H32 (1st—2nd floor)
4H32 (2nd—3rd floor)
4H25 (3rd —roof)




Example 1: Multi-Storey Building

Example 1

Calculation Sheet 52

Reference

CALCULATIONS

OUTPUT

Table
NA.A1.3

Minimum area of reinforcement required with a; = 500 MPa,
Aqgmin = 964.4 x 10°/500 = 1929 mm” (4H25 sufficient)

A suitable arrangement would be to provide 12H32 for the bottom storey, 12H25
for the next storey, 8H32 for the next storey, 4H32 for the next storey, and 4H25
for the top two storeys.

BS EN 1990
Al32
Table
NA.A1.3

EDGE COLUMN B1

The maximum design loads for the beam on line 1 are 78 kN/m at each floor (see
calculation sheet 47) and 54 kN/m at the roof. These loads are 44% of those for the
beam on line 2, and values pro-rata to those on column B2 will be taken.

For the storey from ground to 1st floor, with load case 1 at all levels:
Nigg=0.44 x (1025.2 + 1446.6 x4 —0.3x 2338) + 15.3x5 = 2765 kN
Bending moment at bottom of column, with load case 2 at ground floor level,
Mp =0.44 x 69.1 + 2765 x 2.66/400 = 48.8 kNm
M i = Neaeg = 2765 x 0.02 = 55.3 kN m (>My;,)
Design of cross-section
Nea/bhfy. = 2765 x 10°/(400 x 400 x 32) = 0.54
Mg Ibhfy = 55.3 % 10° /(400 x 400° x 32) = 0.027
A fy/bhfy = 0.05, which gives 4, = 0.05 x 400 x 400 x 32/500 = 512 mm’
Agmin=0.1Ngq [fya = 0.1 x 2765 x 10%/(500/1.15) = 636 mm’ (4H16)
Tying requirements
Accidental design load for beam on line 1 (see calculation sheet 47) is:
(0.4 x9.6+0.6) x 9.3 + (1.2 x 0.24 x 25 + 5.0) = 53.5 kN/m (max)
Accidental design load applied to column for load case 1 on beam on line 1:
Nag = (53.5/178.2) x 1446.6 = 434.3 kN
Minimum area of reinforcement required with a; = 500 MPa,
Agmin = 434.3 x 10°/500 = 869 mm?” (4H20 sufficient)

A reasonable arrangement would be to provide 4H20 at all levels.

4H20 (Grd floor — roof)

CORNER COLUMN Al

At each level, the load applied is the shear force from the sub-frame on line 1 plus
the force due to the edge loading on line A (see calculation sheet 48). The dominant
effect is biaxial bending, and the column will be checked for two cases as follows:

(1) Bottom storey (ground to Ist floor), with load case 2 at all levels

Line 1 0.44 x (573.8+838.1 x 4-0.3 x 994.4) + 153 x 5 = 1672.8
Line A 0.4 x (205.4+255.9 x 4)/1.2= 409.7
Neg = 2082.5 kN

Line 1: Mpgqy = 0.44 x 206.2 + 2082.5 x 2.66/400 = 104.6 kN m
Line A: Mgy, = 0.025 x (255.9/1.2) x 9.6 =51.2 kN m
(2) Top storey, with 1.0Gy at roof level and maximum load at 4th floor level
Nea=0.44 x (569.8 —32.3)/1.25 + 0.4 x 205.4/1.2 + 153 =273 kN
Moy =0.44 x 206.2 + 273 x 2.29/400 = 92.3 kN m, My, = 51.2 kN m
Design of cross-section

From the chart in Table A3, the design resistance of the column for bending about
either axis can be determined. Then, in the absence of a precise design for biaxial
bending, a simplified criterion check for compliance may be made as follows:

(1) Assuming 4H20, the following values are obtained:
A fu /bhfy = 1257 x 500/(400 % 400 x 32) = 0.12
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Example 1 Calculation Sheet 53
Reference CALCULATIONS OUTPUT
Nea/bhfy = 2083 x 10° /(400 x 400 x 32) = 0.41
Myq/bhfy. = 0.085, Mg, = Mgay = 0.085 x 400 x 400> x 32 x 10° =174 kNm
5.8.9 (4) Nia = Acfoa + Asfya = (4007 x 0.85 x 32/1.5 + 1257 x 500/1.15) x 107 = 3448 kN

Nia/Nia = 2083/3448= 0.60.
For values of Nggq/Nrq 0.7, a=0.92 + 0.83(Ngq/Nrg) = 1.42
(Mg, /Mra, ) + (Meay IMiay ) = (51.2/174)' + (104.6/174) > = 0.66 (£1.0)

(2) Assuming 4H25, the following values are obtained:
A fyux /bhfa = 1963 x 500/(400 x 400 x 32) = 0.19
Nia /bhfy =273 x 10° /(400 x 400 x 32) = 0.05
Mg /bh*fy. = 0.080, Myg, = Mgay = 0.080 x 400 x 400 x 32 x 10° = 163.8 kNm
Nia = Acfoa + Asfya = (4007 x 0.85 x 32/1.5 + 1963 x 500/1.15) x 107 = 3755 kN
Ngg/Nrg=273/3755=0.073. For values of Ngg/Nrg 0.1, a=1.0
(Mg, /Mg, ) + (Meay IMgay ) = (51.2/163.8)"0 + (92.3/163.8)"* = 0.88 (<1.0)

A reasonable arrangement would be to provide 4H25 for the top storey, and 4H20 | 4H20 (Grd—4th floor)
for the lower storeys. 4H25 (4th floor—roof)

FIRE RESISTANCE

The columns can be assumed to meet the requirements, since 300 x 300 columns
were sufficient for the beam and slab construction (calculation sheets 19-20).

Bar Marks

Commentary on Bar Arrangement (Drawing 13)

01

02, 06

03

04

05

07

Bars (shape code 26) bearing on 75 mm kicker and cranked to fit alongside bars projecting from basement
wall. Projection of starter bars = 1.5 x 35 x 32 x 5223/6434 + 75 = 1500 mm say. Crank to begin 75 mm
from end of starter bar. Length of crank = 13¢ and overall offset dimension = 2¢. Since 8H25 are sufficient
at the next level, projection of bars above first floor = 1.5 x 35 x 25 x 3687/3927 + 75 = 1300 mm say.

Closed links (shape code 51), with 35 mm nominal cover, starting above kicker and stopping below integral
beam at next floor level. See bar commentary in calculation sheet 20 for details of code requirements. The
link spacing should not exceed 400 mm generally, or 240 mm for a distance above or below a beam equal to
400 mm generally, but 500 mm below first floor for column B2. The required areas of transverse bars in the
lap zones are as follows:

Column A2. Grd—Istfloor: 1.5 x 5223/6434 x 804 = 979 mm? (13H10)
Column B2. Fdn—Grd floor: 1.5 x 8000/9651 x 804 = 1000 mm® (13H10)
Grd—Istfloor: 1.5 x 5440/5890 x 491 = 681 mm® (9H10)

Bars (similar to bar mark 01) cranked to fit alongside bars projecting from foundation. Projection of starter
bars = 1.5 x 35 x 32 x 8000/9651 + 75 = 1500 mm say. Since 12H25 are sufficient at the next level,
projection of bars above ground floor = 1.5 x 35 x 25 x 5440/5890 + 75 = 1300 mm say.

Bars (shape code 35) cranked to fit alongside bars mark 03, and terminated with minimum end projection
100 mm below first floor level (due to reduction in column size above first floor).

Straight bars arranged in positions to suit reduced column size above first floor. Anchorage length of bar
below first floor = 35 x 32 = 1120 mm, but not less than 1300 mm to give lap similar to that between bars
mark 03 and 04. Projection of bars above first floor = 1.5 x 35 x 32 + 75 = 1750 mm.

Closed links (shape code 51) in pairs, fixed to bars mark 06 and supporting bars mark 05. The combination
of links (bars mark 06 and 07) provides sufficient transverse reinforcement in the lap zone.
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Example 1: Reinforcement in Columns A2 and B2

Drawing 13
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 1 Calculation Sheet 54
Reference CALCULATIONS OUTPUT
STAIRS 250
The stair well is 2.2 m wide, with each flight 1 m wide and a 200 mm gap between 1
flights. For optimum proportions, 2 X rise + going = 600 mm. For the storeys above ga
first floor, there are 10 steps in each flight, each with 175 mm rise and 250 mm * 15
going. For the storeys below first floor, there are 12 steps in each flight, each with “

166.7 mm rise and 275 mm going. Waist thickness is 150 mm for flights above
first floor, and 200 mm for flights below first floor. Landing thickness is 150 mm.

Loading
For the landings, the characteristic loads are as follows:
Permanent load kN/m? Imposed load KN/m?
Self-weight of slab 0.150 x 25 =3.75 Offices qx =2.5
Finishes =0.50 Shopping areas qr =4.0
k= 4.25

Forthe storeys above the first floor, the average concrete thickness of the flights over
the plan area is 175/2 + 183 = 270 mm. Additional load = 0.120 x 25 = 3.0 kN/m’.

Design ultimate load for landings = 1.25 x 425 + 1.5 x 2.5 = 9.1 kN/m’
Additional design load for flights = 1.25 x 3.0 = 3.7 kN/m’

For the storeys below first floor, the average concrete thickness of the flights over
the plan area is 167/2 + 234 = 318 mm. Additional load = 0.168 x 25 = 4.2 kN/m’.

Design ultimate load for landings = 1.25 x 4.25 + 1.5 x 4.0 = 11.3 kN/m’
Additional design load for flights = 1.25 x 4.2 = 5.3 kN/m’
Analysis

The stairs will be designed for the flights to span between landings, which are then
designed to span transversely across the stair well. Effective span of flight is taken
as clear horizontal distance plus, at each end, 0.5 x width of landing < 0.9 m. Thus,
for the flights above first floor, effective span =10 x 0.250 +2 x 0.9 =4.3 m.

Considering the flights to be simply supported, the bending moment at mid-span is
M=12.8 x1.25%(2.15-0.625) =244 kNm

The effective span of the landings between centres of walls is 2.4 m. Considering
the load from the stair flights carried on a strip 1.8 m wide, the bending moment at
mid-span and the shear force at d from face of support are:

M=(9.1+12.8 x 1.25/1.8) x 2.4%/8 = 18.0 x 2.4%/8 = 13.0 kN m/m
V=18 x0.98 =17.7 kN/m
For the flights below first floor, effective span =12 x 0.275+2 x 0.9 =5.1 m.
M=16.6 x 1.65 x (2.55—-0.825) =47.3 kNm
For the landings,
M=(9.1 +16.6 x 1.65/1.8) x 2.4%/8 =24.3 x 2.4*/8 = 17.5 kN m/m
V=243 x0.93 =22.6 kN/m
Flexural design
Above the first floor, allowing for 12 mm bars, d = 150 — (25 + 12/2) = 119 mm

According to the values of M/bd*f, where b = 1000 mm, appropriate values of z/d
and 4, can be determined (Table A1), and suitable bars selected (Table A9)

For the flights:
MIbdfy = 24.4 x 10%/(1000 x 1197 x 32) = 0.054 z/d = 0.95 (maximum)
Ay = M/(0.87f;.2) = 24.4 x 10%/(0.87 x 500 x 0.95 x 119)
=496 mm*/m (5H12-225 gives 565 mm?/m)

For the landings, allowing for 12 mm bars, d = 150 — (25 + 12 + 12/2) = 107 mm
A= 13.0 x 10%(0.87 x 500 x 0.95 x 107) = 294 mm*/m (H12-300)
Below first floor, allowing for 12 mm bars, d =200 — (25 + 12/2) = 169 mm

183

Stairs to offices

d=119 mm

SHI12 in flights
(above first floor)

H12-300 in landing
d =169 mm
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Calculation Sheet 55

Reference

CALCULATIONS

OUTPUT

6.2.2 (1)
Table NA.1

7.4.1 (6)

7.4.2 Table
NA.5

732(2)

7.3.3(1)

For the flights:
Mibd = 47.3 x 10%/(1000 x 169% x 32) = 0.052 z/d = 0.95 (maximum)
Ay =473 % 10%(0.87 x 500 x 0.95 x 169)
= 678mm*/m (6H12-175 gives 679 mm*/m)
For the landings:
Ay =(17.0/13.0) x 294 = 385 mm?/m (H12-300 say)
Shear design
Maximum shear stress occurs in landings below the first floor:
v=V/byd =22.6 x 10*/(1000 x 107) = 0.21 MPa
Minimum design shear strength, with k£ =2 for d <200 mm, is
Vanin = 0.035Kf, % = 0,035 x 2% x 32'7 = 0.56 MPa
Deflection (see Reynolds, Table 4.21)

Deflection requirements with regard to appearance and general utility of members
apply in relation to the quasi-permanent load condition. The requirements may be
met by limiting the span/effective depth ratio to specified values.

For the flights above first floor, actual span/effective depth =4300/119 = 36.1
Service stress in reinforcement under quasi-permanent load is given by
05 = (fy Y (A e/ As prov) (8 + Y2q1)/1]
=(500/1.15)(496/565)[(7.25 + 0.3 x 2.5)/12.8] =239 MPa
From Reynolds, Table 4.21, limiting //d = basic ratio x ¢ x /% where:
For 1004,/bd = 100 x 496/(1000 x 119) = 0.42 < 0.1/,*° = 0.1 x 32%% = 0.56,
&, = 0.55 + 0.0075/4/(10044/bd) + 0.005£, > [£:>*/(10044/bd) — 101"
=0.55 + 0.0075 x 32/0.42 + 0.005 x 32%° x (32°%/0.42 — 10)"° = 1.30
Fs=310/0,=310/239=1.30
For a simply supported member, basic ratio = 20 and hence
Limiting //d =20 x e, x ;=20 1.3 x 1.3 =33.8

The ratios apply to horizontal members and, for a stair flight, it is reasonable to
increase the limiting value by 15%, as was done previously in BS 8110.

Increasing the value by 15% gives limiting //d = 38.9 (> actual //d = 36.1)
For the flights below first floor, actual span/effective depth = 5100/169 = 30.2
a, = (500/1.15)(678/679)[(8.45 + 0.3 x 4.0)/16.6] = 253 MPa

For 1004y/bd = 100 x 678/(1000 x 169) = 0.40, e, = 1.39, f,=310/253=1.22
Limiting //d = 20 x ¢, x f,=20x 1.39 x 1.22 =33.9 (> actual //d = 33.8)

Cracking (see Reynolds, Table 4.23)

Minimum area of reinforcement required in tension zone for crack control:
Asmin = kekferenided O

Taking values of k. = 0.4, k = 1.0, farerr = fom = 0.3fa” = 3.0 MPa (for general
design purposes), 4, = bh/2 (for plain concrete section) and g < fix = 500 MPa

Above first floor: 4 min = 0.4 x 1.0 x 3.0 x 1000 x (150/2)/500 = 180 mm?/m
Flights below first floor: A i, = 180 x 200/150 = 240 mm?*/m

No other specific measures are necessary provided overall depth does not exceed
200 mm, and detailing requirements are observed.

Detailing requirements
Minimum area of longitudinal tension reinforcement:

Agmin = 0.26(feum/fy)bd = 0.26 x (3.0/500)bd = 0.00156bd = 0.0013bd

6H12 in flights
(below first floor)

H12-300 in landing

Shear satisfactory

Check complies

Check complies

H10-400
H10-300

Check complies
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Example 1 Calculation Sheet 56
Reference CALCULATIONS OUTPUT
Above first floor: A min = 0.00156 x 1000 x 119 = 186 mm?/m H10-400
Flights below first floor: A min = 186 x 169/119 =264 mm?/m H10-300
Minimum area of secondary reinforcement (20% of principal reinforcement):
Aqgmin = 0.2 x 496 (or 678) = 100 (or 136 mm*/m) Use H10-400. H10-400

Maximum spacing of principal reinforcement:
34 =450 <400 mm Spacing satisfactory
Maximum spacing of secondary reinforcement:

3.5h =525 <450 mm Spacing satisfactory

Layout of stairs to offices

In this example, it is assumed that the finishes on the steps and the landings are of the same thickness, so that all the steps
are of the same height. If the thickness of the finish on the landing is more than that on the steps, then the height of the top
step should be reduced, and the height of the bottom step increased, to accommodate the difference in the thickness of the
finishes. If the thickness of finish on the floor outside the stairwell is more than that on the floor landing, there should be a
step in the top surface of the slab to accommodate the difference in the thickness of the finishes (see drawing 14).

The soffits of the stair flights are arranged to intersect with the landing on the same line. With 10 steps in each flight, the
horizontal distance between the soffit intersection lines at the top and bottom of the flight is 10 times the going = 2500 mm.
If the landings are made the same width at each end of the stairwell, then the distance from a soffit intersection line to the
face of the end wall = (7200 — 2500)/2 = 2350 mm. In the figure below:

a = landing thickness x (going/rise) = 150 x 250/175 = 215 mm say, b = (going — a) = 250 — 215 =35 mm.

" 250 2 2290 to wall
A

25 150
a"f““'l.‘_—' |—7
/

/
/
/
/
/
!

275 b 2350 to wall
i 2660 to wall
Bar Marks Commentary on Bar Arrangement (Drawing 14)

01, 02,03 | Longitudinal main bars in flights, shape code 15, at a maximum spacing of 400 mm, provided in three
lengths for ease of handling and fixing. Bars 01 and 03 to lap with bars projecting from walls at ends of
stairwell. Length of lap between bars 01 and 02, /[, = 1.5 x 35¢ = 650 mm say. Bars 02 and 03 provided with
an anchorage length beyond the point where they cross at top of flight, /, = 35¢ = 450 mm say.

04, 05 Longitudinal bars, shape code 15, equal to at least 50% of span reinforcement, to cater for torsional restraint
provided by landing and lap with bars projecting from walls at end of stairwell.

06, 08 Transverse bars in landings, at a maximum spacing of 400 mm, with top bars equal to at least 50% of bottom
reinforcement, to lap with bars projecting from walls at sides of stairwell.

07 Secondary bars, at a maximum spacing of 450 mm, curtailed 25 mm from edges of flights.
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Example 1: Reinforcement in Stairs to Offices

Drawing 14
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Example 1 Calculation Sheet 57

Reference CALCULATIONS OUTPUT

INTERNAL WALLS

The building is provided with a central core containing two lifts, a staircase, and an
access well for services to all floors. The walls enclosing these areas provide lateral
stability to the structure as a whole. Each wall is laterally supported by the floors
and roof, and by adjacent perpendicular walls.
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LAYOUT OF INTERNAL WALLS A-A

Wind loading
In this example, the assumed site location and ground terrain are as follows:
Site location: Thames Valley Altitude of site above mean sea level: 50 m

Town terrain as defined in the UK National Annexe to Eurocode 1 Parts 1-4

BS EN
1991-1-4 Height of building from ground to top of parapetis 7=4+3.5x4+1=19m
42 The fundamental value of the basic wind velocity, where 4 is altitude of site above
NA.24 N - S
NA 25 mean sea level, and z is height of building above ground, is given by:
Flg NA.1 Vb,0 = Vb,map X Cait = Vb,map x {1 +0.0014 x (10/2)02}
=21.5x {1+0.001 x 50 x (10/19)**} =22.5 m/s

The basic wind velocity (for ¢y, = 1.0) at height 10 m above ground, for country

BS EN terrain, is given by:

1991-1-4 Vb = Vb0 X Cir X Cseason = 22.5 x 1.0 x 1.0 =22.5 m/s
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Example 1 Calculation Sheet 58
Reference CALCULATIONS OUTPUT
4.5 The basic velocity pressure is given by
NA.2.18 o= 0.5 = 0.5 x 1.226 v2 = 0.613 x 22.5% = 310 Pa (0.31 kN/m?)
NA.2.17 The peak velocity pressure at height z above terrain, for sites in town terrain, when
orography is not significant, is given by
Qp(z) =qp < Ce(z) x CeT
BS EN For buildings in town terrain, where the distance to other buildings of height /,,. is
1991-1-4 no greater than 2/,y., z = h - hgs where hg is the lesser of 0.8/, or 0.6A4. In the
A5 absence of more accurate information, /,,. may be taken as 15 m. Hence,
Figure A.5 z=h—hg=19-06x19=7.6m
Figure NA.7 Assuming distances of 50 km upwind to shoreline, and 0.5 km inside town terrain:
Figure NA8 | 0 (2)=2.2,¢,1=0.94  Hence, gy(z)=0.31x2.2x0.94=0.64 kN/m*
The wind force acting on the building may be determined as
5.3 (2) Fw = CsCq X ¢ X %(Z) x Arcf where Arcf: bh
6.2(1) For framed buildings less than 100 m high with structural walls, and whose height
is less than 4 times the in-wind depth, the value of ¢,cq may be taken as 1.
7.2.2(1) A building whose height % is less than the in-wind depth b, should be considered as
Figure 7.4 one part with the reference height z, = .
NA.2.27 For determining overall wind loads on the building, the net pressure coefficients
Table NA.4 | given in the UK National Annex will be used. These coefficients may be multiplied
7.2.2(3) by the factor for lack of correlation between the windward and leeward sides.

For a wind force acting normal to the long face of the building:
b=34.8m hid =19/20.4 = 0.93 giving ¢y o= 1.1 and ¢ = 0.85 ¢y 10
F,=1.0x0.85x1.1x0.64 x34.8 x 19=396 kN

For a wind force acting normal to the short face of the building:
b=20.4m hid =19/34.8 = 0.62 giving ¢, 10 = 0.95 and ¢; = 0.85 cpe 10
Fy=1.0x0.85x0.95x0.64 x 20.4 x 19 =200 kN

Analysis

The wall system will act as a single structure, provided the shear transference at the
intersections is adequate. Although two walls have openings at each floor level, the
lintels are so deep that the overall stiffness of the walls will not be greatly reduced.
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Calculation Sheet 59

Reference

CALCULATIONS

OUTPUT

The location of the centroidal axes, and values of the second moment of area about
these axes, where f,, = wall thickness, can be determined as follows:

YA, =[2%72+(72-3.8)+ (2% 52— 1.4)+2x24]t,=31.61, m’

SAy=[2x72+34+2x24)x38+52x7.5+3.8x0.1]4,=1253t, m’

Ye=1253/31.6=4.0m
I =[3x72x(72%12+02%) — 1.4 x (2 x 1.4%12+2.6*+2.2%)
— 1.0 x (1.0Y12+02%) +5.2 x (0212 +3.5%) + 3.8 x (0.2%/12 + 3.9%)

=198.9¢, m*

YA X=[2x72x1.3+34x51+2%x52x26-14x13+48x381t,
=79.5¢, m’
x.=79.5/31.6=2.5m
Iye=[72x (2% 02%12+24%) +3.4 x (0212 +2.6%) + 10.4 x (5.2%/12 + 0.1%)
— 1.4 x (14%712+ 125 + 4.8 x (2.4%/12 + 1.3H)]t,, = 96.2¢,, m*
Assuming the wind force is distributed uniformly over the exposed surface height

of the building (4 = 19 m), total bending moment about the axis X, at the top of the
basement floor (4 m below ground level) is

M, =396 x (19/2 +4) = 5346 kN'm
Assuming a linear variation, the resulting intensity of vertical load in the walls:

W=+ M, (v — yo)Ixe = % (5346/198.9) X (v — yo) = + 26.9(y — ye) kKN/m

94.2 kN/m

104.9 kN/m

Vertical load intensity at base of walls resulting from overturning moment
(due to characteristic wind force) about axis X

The shear flow at a section distant (y — y.) from axis X, is given by
v=F,S/Ib  where b is the total width of the walls cut by the section

and S is the first moment of area of the walls to one side of the section
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Calculation Sheet 60

Reference

CALCULATIONS

OUTPUT

Maximum shear flow occurs at axis X., where b = 3¢,, and
S=(3x34%2+52%x3.5+24x0.9—14x22-0.3*2)t,=34.6t, m’
v =396 x 34.6t,/(198.9¢, x 3t,) = 23.0/t,, kKN/m?

Shear force and bending moment on lintel at ground floor level, where /4, = 4.0 m is
the storey height and /, = 1.0 m is the clear span of the lintel are:

Vo = vhsty, =23 x 4.0 =92 kN M, =V1,/2=92%x1.0/2=46kNm
Similarly, at the centre of 1.4 m span lintel, where (y —y.) =2.2 m:

S=(2x1.2%x29+0.5x%3.15+52 x 3.5)t, = 26.7t,, m’

v =396 x 26.7£,/(198.9¢, x 3t,) = 17.7/t,, kKN/m”

Ve=17.7x4.0=70.8 kN M,=70.8 x1.4/2=49.6kNm

Total bending moment about the axis Y, at the top of the basement floor, and the
resulting intensity of vertical load in the walls are:

M, =200 x (19/2 + 4) = 2700 KN m
Wy = £ M, (x — xo)/Iye = (2700/96.2) % (x — x,) = + 28.1(x — xo) KN/m

67.4 kN/m

73.1 kN/m

67.4 kNim

73.1 kN/m

Vertical load intensity at base of walls resulting from overturning moment
(due to characteristic wind force) about axis Y,

At centre of 1.4 m span lintel, where (x, —x) = 1.3 m:
S=(72%24+13x1.85+0.6 x2.2)t,, =21.0¢, m’
v =200 x 21£,/(96.2t,, x 2t,) = 21.8/t,, kN/m’
V=218 x4.0=872kN M,=87.2x14/2=61.0kNm

Dead and imposed loading

The loads applied to the walls from the floors and roof will vary according to the
form of construction. For the beam and solid slab, or integral beam and ribbed slab,
forms of construction, most of the load is concentrated at the positions where the
beams are supported. Here, the local effects in each storey need to be considered,
but it is reasonable to assume distributed loads at the base of the wall system.

Loads will be evaluated for the flat slab form of construction, in which the walls on
gridlines C, D, 2 and 3 are considered to support an area of slab extending 3.6 m
beyond the gridlines (3.4 m outside the walls). Load from the stairs and landings
(see calculation sheet 54), and from the roof over this area, are considered to be
supported equally by the wall on gridline C and the adjacent parallel wall.
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Example 1 Calculation Sheet 61

Reference CALCULATIONS OUTPUT

76

@—%

.
]

*

Area of flat slab assumed to be supported by internal walls

WALLS ON GRIDLINES C AND D

Characteristic dead load at base of wall on gridline C:

kN'm

Roof {(7.6+3.4)x34/74+1.1)} x7.5= 46.2
Floors 5x(7.6+3.4)x3.4/74x725=1832
Staircase area 1.1 x {(§ x4.25+3 x3.0x2.5/7.4+2%x42x33/74)} = 30.8
Wall 22.0%0.2x25=110.0
Total 370.2

Characteristic imposed load, including reduction for number of floors:

kN/m

Roof {(7.6 +3.4)x34/74+13)} x0.6= 3.8
Floors 0.6 x[5x(7.6+3.4)x3.4/7.4%x4.0]=0.6 x 101.1 =60.7
Staircase area 0.6 x[1.1 x(3x254+2x4.0)]=0.6%x17.0=10.2
Total 74.7

In-plane forces

For the wind force acting normal to the long face of the building, the maximum and
minimum design ultimate vertical load intensities at the end of the wall on gridline
C, with ¢ = 0.7 for imposed load and 0.5 for wind load, are as follows:

NEdmax = 125gk + 15(07% + Wk) or 125gk + 15(% + OSWk)
=1.25x370.2+ 1.5 % (0.7 x 74.7 + 104.9) = 698.5 kN/m
Nedmin = 1.0g - 1.5w,=370.2 — 1.5 x 104.9 = 212.8 kN/m (no tension)

The load due to the tank room and lift motor room, which are located over the area
between the wall on gridline D and the adjacent parallel wall, will be assumed to be
the same as that for the staircase area. For the end portion of the wall on gridline D,
allowing for the reaction from the lintel over the adjacent opening, the maximum
design ultimate vertical load intensity at the end of the wall is

Negamae =2 % (125 x 3702+ 1.5 x 0.7 x 74.7) + 1.5 x 104.9 = 1240 kN/m

Assuming F\, is resisted equally by the three walls parallel to the wind direction,
the maximum design ultimate horizontal shear force in the plane of each wall, is




Example 1: Multi-Storey Building

Example 1

Calculation Sheet 62

Reference

CALCULATIONS

OUTPUT

6.1(4)

52(9)

5832 (1)
583.1(1)

58.83(3)

VEd,max = 15Fw/3 =396/2 =198 kN

Transverse moments

From the analysis of the flat slab floor, in which the stiffness of the wall on gridline
C was considered the same as that of two edge columns on gridline A (calculation
sheets 25-26), the maximum moment applied to half the wall length is 226.8 kN m.
Thus, at each floor, the distributed transverse moment in the wall, above and below
the floor, is 0.5 x 226.8/3.8 = 30 kN m/m.

From the analysis for the landings to the stairs (calculation sheet 54), assuming an
end restraint moment equal to 50% of the span moment, the transverse moments
applied to the wall at mid-storey height are 6.5 kN m/m (landings above first floor)
and 8.8 kN m/m (landings below first floor). Since the effect of these moments is to
reduce the moments at the floor connections, they may be ignored.

Resistance to bending and axial force

For the wall on gridline D, since each vertical element is stiffened by a return wall,
it is reasonable to ignore the effect of the transverse moments and design the wall
for vertical load only. For the bottom storey, the maximum vertical load intensity at
the end of the wall is Ngg max = 1240 kN/m.

Minimum total design moment, with ey = #/30 =200/30 > 20 mm, is
M i = Negeo = 1240 x 0.02 = 24.8 kN'm
Nea/bhfy. = 1240 x 10°/(1000 x 200 x 32) = 0.20
Mg /bRy = 24.8 x 10° /(1000 x 2007 x 32) = 0.02
From the column design chart for d/h = 0.8 (Table A2), 4 fy /bhfea = 0.

For the wall on gridline C, the maximum vertical load intensity at the end of the
wall, and the maximum transverse moments resulting from the connection to the
ground floor slab are:

Negmax = 698.5kN/m M, =30 kNm/m My, =-30/2=-15 kN m/m

Using the simplified method in Concise Eurocode 2, taking condition 1 (monolithic
connection to members at least as deep as the overall thickness of the wall) at both
top and bottom of the column,

lp=0.75/=0.75 x 3.76 = 2.82 m (for storeys above lIst floor, /p = 2.45 m)
First-order moment from imperfections (simplified procedure):
M, = Nl, /400 = 698.5 x 2.82/400 = 5.0 kN m/m
First-order moments, including the effect of imperfections:
My =-15+5=-10kNm, My =30+5=35kNm
Slenderness ratio A = I, /( h/N12) = 2.82/( 0.2112) = 48.9
Slenderness criterion, Ay, = 20(4 x B x C)/Nn where:
n=N/A.fea = N/(200 x 0.85 x 32/1.5) = 698.5/3626 = 0.20
Taking 4=0.7, B=1.1 and C = 1.7 My, /My, = 1.7 + 10/35 = 1.98
Aim=20%0.7% 1.1 x 1.98M0.2 = 68.2 (> A = 48.9)
Since A < Ay, , second-order effects may be ignored and Mgg = My, (M)

A combination of maximum moment and minimum coexistent load can be critical
for values of Ngy < Ny, Where:

Noat = 0.44.f:g = 0.4 x 1000 x 200 x 0.85 x 32/1.5 x 107> = 1450 kN m

For the top storey of the wall on gridline C, the minimum vertical load intensity at
the bottom of the wall, resulting from the characteristic dead load and uplift due to
the design ultimate wind load acting on the short face of the building, is

Negmin = (462 +3.5 x 0.2 x 25) — 67.4 x (4.5 x 2.25)/(19 x 13.5) = 61.0 kN/m.

The maximum transverse moment at the bottom of the wall, including the effect of
imperfections is: My =30 + 61 x 2.45/400 = 30.4 kN m/m

Transverse moments
30

15
Floor connection

22
Landing connection
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Calculation Sheet 63

Reference

CALCULATIONS

OUTPUT

9.6.2 (1)

9.6.2(2)

622 (1)

732(2)

733 (1)

732(2)

73.4
PD 6687

Nia/bhfy = 61.0 x 10*/(1000 x 200 x 32) = 0.010

Mga/bhfa = 30.4 x 10°/(1000 x 200* x 32) = 0.024
From the column design chart for d/h = 0.8 (Table A2),

Asfy /bhfoc = 0.06, which gives 4, = 0.06 x 1000 x 200 x 32/500 = 768 mm?*/m
Minimum amount of vertical reinforcement:

Agymin = 0.0024, = 0.002 x 1000 x 200 = 400 mm*/m

Similar calculations can be performed for the other storeys, and all the results are
summarised below:

Storey NEd. Mgy Ny, M, A, fyk As )
(kNmin) | (,RNm) | BAf, | bh2f, | Bhf, | (mm’)
4th floor-roof 61.0 30.4 0.010 0.024 0.06 768
3rd-4th floor 115.2 30.7 0.018 0.024 0.05 640

2nd-3rd floor 166.2 31.0 0.026 0.024 0.04 512
Ist—2nd floor 213.9 31.3 0.033 0.025 0.03 min
Grd-1st floor 2594 31.8 0.040 0.025 0.02 min
Basement 302.8 32.2 0.047 0.025 0.01 min

Maximum distance between two adjacent vertical bars = 34 <400 mm

Although H10-300 (EF) will suffice below 3rd floor level, providing H12-300 (EF)
throughout will give extra rigidity.

Shear design

Maximum shear stress at bottom of wall on gridline C, due to design ultimate wind
load acting on long face of building:

Vea = Vedld. = 198 x 10°/(7600 x 200) = 0.13 MPa
Normal stress due to characteristic dead load:
Oup = Neg/d, = 370.2 x 10°/(1000 x 200) = 1.85 MPa
Minimum design shear strength, with £ = 1.0 (minimum) and k, = 0.15, is
Vrae = 0.0356 10 + ki oy = 0.035 x 1.0 x 32'2+0.15 x 1.85 = 0.47 MPa
Cracking

Minimum area of vertical reinforcement in tension zone to control cracking due to
transverse moment (ignoring axial load) is given by

A min = kekfereid e 0% (where k. = 0.4 for bending, k£ = 1.0 for 2 <300 mm)
=0.4 x 1.0 x 3.0 x 1000 x 100/500 = 240 mm?*/m (H12-400)

No other specific measures are needed since the overall thickness does not exceed
200 mm, provided detailing requirements are observed.

A minimum area of horizontal reinforcement is required to control cracking due to
restrained early thermal contraction. Assuming cracking occurs at age 3 days when

Jfem(?) = 24 MPa say,

Jetetr = fem(?) = [fem(®) /(o + 8)fom = [24/(32 + 8)] x 3.0 = 1.8 MPa
Ag min = kckferertAed O (where k. = 1.0 for tension, o; = fyx = 500 MPa)
=1.0 x 1.0 x1.8 x 1000 x 100/500 = 360 mm*/m (EF) H10-200 (EF)
For cracks from early thermal contraction, the crack width may be calculated as
Wi = (0.8RAAT) X Sy max where
Semax = 3.4¢ + 0.425k 1 ky(A err/As) @

With ¢ =25 mm, &, = 0.8 (for high-bond bars), k, = 1.0 (for tension) and assuming
¢=10 mm

Semax = 3.4 X 25+ 0.425 x 0.8 x 1.0 x 1000 x 100 x 10/4, = 85 + 340 x 10%/4,
Taking R = 0.8 (maximum), AT=25"C and a= 12 x 107 per 'C,

Vertical bars
H12-300 (EF)

Horizontal shear OK

Vertical bars OK

Horizontal bars
H10-200 (EF)




Example 1: Multi-Storey Building

Example 1

Calculation Sheet 64

Reference

CALCULATIONS

OUTPUT

wie=0.8 x 0.8 x 12 x 107 x 25 x (85 + 340 x 10°/4,)

Hence, for wy = 0.3 mm, 4, = 230 > A, nin = 360 mm?*/m (EF)

With H10-200(EF), w, = 192 x 107° x (85 + 340 x 10*/393) = 0.18 mm

Floor-to-wall connection

The distributed moment in the slab (see calculation sheet 62) = 60 kKN m/m
Mibdfy = 60 x 10°/(1000 x 206> x 32) = 0.044 z/d = 0.95 (max)
Ay =60 x 10%(0.87 x 500 x 0.95 x 206) = 705 mm*/m (H12-150)

Horizontal bars OK

Bars at wall to floor
connection H12-150

WALLS ON GRIDLINES 2 AND 3

Characteristic dead load at base of wall on gridline 3:

kN/m

Roof (52+34)x3.4/50%x7.5= 43.9
Floors 5x(52+3.4)x3.4/5.0x725=212.0
Wall 22.0%x0.2x25=110.0
Total 3659

Characteristic imposed load, including reduction for number of floors:

kN/m

Roof (52+34)x34/50%x0.6= 3.5
Floors 0.6 x[5x(52+3.4)x3.4/50%x4.0]=0.6x117.0=70.2
Total 73.7

In-plane forces

For the wind force acting normal to the long face of the building, the maximum and
minimum design ultimate vertical load intensities at the end of the wall on gridline
3, with ¢ = 0.7 for imposed load and 0.5 for wind load, are as follows:

NEd,max = 125gk + 15(07qk + Wk) or 125gk + 15(qk + OSWk)
=1.25x3659+ 1.5 x (0.7 x 73.7 + 104.9) = 692.1 kKN/m
Nedmin = 1.0gx — 15wy, =365.9 — 1.5 x 104.9 = 208.5 kN/m (no tension)

For the wind acting normal to the short face of the building, and assuming the force
is resisted by the walls parallel to the wind direction in proportion to their length?,
the maximum design ultimate horizontal shear force in the plane of each long wall
is approximately:

Vidmax = 1.5 X (4F,/9) = 200/1.5 = 133 kN
Transverse moments

From the analysis of the flat slab floor, it can be deduced that the moments applied
to the walls will be similar but less than those for the walls on gridlines C and D.

Resistance to bending and axial force

Since the in-plane forces and the transverse moments are similar to those for the
walls on gridlines C and D, the same reinforcement details will suffice.

Shear design

Maximum shear stress at bottom of wall on gridline 3, due to design ultimate wind
load acting on short face of building:

vea = VA = 133 x 10%/(5200 x 200) = 0.13 MPa

This value is well within the minimum design shear strength as demonstrated in the
calculations for the wall on gridline C.

Reinforcement as
shown for walls on
gridlines C and D

BS EN
1992-1-2
542
Table 5.4

FIRE RESISTANCE

Required minimum dimensions for REI 90, with g4 = 0.7 and wall exposed to fire
on two sides, are as follows:

Wall thickness = 170 mm Axis distance (to centre of bars) =25 mm

Since the cover required for durability is 25 mm, the axis distance is sufficient.

Sufficient for 1.5 h
fire resistance
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 1 Calculation Sheet 65
Reference CALCULATIONS OUTPUT
LINTELS
53.1(3) Since the span is less than three times the overall depth, the lintel is considered as

9.7 (1)
Table NA.1

9.7.1 (2)

6.2.3(3)

a deep beam. CIRIA Guide 2 The Design of Deep Beams in Reinforced Concrete
gives recommendations on detailed analysis and design, although this publication
was written for use with the then current British Standard CP 110.

Clear span /[, = 1.4 m Effective span /= 1.2/, = 1.7 m say
Active height is taken as the lesser of /# and /, giving #,= 1.7 m

The shear forces and bending moments due to the effects of the characteristic wind
forces on the building are given in calculation sheet 60. For the wall on gridline D,
the maximum coexisting design ultimate vertical load on the ground floor lintel is:

n=(125x183.2+1.5x0.7 x 101.1)/5+ 1.25 x 2.0 x 0.2 x 25 =79.5 kN/m

The maximum design ultimate shear force on the lintel (including the effect of the
wind acting on the short face of the building) is

Vedmax = 79.5 X 1.4/2+ 1.5 x 87.2=186.5 kN

The maximum bending moments due to the effects of the wind force are hogging
at one end of the span and sagging at the other end of the span. Hence:

The maximum hogging moment (including wind) at the end of the span is
Mg = 1.5 % 61.0 +79.5 x 1.7/12 = 110.7 kN m
The maximum sagging moment (including wind) at the end of the span is
Megmax = 1.5 % 61.0 — (183.2/5 + 10) x 1.7/12=80.3 kN m
Flexural design
The required area of reinforcement is given by
As=M/(0.87fuz) where z=0.2/+ 0.34,=0.5 x 1700 = 850 mm
For hogging: A, =110.7 x 105(0.87 x 500 x 850) = 300 mm* (4H10)
Reinforcement should be contained in a band with boundaries at distances from
the soffit of 0.2/ = 0.34 m and 0.8/ = 1.36 m, respectively.
For sagging: A4, =80.3 x 10%(0.87 x 500 x 850) =218 mm?* (3H10)
Reinforcement may be provided over a depth of 0.2/, = 0.34 m from the soffit.
Minimum area of reinforcement in each face and each direction is given by:
A qomin = 0.2% = 0.002 x 1000 x 200/2 = 200 mm*/m (H10-300)
Maximum spacing of bars should not exceed twice the wall thickness < 300 mm.
Shear design

The required inclination of the concrete strut (defined by cot 6), to obtain the least
amount of shear reinforcement, can be shown to depend on the following factor:

Vo = VI[byz(1 — fud250)fs]
= 186.5 x 10%/[200 x 850 x (1 — 32/250) x 32] = 0.040

From Reynolds, Table 4.18, for vertical links and values of v, < 0.138, cotd= 2.5
can be used. The area of links required is then given by

Aswls = Vifywazcotd
=186.5 x 10%/(0.87 x 500 x 850 x 2.5) = 0.20 mm*mm
From Reynolds, Table 4.20, H10-300 links gives 0.52 mm*/mm

Wall reinforcement
is sufficient

Wall reinforcement
is sufficient




Example 1: Multi-Storey Building

Example 1: Reinforcement in Internal Walls Drawing 15
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 1: Cross-Sections of Internal Walls Drawing 16
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Cover to outer layers of bars = 25 mm N
Note: Elevations of remaining walls are not shown but reinforcement details
are similar to those for walls on gridlines C and 2. D-D
Bar Marks Commentary on Bar Arrangement (Drawings 15 and 16)
01 Bars bearing on 75 mm kicker. Projection of bars above next floor level = 1.5 x 35 x 12 + 75 = 700 mm.

02,07, 08 Bars curtailed 50 mm from face of return wall at each end.
03, 09 U-bars (shape code 21) lapping with bars 02, 07 and 08. Lap length = 1.5 x 50 x 10 = 750 mm.
04, 12 U-bars (shape code 21) to lap with bars in floor slab. Projection of legs = 1.5 x 35 x 12 + 50 = 700 mm.
05,13 U-bars (shape code 21) to lap with bars in landings. Projection of legs = 1.5 x 35 x 10 + 50 = 600 mm.

06 Straight bars lapping with bars 02 and 08, and projecting into floor slab. Lap length = 750 mm. Projection of
bars into slab = 700 mm.

10, 11 Closed links (shape code 51).




4 Example 2: Foundations to Multi-Storey

Building

Description

Different forms of foundation structure for the five-storey building designed in Example 1 are shown in drawings 1and 2.In
Example 1, three different forms of suspended floor construction were considered, resulting in closely spaced columns in the
first case, and more widely spaced columns in the other cases. The result of a typical borehole examination, from which an
estimate of the bearing capacity at different depths can be made, is shown below. The soil conditions indicate a low bearing
capacity at the underside of the basement floor, but increasing significantly at greater depth. The water level in the ground is
located below the basement floor, but the basement construction is required to be waterproof.

1. Where the suspended floors of the building are of beam and slab construction with the columns closely spaced, a
continuous spread foundation of uniform thickness (raft) is shown in drawing 1. The construction of the basement is
monolithic throughout with asphalt tanking applied to the concrete externally.

2. Where the suspended floors of the building are of flat slab construction with the columns more widely spaced, two
forms of foundation construction are shown. A layout of isolated spread bases, with the remainder of the basement
floor supported on a compressible sub-base, and tied to the isolated bases, is shown in drawing 2. External waterstops
are provided at all joints, and an internal waterproof render is applied to the basement wall and floor.

3. An alternative arrangement of pile foundations with pile caps and beams and a suspended basement floor is shown
in drawing 3. The basement is monolithic throughout with asphalt tanking applied to the concrete externally.

The basement will be constructed in open excavation, and the ground behind the wall will be reinstated by backfilling with a
granular material. A graded drainage material will be provided behind the wall, with an adequate drainage system at the
bottom. The fill to be retained is 3.8 m high above the top of the basement floor and the surcharge is 10 kN/m?.

For the spread foundations (1 and 2), where the bearing stratum is firm clay with 0.0 ZE Made ground (N = 4)
a representative value of ¢, = 50 kN/m?, presumed values are taken of 150 kN/m’ TR sand & gravel (N=6)
for allowable bearing pressure, and 12 MN/m® for modulus of subgrade reaction X — i ariiay
(see Table B1). o] [
45— C,=50kN/m
Assuming a 0.6 m thick base, with the underside at 4.5 m below original ground o35
level, the difference between weight of soil excavated and (weight of concrete ark 5""“"’“’:‘;‘9"‘”"
plus imposed load) added = 4.5 x 16 — (0.6 x 25 + 5) = 50 kN/m” say. blackda?r e
Maximum allowable increase in loading intensity = 150 + 50 = 200 kN/m’. aib o =160 KN
Properties of the retained soil (uniform sub-angular gravel) are as follows:
Unit weight of soil: =20 kN/m® Angle of shearing resistance of soil: ¢ = 32°
Coefficients of earth pressure (active and at rest):
K,=(1-sing')/(1 +sin¢)=0.30 K,=(1-sing¢) =0.47 "
For the pile foundations (3), bored piles embedded in the stiff/hard fissured clay z;
will be used, with the pile shaft lined through the upper sand and gravel layers. 200 X
The load-carrying capacity of the piles will be provided by skin friction and end E "’“'::I“’ 9';‘
bearing in the clay taking a representative value of ¢, = 150 kN/m” The size and {aanceind
depth of the piles, and the required numbers will be determined. Typical borehole log
Schedule of Drawings and Calculations
Drawing Components Type of Construction Calc. Sheets
1-3 General arrangement of basement with raft, isolated bases and pile foundations respectively
Basement with raft foundation
4-5 Foundation/floor slab ~ Continuous raft 1-11
6-7 Wall Propped cantilever wall continuous with raft foundation 12-13
Basement with isolated spread foundations
8-9 Foundations Pad bases to internal columns and walls 14-18
10-11  Wall and floor slab Propped cantilever wall on pad footing with tied floor slab 19-22
Basement with pile foundations
12-13  Foundations Bored piles with pile caps and beams to columns and walls 23-26
14-17  Wall and floor slab Propped cantilever wall continuous with suspended floor slab 27-34
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General Arrangement of Basement with Raft Foundation
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Example 2: Foundations to Multi-Storey Building

Example 2: General Arrangement of Basement with Isolated Bases Drawing 2
gr
o-Fr = = .
@ —al 5 ] m] f
8
=
=z z
—a_ | |] = (
. O
g 8 & 7
g R L z @
@ O
@ -1 1] L g %
>
1 sl M-
o o 000 01 ¥ 009
-x+fp| §| o 0 H
8 L 006 |
o 2
@ o rs_ t = o d R% a4 ;%I
3 ] o s — 4t
5 L 0009 q|‘ 00ZZ I 0009 00Z o000y 00b
® ® S ©

Internal applied waterproof renders:
wall 20 mm thick, floor 40 mm thick

Construction joint with external waterstop

— Tie-bar inside debonding sleeve
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Tie joint with external waterstop ——>4
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Blinding concrete -J

L— Compressible polystyrene panels

DETAIL SHOWING PROVISION FOR WATERPROOFING AND SETTLEMENT
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Example 2: General Arrangement of Basement with Pile Foundations Drawing 3
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Example 2: Foundations to Multi-Storey Building

Example 2 Calculation Sheet 1
Reference CALCULATIONS OUTPUT
CONTINUOUS RAFT FOUNDATION (Beam and slab superstructure)
Loading
From the data tabulated on calculation sheets 14 and 16 of design example 1, and
allowing for the appropriate reduction in the total imposed floor loads, the design
loads for columns B1 and B2 are obtained as follows:
Column B1 (loads at top of basement wall) Column B1
Load Load Dead Imposed Load | Moment
Case oa (kN) (kN) (kN) | (kKNm)
1 |Ultimate 1274 — (409 + 12) = 853 0.6 x 409 + 12 =258 1111 48.9
characteristic 853/1.25 =683 258/1.5=172 855 37.6
2 |Ultimate 1332 — (465 + 14) = 853 0.6 x 465 + 14 =293 1146 56.4
characteristic 853/1.25 =683 293/1.5=195 878 41.0
Column B2 (loads at top of basement floor) Column B2
Load Load Dead Imposed Load | Moment
Case oa (kN) (kN) (kN) | (kNm)
1 |Ultimate 2726 — (1113 +34)=1579 | 0.6 x 1113 +34=702 2281 43
characteristic 1579/1.25 = 1263 702/1.5 =468 1731 33
2 |Ultimate 2080 — (486 +15)=1579 0.6 x 486 + 15 =307 1886 10.8
characteristic 1579/1.25 =1263 307/1.5=205 1468 7.5
Similarly, the design loads for column A2 can be obtained as follows:
Column A2 (loads at top of basement wall) Column A2
Load Load Dead Imposed Load | Moment
Case 0a (kN) (kN) (kN) | (kNm)
1 | Ultimate 1355 — (404 +12) =939 0.6 x 404 + 12 =255 1194 2.1
characteristic 939/1.25 =751 255/1.5=170 921 1.4
2 |Ultimate 1121 - (177 +5) =939 0.6 x177+5=111 1050 52
characteristic 939/1.25 =151 111/1.5= 74 825 4.0

The wall system forming the central core of the building is considered to support
floor and roof areas that extend 2.4 m beyond gridlines D and E and 3.4 m beyond

gridlines 2 and 3, as shown in the figure below.

Area of floor assumed to be supported by internal walls
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Calculation Sheet 2

Reference

CALCULATIONS

OUTPUT

6.2.2 (6)

The load due to the tank room and lift motor room, which are located over the area
between the wall on gridline E and the adjacent parallel wall, will be assumed to
be the same as that for the staircase area (see calculation sheet 61 of Example 1).
For the analysis of the raft foundation, the total load on the wall system will be
assumed to be distributed uniformly over the area enclosed by the walls.

Total characteristic dead load at top of basement floor:

kN
Roof 9.6 x14.0 x 525 = 706
Floors 5x(9.6x14.0-52x7.6)x5.0=2372

2x2x72x308= 887
36.0 x22.0 x 0.2 x 25 = 3960

Staircase areas (*x2)
Walls (ignoring openings)

Total 7925

Total characteristic imposed load:
kN
Roof 9.6x14.0x0.6= 81
Floors 5%(9.6x14.0-5.2x7.6) x4.0=1898

2x2x72x102= 294
2273

Staircase areas (x2)
Total

Overturning moment at top of basement floor, due to characteristic wind force in
direction normal to long face of building: M, = 5346 kNm

Overturning moment at top of basement floor, due to characteristic wind force in
direction normal to short face of building: M, = 2700 kN m

Internal Walls (Loads and Moments at Top of Basement Floor)

Load and . Wind Moment M,

Combination Vertical Load (kN) (kN m)
Ultimate (1a) 1.25 %7925+ 1.5 x 0.7 x 2273 = 12293 1.5 x 5346 = 8020
(1b) 1.0 x 7925 = 7925 1.5 x 5346 = 8020

0.5 x 8020 =4010

1.0 x 5346 = 5346
1.0 x 5346 = 5346
0.5 x 5346 =2673

2) 1.25 x 7925 + 1.5 x 2273 = 13316

Service (1a) 1.0 x 7925 + 0.7 x 2273 = 9516
(1b) 1.0 x 7925 = 7925
@) 7925 + 2273 = 10198

Wind Moment My
(kN m)

1.5 x 2700 = 4050
1.5 x 2700 = 4050
0.5 x 4050 = 2025

1.0 x 2700 = 2700
1.0 x 2700 = 2700
0.5 %2700 = 1350

Design loads due to weight of 300 mm thick basement wall are as follows:
Ultimate 1.25 x 3.85 x 0.3 x 25 =36.0 kN/m. Characteristic 28.8 kN/m

Raft thickness

The thickness will be taken as the minimum necessary to avoid the need for shear
reinforcement at the internal columns. This can be estimated by considering the
shear perimeter at distance 2d from the face of the column, and ignoring the shear
reduction due to the bearing pressure inside the perimeter. Consider # = 600 mm.

Allowing 50 mm cover with 20 mm bars in each direction, mean effective depth
dyy = 600 — (50 +20) = 530 mm.

The maximum shear stress should not exceed the value given by
VRdmax = 0.5V feq = 0.5 % 0.6(1— fex/250) % (tee fa/1.5) = 0.2(1- f4/250) fox

=0.2 x(1-32/250) x 32 =5.58 MPa

For column B2, N4 = 2281 kN, and the shear stress at the column perimeter is
Vea = Neg/ud = 2281 x 10°/(4 % 300 x 530) = 3.59 MPa (<Vi max)

The length of the control perimeter at distance 2d from the column face is
uy =4(c + md) =4 % (300 +  x 530) = 7860 mm

Conservatively, taking Vgq = Ngg, the shear stress at the control perimeter is
Vea = Vid/(uyd) = 2281 x 10*/(7860 x 530) = 0.55 MPa

Basic control perimeter
for punching shear
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Example 2 Calculation Sheet 3

Reference CALCULATIONS OUTPUT

The minimum shear strength, where k=1 + (200/@7)”2

6.2.2 (1) Vinin = 0.0356,% = 0.035 x 1.61%2 x 32" = 0.40 MPa

Since Vg will be reduced due to the bearing pressure inside the control perimeter,
and vgq depends on the tension reinforcement, 2 = 600 mm seems reasonable.

=1.61, is given by

Analysis Lateral soil pressure
The foundation will be analysed as a series of rectangular strips in two directions on basement wall
at right angles. The width of an internal strip is taken between the centrelines of

adjacent panels. The width of an edge strip is taken from the centreline of the ps— o~

external wall to the centreline of the first panel. The loads on the edge strips are
effectively distributed by the basement wall, and there is no need to analyse the

strips for structural effects in the direction parallel to the wall. E
Each strip will be considered initially as a beam with free ends on an elastic soil. :
The moments required to restrain the resulting rotation at the ends of the beam will T

then be determined. The basement wall, considered initially as a beam propped at
the top and fixed at the bottom, will be analysed to determine the moment at the

edge of the foundation due to lateral earth pressure. The out-of-balance moments 7
;K (g+ J’H)I

-
at the joints between the wall and the foundation will then be distributed according
to the relative stiffness of the members, and the resulting effects determined.

Effective span of basement wall between ground floor and basement floor is 4.0 m. | Characteristic values
Two soil conditions will be considered: at-rest pressure with surcharge, and active | of fixed-end moment

pressure without surcharge. Ultimate fixed-end moments at bottom of wall are: at bottom of wall
My = 1.35 % 0.47 x (10 x 4.0%/8 + 20 x 4.0/15) = 67.0 kN m/m My = 49.6 KN m/m
My min = 1.0 X 0.30 x 20 x 4.0*/15=25.6 kN m/m My min = 25.6 KN m/m

Note: In the following calculations, the values of AL have been rounded down to
5.0 in one direction and 8.0 in the other direction, in order to use the data in Tables
B2-B10. However, precise values of AL have been used to determine the flexural
stiffness of the beams to avoid anomalies in the relative values. The flexural
flexural stiffness, for equal and opposite unit rotations at each end of a beam on an
elastic soil, is given by the relationship:

K, =[k,BL’/4(AL)’ ] % (sinh AL + sin AL)/(cosh AL — cos AL)

BEAM ON LINE B

This is considered as a 4.8 m wide beam loaded with two sets of symmetrically
placed loads, 0.5F at columns B1 and B4, and 0.5F) at columns B2 and B3. With
a = distance from ends of beam to point of application of loads, a/L = 0 for F, and
6.0/19.2 = 0.3 say for F,. Bending moments at the bottom of B1 and B4 will be
combined with the moments at the bottom of the basement wall. Bending moments
at the bottom of B2 and B3 are very small and will be ignored.

0.8F, U.iF? Oiﬁ 0.5F4
Lo 03t 0.4L L 03
T | A A

Loads on beam

Sum of maximum loads at ends of beam (including weight of basement wall):

Load Load Case 1 Load Case 2
Ultimate Fi=2x(1111+36.0 x 4.8) =2568 kN F;=2638 kN
characteristic Fy=2x(855+28.8 x4.8)=1986 kN Fy=2032 kN

Sum of maximum loads at columns B2 and B3:

Load Load Case 1 Load Case 2

Ultimate F,=2x2281=4562 kN F,=3772 kN
characteristic Fr,=2x 1731 =3462 kN F,=2936 kN
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Calculation Sheet 4

Reference

CALCULATIONS

OUTPUT

The end slopes for beams on elastic foundations can be determined from the data
in Table B2, where AL = (3k,L*/ER*)"*. With L = 19.2 m between the centrelines
of columns B1 and B4, E. = 33 GN/m’ for C32/40 concrete, and 4 = 0.6 m:

AL =13 x 12 x 10* x 19.2%/(33 x 10° x 0.6%)]"* = 5.12 (say 5.0)
From the table for two symmetrically placed loads,
O = =05 = (=25.66F, + 5.642F>)/(k,BL*)
Thus, the fixed-end moments required to offset the end slopes are
My = —My = —(kBL*/504.7) x G = 0.0508F,L —0.0112F,L
Flexural stiffness values of the beam (with AL = 5.12) and wall are
Ky = kBL/537=12 % 10> x 1.0 x 19.2%/537=0.158 x 10° kN m/m
Ky =E.Bh, /AL, =33 x 10° x 1.0 x 0.3%/(4 x 4.0) = 0.056 x 10° kN m/m
Moment distribution factors: D, = 0.158/(0.158 + 0.056) = 0.738, D,, = 0.262

Case 1. Characteristic loads with load case 2 on the building and minimum soil
pressure on the wall. Fixed-end moments for beam and wall are:

Beam: M, = —Mp = (0.0508 x 2032-0.0112 x 2936) x 19.2 = 1350.5 kNm
Wall: My=-Mg=-25.6%x48+0.5%x41.0=-102.5kNm
Final moments at ends of beam, after releasing fixed-end moments, are
Mo =1350.5-0.738 x (1350.5 — 102.5) =429 kNm Mgy =-429 kN'm
From Tables B3, BS and B6, maximum bearing pressure (at x/L = 0) is
g =-5131(My/BL* + 5.085(F,/BL) — 0.070(F»/BL)
=_51.31 x 429/(4.8 x 19.2%) + (5.085 x 2032 — 0.070 x 2936)/(4.8 x 19.2)
=-12.4+109.9 = 98 kN/m? (<200 kN/m?)

Case 2. Ultimate design loads with load case 1 for the building and maximum soil
pressure on the wall. Fixed-end moments for beam and wall are:

Beam: M, = -Mp = (0.0508 x 2568 -0.0112 x 4562) x 192 =1524 kN m
Wall: Mj=-Mp=-67.0 x4.8+0.5x56.4=-294 kNm
Final moments at ends of beam, after releasing fixed-end moments, are

Mpo=1524-0.738 x (1524 -294) = 616 kN m Mgy =-616 kN m
From Tables B3, B5 and B6, M, = coM, + (c|F + coF,)L  where

x/L 0 0.1 0.2 0.3 0.4 0.5
Co 1.0 0.817 0.489 0.203 0.026 -0.032
cy 0 -0.029 -0.030 -0.022 -0.013 -0.010
) 0 0.001 0.006 0.022 0.001 -0.006
M, kNm 616 -839 —653 968 -538 -1038

Maximum shear force (at x/L = 0) is
V=-0.5F =-0.5 %2638 =-1319 kN
Case 3. Ultimate design loads with minimum load on the building (constructed up
to ground floor only) and maximum soil pressure on the wall.
Fi=2x(108.7 +28.8 x 4.8) =494 kN F,=2x209.0=418 kN
Fixed-end moments for beam and wall are
Beam: M, = -Mp = (0.0508 x 494 -0.0112 x 418) x 19.2 =392 kNm
Wall: My =-Mg=-67.0x4.8=-322kNm
Moments at bottom of wall after releasing fixed-end moments, are
Myo=-322-0.262 x (392 —322) = -340 kNm Mpgy =340 kNm
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Calculation Sheet 5

Reference

CALCULATIONS

OUTPUT

BEAM ON LINES D AND E COMBINED

This is considered as a 9.6 m wide beam loaded with a set of symmetrically placed
loads, 0.5F at columns D1/E1 and D4/E4, respectively, plus a centrally placed
distributed load F, on the area enclosed by the internal walls. The values of F; will
be conservatively taken as twice those calculated for columns Bl and B4. If 2¢ is
the length of the distributed load F5, ¢/L = 3.8/19.2 = 0.2 say (i.e., 2¢ = 7.68 m).

The distribution of vertical loading resulting from the overturning moments due to
the wind loading can be represented by equal and opposite forces F; Fy and Fs at
distances a/L = 0.3, 0.4 and 0.5, respectively, from the ends of the beam. Values of
the forces are F; = (5/8)M/7.68, F3 = (3/4)M/7.68 and Fs = (1/8)M/7.68, where M
is the overturning moment at the top of the basement floor. Forces Fs cancel each
other and may be ignored.

S
0.5F Fs Fe Fo Fa 0.5F,
L 08L 0.4L o 08E g
A A ) A

Loads on beam

Sum of maximum loads at a/L = 0 (including weight of basement wall):

Load Load Case 1 (kN) Load Case 2 (kN)
Ultimate Fy=2x2568=5136 Fy=2x%x2638=5276
characteristic F,=2x1986=3972 F,=2x2032= 4064

Maximum loads from internal walls, F, with ¢/L = 0.2, F;; with a/L = 0.3 and F,
with a/L = 0.3 are:

Load Dead and Imposed (kN) Wind (kN)
Ultimate F,=12293 F3=4(5/8) x 8020/7.68 = 653
service Fy==+(3/4) x 8020/7.68 = 783
F,= 9516 F3==+(5/8) x 5346/7.68 = 435
Fy=4(3/4) x 5346/7.68 = 522

From Table B2, the end slopes for a beam with free ends are:

Op = [-25.66F, + 5.887F, = (10.36 — 0.922)F; + (9.015 — 2.894)F,] /(k,BL?)

6 = [+25.66F, — 5.887F, + (10.36 — 0.922)F; + (9.015 — 2.894)F,] /(k.BL?)
Thus, the fixed-end moments required to offset the end slopes, are

My = —(k,BL*/504.7) x 04 =+0.0508F,L — 0.0117F,L % 0.0187F5L + 0.0121F,L

My = —(kBL/504.7) x G =—0.0508F,L + 0.0117F,L + 0.0187F5L + 0.0121F,L
Case 1. Characteristic/service loads with maximum values for load on building
and soil pressure on wall. Fixed-end moments for beam and wall are:

Beam: M, = (+ 0.0508 x 4064 — 0.0117 x 9516 £0.0187 x 435
+0.0121 x 522) x 19.2 =2104 or 1549 kN m

Mg = (-0.0508 x 4064 + 0.0117 x 9516 = 0.0187 x 435
+0.0121 x 522) x 19.2 = -1549 or — 2104 kN'm

Wall: My = -Mp =2 % (-49.6 x 4.8 + 0.5 x 41.0) = —435 kN m

Final moments at ends of beam, after releasing fixed-end moments, are
Mao= 2104 - 0.738 x (2104 — 435) = +872 kN m (or +727)
Mpo = —1549 + 0.738 x (1549 — 435) = =727 kN m (or —872)

From Tables B3 to B5 and B10, maximum bearing pressure (at x/L = 0.5) is
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Calculation Sheet 6

Reference

CALCULATIONS OUTPUT

q = 5.814[(Mo— Mio)/BL*] - 0.671(F\/BL) + 2.103(Fy/BL) + 0 x [(F3 + F)/BL]

=5.814 x (872 +727)/(9.6 x 19.2%) +
(=0.671 x 4064 +2.103 x 9516)/(9.6 x 19.2)

=2.6+93.8 =97 kN/m* (<200 kN/m?)
Case 2. Ultimate design loads with maximum load on building and maximum soil
pressure on wall. Fixed-end moments for beam and wall are:

Beam: M, = (+0.0508 x 5276 — 0.0117 x 12293 £ 0.0187 x 653
+0.0121 x 783) x 19.2 =2800 or 1968 kN m

Mg =(-0.0508 x 5276 + 0.0117 x 12293 £ 0.0187 x 653
+0.0121 x 783) x 19.2 = —1968 or —2800 kN m

Wall: My =-Mp =-2 x 294 =-588 kN'm

Final moments at ends of beam, after releasing fixed-end moments, are
Mpo= 2800 — 0.738 x (2800 — 588) = +1168 kN m (or +950)
Mpo=-1968 + 0.738 x (1968 — 588) = =950 kN m (or —1168)

From Tables B3 to B5 and B10,

M, = caoMao = coMpo + (C1F) + CoFy & C3F3 £ cuFfy)L
x/L 0 0.1 0.2 0.3 0.4 0.5
Ca0 1.0 0.823 0.508 0.238 0.067 -0.016
CRo 0 -0.006 -0.020 -0.035 -0.040 -0.016
Cy 0 -0.029 -0.030 -0.022 -0.013 -0.010
[ 0 -0.001 -0.002 0.006 0.014 0.016
C3 0 0.004 0.022 0.061 0.024 0
Cy4 0 0 0.007 0.024 0.056 0

M, kKN m 1168 -2168 -2556 558 3170 2730
or 950 -2449 -3433 -1753 862 2730

Maximum shear force (at x/L = 0) is
V=-0.5F=-0.5x5276 =-2638 kN

Case 3. Ultimate design loads with minimum load on building (constructed up to
ground floor only) and maximum soil pressure on wall.

F; =2 %494 =988 kN,
Fixed-end moments for beam and wall are:
Beam: M, = -Mp = (0.0508 x 988 — 0.0117 x 1390) x 19.2 = 652 kN m
Wall: My =-Mp=-67.0x9.6=-643 kNm
Moments at bottom of wall after releasing fixed-end moments, are:
Myo=-643 — 0.262 x (652 — 643) = -645 kN m Mgy =645 kN m

F,=1390 kN

BEAM ON LINES 2 AND 3 COMBINED

This is considered as a 13.2 m wide beam loaded with three sets of symmetrically
placed concentrated loads, 0.5F, at columns A2/A3 and H2/H3, 0.5F, at columns
B2/B3 and G2/G3, and 0.5F; at columns C2/C3 and F2/F3, plus a centrally placed
distributed load F, on the area enclosed by the internal walls. For the concentrated
loads, a/L = 0 for F}, 4.8/33.6 = 0.15 say for F, and 9.6/33.8 = 0.30 say for F3. For
the distributed load, ¢/L =2.6/33.6 = 0.1 say (i.e., 2¢ = 6.72 m)

The distribution of vertical loading resulting from the overturning moments due to
the wind loading can be represented by equal and opposite forces Fs, Fs and F7 at
distances a/L =0.3, 0.4 and 0.5, respectively from the ends of the beam. Values of
the forces are Fs = (5/8)M/6.72, Fs = (3/4)M/6.72 and F; = (1/8)M/6.72, where M
is the overturning moment at the top of the basement floor. Forces F; cancel each
other and may be ignored.
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Example 2 Calculation Sheet 7
Reference CALCULATIONS OUTPUT
01L
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Loads on beam

Sum of maximum loads at ends of beam (including weight of basement wall):

Load Load Case 1 (kN) Load Case 2 (kN)
Ultimate Fi=4x(1194+36.0 x 6.6) =5726 F,=5150
characteristic F1=4x(921 +28.8 x 6.6) = 4444 F,=4060

Sum of maximum loads at columns B2/B3 and G2/G3 (with a/L = 0.15), and also
at columns C2/C3 and F2/F3 (with a/L = 0.3):

Load Load Case 1 (kN) Load Case 2 (kN)
Ultimate Fy=F;=4x2281=9124 Fy=F;=7544
characteristic F,=F;=4x1731=6924 F,=F;=5872

Maximum loads from internal walls, F, with ¢/L = 0.1, Fs with a/L = 0.4 and F
with a/L = 0.45:

Load Dead and Imposed Wind (kN)
(kN)
Ultimate Fy=12293 Fs=+(5/8) x 4050/6.72 =377
service Fg==+(3/4) x 4050/6.72 = 452
Fy= 9516 Fs5==(5/8) x 2700/6.72 = 251
Fs==(3/4) x 2700/6.72 = 302

With L =33.6 m between the centrelines of columns A2/A3 and H2/H3,
AL = Bk LYER*)" = [3 x 12 x 10° x 33.6"/(33 x 10° x 0.6")]"* = 8.96 (say 8.0).
From Table B2, the end slopes for a beam with free ends are:

On = [-63.92F, + 10.96F, + 7.865F; + 0.464F, + (4.905 + 1.147)F;
+(1.589 + 1.015)Fs] /(k,BL?)

s = [+ 63.92F, — 10.96F, — 7.865F; — 0.464F, + (4.905 + 1.147)F5
+(1.589 + 1.015)F] /(k,BL?)

Thus, the fixed-end moments required to offset the end slopes, are

My = —(k;BL*2047) x 64 = +0.0312F,L — 0.0054F,L — 0.0038F3L — 0.0002F,L
+0.0030F5L + 0.0013FL

My = —(k,BL*/2047) x 05 = -0.0312F,L + 0.0054F,L + 0.0038F;L + 0.0002F,L
+0.0030F5L +0.0013FL

Flexural stiffness values of the beam (with AL = 8.96) and wall are

Ky = kBLY/2877 =12 x 10° x 1.0 x 33.6"/2877 = 0.158 x 10° kN m/m

Ky = EBh /4L, =33 x 10° x 1.0 x 0.3%/(4 x 4.0) = 0.056 x 10° kN m/m
Moment distribution factors: Dy, = 0.158/(0.158 + 0.056) = 0.738, D,, = 0.262
Case 1. Characteristic/service loads with maximum load on building and minimum
soil pressure on wall. Fixed-end moments for beam and wall are:

Beam: M, = (+0.0312 x 4444 — 0.0054 x 6924 — 0.0038 x 6924 — 0.0002 x 9516
+0.0030 x 251 £0.0013 x 302) x 33.6 = 2493 or 2416 kN m

Mg =(-0.0312 x 4444 + 0.0054 x 6924 + 0.0038 x 6924 +0.0002 x 9516
+0.0030 x 251 £ 0.0013 x 302) x 33.6 = -2416 or —2493 kN m

Wall: My =-Mp=-25.6x132=-338kNm
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CALCULATIONS

OUTPUT

Final moments at ends of beam, after releasing fixed-end moments, are:
M= 2493 — 0.738 x (2493 — 338) =+ 903 kN m (or +882)
Mygo = —2416 + 0.738 x (2416 — 338) = —882 kN m (or —903)

From Tables B3 to B6 and B10, maximum bearing pressure (at x/L = 0.5 ) is

¢ =—-0.243[(MA0 — M0)/BL*] - 0.192(F,/BL) - 0.160(F»/BL) + 0.789(F5/BL)
+3.438(F4/BL) + 0 x [(Fs + Fg)/BL)

=-0.243 x (903 + 882)/(13.2 x 33.6%)
+(=0.192 x 4444 — 0.160 x 6924 + 0.789 x 6924 + 3.438 x 9516)/(13.2 x 33.6)

=82 kN/m’ (<200 kN/m?)
Case 2. Ultimate design loads with maximum load on building and maximum soil
pressure on wall. Fixed-end moments for beam and wall are:

Beam: M, = (+0.0312 x 5726 — 0.0054 x 9124 — 0.0038 x 9124 — 0.0002 x 12293
+0.0030 x 377 £ 0.0013 x 452) x 33.6 =3158 or 3042 kN m

Mg =(-0.0312 x 5726 + 0.0054 x 9124 + 0.0038 x 9124 + 0.0002 x 12293
+0.0030 x 377 £0.0013 x 452) x 33.6 =-3042 or -3158 kN m

Wall: My =-Mp=-67.0 x 13.2=-885 kN m
Final moments at ends of beam, after releasing fixed-end moments, are:
Mao=3158 - 0.738 x (3158 — 885) = 1480 kN m (or +1450)
Mpgo=-3042 + 0.738 x (3042 — 885) = -1450 kN m (or —1480)
From Tables B3 to B10,
M, = caoMao — caoMpo + (c1F) + coFy + ¢35 + cafy £ ¢sF's £ cFg)L

x/L 0 0.1 0.15 0.2 0.3 0.4 0.45 0.5
Ca0 1.0 | 0.635 | 0.390 | 0.196 |-0.006 |—0.043 |-0.037 |-0.026

Cro 0 [0.001 |0.001 |0.002 |0.001 |-0.008 |-0.016 |-0.026
cy 0 [-0.020 {-0.018 |-0.013 [-0.004 | 0.001 | 0.002 | 0.002

[ 0 [0.006 |0.016 |0.006 [-0.003 |-0.003 |-0.003 |-0.003
[ 0 [-0.001 |{-0.001 | 0.001 | 0.015 |-0.002 |-0.006 |-0.007
Cy 0 [-0.001 |-0.003 |-0.004 |-0.004 | 0.003 | 0.008 | 0.013

Cs 0 [-0.003 |-0.004 |-0.005 | 0.004 | 0.038 | 0.067 0

s 0 [-0.001 |-0.002 |-0.003 0 0.017 | 0.032 0

M, kKNm [1480 [-1840 | 394 |-1823 | 1300 563 2187 | 2613
or 1450 |-1753 | 544 |-1611 | 1199 | -915 | -482 | 2613

Note: All values for ¢4, and other values for x/L = 0.15 and 0.45 are not included in
Tables B3 to B10.

Case 3. Ultimate design loads with minimum load on building (constructed up to
ground floor only) and maximum soil pressure on wall.

Fi=4x(9.6+28.8)x6.6=1014kN, F,=F;=418kN, F,;=1390kN
Fixed-end moments for beam and wall are:

Beam: My = -Mp=(0.0312 x 1014 - 0.0054 x 418 — 0.0038 x 418
—0.002 x 1390) x 33.6 = 840 kN m

Wall: My =-Mp=-67.0x13.2=-885kN m
Moments at bottom of wall after releasing fixed-end moments, are
Mpo=-885+0.262 x (885 — 840) =-873 kN m Mgy =873 kN m

DESIGN OF BASEMENT FLOOR

The bending moments determined for each beam will be spread uniformly across
the beam width, except at the internal columns where 75% of the total moment will
be allocated to the middle half of the beam width (similar to a flat slab design). The
design is based on concrete strength class C32/40 and reinforcement grade 500.
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Example 2 Calculation Sheet 9
Reference CALCULATIONS OUTPUT
Durability
4413 Cover recommended for concrete cast against blinding is as follows:
Table NAL {40 mm Acge, = 10 mm Coom = 40 + 10 = 50 mm (bottom)
BS 8500 For the top surface, exposure class XC1 applies and ¢,om = 25 mm is sufficient.
BEAM ON LINE B
©) @ ® @
| | 1038 | I
[ 78 | - AP
7 v V )
616 616
968 968
Bending moment diagram for 4.8 m wide beam
Flexural design
Allowing for 50 mm cover and 20 mm bars, d = 600 — (50 + 20/2) = 540 mm
Minimum area of longitudinal tension reinforcement:
9.2.1.1 Agmin = 0.26(fornlf1)bid = 0.26 x (3.0/500) x 1000 x 540 = 843 mm*/m
Maximum spacing of bars:
9.3.1.1 (3) Smax = 37 <400 mm (but <250 mm in areas with concentrated loads)

According to the calculated values of M/bd’f,,, appropriate values of z/d and A

can be determined (Table A1) and suitable reinforcement selected (Table A9).
At column B2 (x/L = 0.3), moment for middle half of beam is
Mgq=0.75 x 968 =726 KN m where b = 2400 mm A min = 2024 mm?
MIbdfy =726 x 10°/(2400 x 5407 x 32) = 0.033 z/d = 0.95 (maximum)
A, =726 x 105/(0.87 x 500 x 0.95 x 540) = 3254 > 2024 mm? (12H20-200)
Similarly, moment for each outer quarter of beam is
Mgg=0.125x968 =121 kNm  where b = 1200 mm A yin = 1012 mm?
A, =121 x 105/(0.87 x 500 x 0.95 x 540) = 543 > 1012 mm’ (4H20-300)
Values at other positions are shown in the following table, where:
b=4.8m and A, = 843 x 4.8 = 4047 mm> (16H20-300 say)

x/L Mg (kN m) | MIbdfy zld Ay (mm?) Bars

0 616 0.014 0.95 2761 16H20(B)
0.1 -839 0.019 0.95 3760 16H20(T)
0.2 —653 0.015 0.95 2927 16H20(T)
0.4 -538 0.012 0.95 2411 16H20(T)
0.5 ~1038 0.023 0.95 4652 16H20(T)

Punching shear at columns B2 and B3:
For a check at distance 2d from the column face (see calculation sheet 2):
dyy =530 mm, u; = 7860 mm and v, = 0.4 MPa (where k= 1.61).
Area inside the control perimeter is given by
Ay =c*+8cd +4nd" = 03> +8 x 0.3 x 0.53 +4 x 1 x 0.53> = 4.89 m’
From Tables B3, B5 and B6, average bearing pressure at x/L = 0.3 is
Gay = 11.28(My/BL?) — 0.070(F\/BL) + 1.397(F,/BL)
=11.28 x 616/(4.8 x 19.2%) + (=0.070 x 2568 + 1.397 x 4562)/(4.8 x 19.2)
=3.9+67.2=71 kN/m’

Provide H20-300
(top and bottom)
throughout with
additional bars at
internal columns
(see shear design)

Basic control perimeter
for punching shear
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Calculation Sheet 10

Reference

CALCULATIONS

OUTPUT

6.4.4 (1)
Table NA.1

6.4.4(2)

For the middle half of the beam, increasing g,, by 50%, gives ¢ = 106.5 kN/m
Net applied shear force is

Via = Npqa — A1 x ¢ =2281 —4.89 x 106.5 = 1760 kN
Average shear stress at the control perimeter is

Veg = Vid/(uyd) = 1760 x 10°/(7860 x 530) = 0.43 MPa (> Vi)
The design shear strength at the basic control perimeter is given by

Vrde = 0.12k (10044 fek/byd)"™ > vigin
Thus, the required reinforcement area for vgg. = Vgq is given by

Ag = (vg/0.12k)® x (by, d /100fy)

=10.43/[0.12 x 1.61)]* x (1000 x 530)/(100 x 32) = 1826 mm?*/m (H20-150)

Further checks should be made for control perimeters at distances less than 2d
from the column face to find the critical perimeter. A check at distance a = d from
the column face will usually be sufficient. In this case,

uy =4c +2md =4 x 300 + 2 x 1 x 530 = 4530 mm
Ay =c+ded+nd*=03"+4%x03x0.53+7x0.53*=1.6] m*
Vea=2281-1.61 x 106.5=2110 kN
vea = 2110 x 10°/(4530 x 530) = 0.88 MPa
The design shear strength for values of a < 2d is given by
Vrae = 0.12k (1004 fck /byd) '™ % 2dia > vy > 2d/a
=0.12 x 1.61 x [100 x 2094 x 32/(1000 x 530)]'° x 2 = 0.90 MPa (>vrq )
Shear at walls on lines 1 and 4
At distance d from the face of the wall, x = 150 + 540 = 690 mm.

From Table B5, with AL = 5.0 and x/L = 0.69/19.2 = 0.035, V/F = —-0.366 by
interpolation. If the value is determined accurately by calculation, V/F = -0.338.

From calculation sheet 3, for a 4.8 m wide beam, F; = 2638 kN. Hence, at critical
section, maximum shear stress is

Via = Ved(bd) = 0.366 x 2638 x 10°/(4800 x 540) = 0.38 MPa (<vyyiy)

BEAM ON LINES D AND E COMBINED

@ @ @ 3433 @

2168 5 1

| l 1?53|

' ;
558
862

1168

2449

ol .

2730
3170

Bending moment diagram for 9.6 m wide beam

The diagram shown applies where the wind moment is anti-clockwise. For a
clockwise wind moment, the diagram should be to the opposite hand. In the
following table, there are two sets of values for Mgy according to the direction of
the wind, but the required reinforcement is shown for the more critical value of
M4 only, where:

b=9.6 m and 4; i, = 843 X 9.6 = 8093 mm? (32H20-300 say)

Provide H20-150(B)
in each direction at
internal columns for
strip of width 4d + ¢ =
4x0.53+03=24m

Shear satisfactory
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Example 2 Calculation Sheet 11

Reference

CALCULATIONS

OUTPUT

9.2.1.1

7322

733(2)

BS EN 1990
Table
NA.A1.1

Table 7.2
Table 7.3

3.1.2(9)

732(2)

x/L Mg (KNm) | M/bd*fy zld A, (mm?) Bars

0 1168/950 0.013 0.95 5234 32H20(B)
0.1 —2168/-2449 0.028 0.95 10975 40H20(T)
0.2 —2556/-3433 0.039 0.95 15384 48H20(T)
0.3 566/-1753 0.020 0.95 7856 32H20(T)
0.4 3170/862 0.036 0.95 14206 48H20(B)
0.5 2730 0.031 0.95 12234 40H20(B)

BEAM ON LINES 2 AND 3 COMBINED
Allowing for 20 mm bars in each direction, d = 540 —20 = 520 mm

Minimum area of longitudinal tension reinforcement:
Agmin = 0.26(fum/f1)bid = 0.26 x (3.0/500) x 1000 x 520 = 812 mm*/m
With b =13.2 m, Agmin = 812 x 13.2 = 10720 mm” (44H20-300 say)
The maximum moment occurs at x/L = 0.5, where Mgy =2613 kKN m
A, =2613 x 10%(0.87 x 500 x 0.95 x 520) = 12160 < 10720 mm>
Clearly, minimum reinforcement, H20-300, will be sufficient for the full width of

the raft in this direction.

Cracking due to loading

Minimum area of reinforcement required in tension zone for crack control:
As,min = kckﬁ:l,effAct/o-s where

k.= 0.4 for bending, k= 0.8 for & = 600 mm, fi i = fum = 0.3/4*> = 3.0 MPa
for general design purposes, 4. = bh/2 and oy < fy = 500 MPa.

Agmin = 0.4 x 0.8 x 3.0 x 1000 x 300/500 = 576 mm*/m (H20-300 provided)

The crack width criterion can be satisfied by limiting either the bar size or the bar
spacing, according to the stress in the reinforcement under the quasi-permanent
service load, given by N, = (dead load + y», x imposed load) where y, = 0.3.

For column B2, the design ultimate and quasi-permanent service loads are
Ngq = 2281 kN, N, =1263 +0.3 x 468 = 1404 kN

For the middle half of the beam on line B, 4;,q = 3254 mm? and 16H20-150 will
be provided. The stress in the reinforcement under quasi-permanent service load is
given approximately pro rata to the stress under the ultimate design load as

0y = No/Nig X 0.87f X Agseg/Aspron = 0.62 X 435 x 3254/5026 = 175 MPa

From Reynolds, Table 4.24, for wy = 0.3 mm and o; = 175 MPa, the maximum
values for compliance, by interpolation, are either bar size ¢ = 29 mm or bar
spacing = 280 mm. Clearly, both of these criteria are satisfied by using H20-200.

At sections where minimum reinforcement is sufficient, H20-300 is provided. The
most critical condition is at x/L = 0.5 for the beam on line B, where

0, =0.62 x 435 x 4652/5026 = 250 MPa

Hence, the maximum criterion is either ¢ = 15 mm or bar spacing = 240 mm. The
maximum bar size, with 25 mm top cover, is given by

A= B Fovnett/2.9) ke 2(h — d)] = 15 % (3.0/2.9) x 0.4 x 300/(2 x 35) =26 mm
Cracking due to restrained early thermal contraction

Assuming this occurs at about # = 3 days, when f.,(f) = 24 MPa say:
Jetetr = fem(®) = [em(D)/fem] fom = [24/(fic+ 8)] x 3.0 = 1.8 MPa

With k. = 1.0 for tension and £ = 0.8 for 2 = 600 mm,
Agmin = kekferenide/fyx = 1.0 X 0.8 x 1.8 x 1000 x 300/500 = 864 mm?*/m (EF)

For cracks resulting from early thermal contraction, crack width is calculated as
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Calculation Sheet 12

Reference

CALCULATIONS

OUTPUT

734
PD 6687
2.16

8.4.2
Figure 8.2

BS 8500

9.2.1.1

732(2)

9.2.13(2)

Wi = (0.8RAT) X S;.max Where $,max = 3.4¢ + 0.425k k(A erere/As)

With ¢ = 50 mm, k&, = 0.8 for high bond bars, k, = 1.0 for tension, /. as the lesser
of 2.5(h - d) and h/2, and H20-300 as minimum reinforcement:

Semax = 3.4 X 50 +0.425 x 0.8 x 1.0 x (2.5 x 60 x 1000/1047) x 20 = 1144 mm

Taking R = 0.8 for infill bays, AT = 34°C for 350 kg/m’ Portland cement concrete
and 650 mm section thickness (Reynolds, Table 2.18), and o= 12 x 107 per °C:

wi=0.8 x 0.8 x 12 x 10 x 34 x 1144 = 0.30 mm
Detailing requirements

The bond conditions are described as ‘good’ for the bottom bars and ‘poor’ for the
top bars. For simplicity, the design anchorage length will be taken as the basic
required anchorage length. From Reynolds, Table 4.30, with £, = 32 MPa:

Ly rqa= 35¢ (good bond), Iy rqa= 504 (poor bond)

If all the bars are lapped at the same position, the design lap length is 1.5 times the
design anchorage length, giving values:

lp=1.5x35x20=1050 mm (bottom) ly=1.5x50 x 20 = 1500 mm (top)

DESIGN OF BASEMENT WALL
Durability

Since the external surface of the wall is protected by a continuous barrier system, it
is reasonable to consider exposure class XC1 for both surfaces of the wall.

Cmin = 15 mm  Acgey = 10 mm Crom = 15 +10=25 mm

Flexural design

Allowing for 25 mm cover, 16 mm diameter bars (EW) and horizontal bars in the
outer layers, for the vertical bars, d =300 — (25 + 16 + 16/2) = 250 mm.

Minimum area of vertical tension reinforcement:
Aqmin=0.26 x (3.0/500) x 1000 x 250 = 390 mm?*/m (H12-300)
Minimum area of reinforcement required in tension zone for crack control:
As,min =k kfét,effAcx/ Og

ke = 0.4 for bending, & = 1.0 for & =300 mm, f3; ¢ = fum = 0.3/5*> = 3.0 MPa
for general design purposes, A = bh/2 and o < fy = 500 MPa.

Agmin = 0.4 x 1.0 x 3.0 x 1000 x 150/500 = 360 mm?/m (H12-300)
Moment of resistance provided by minimum reinforcement is given by
M= A4,(0.87f1)z =377 x 0.87 x 500 x 0.95 x 250 x 107° = 39 kN m/m

Maximum design ultimate moment at junction of wall and floor occurs for beam
on line B (case 2), where: Mp = 616/4.8 = 128 kN m/m.

Hence, from Table Al:
Mibd*fy =128 x 10%/(1000 x 250% x 32) = 0.064
A, =128 x 10%(0.87 x 500 x 0.94 x 250) = 1252 mm*/m (H16-150)
Shear force at top of wall (at positions away from influence of column moment) is
Va=1.35x0.47 x (10 x 4.0/2 + 20 x 4.0%/6) — 128/4.0 = 14.5 kKN/m
Bending moment at distance a from top of wall is given by
M=Vsxa—135x047 x (10a*/2 +20a°/6)

Solving this equation, with M = -39 kN m/m, gives a = 2.95 m. Here, H12-300 is
sufficient, but bars to be curtailed should continue for a distance a; = d = 250 mm.

Projection of bars from bottom of wall = (4.0 —2.95) + 0.25 =13 m

where

z/d = 0.940

Minimum design ultimate moment at junction of wall and floor, occurs for beam
on lines 2 and 3 (case 3), where: Mp = 873/13.2 = 66 kN m/m.

-

K(g + yH)

295m

39 kNm

l 128 kNm I

Case 2 for beam on
line B

Case 3 for beam on
lines 2 and 3
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Calculation Sheet 13

Reference

CALCULATIONS

OUTPUT

622 (1)

732(2)
734

PD 6687
2.16

Corresponding shear force at top of wall is
Va=1.35x0.47 x (10 x 4.0/2 + 20 x 4.0%6) — 66.0/4.0 = 30.0 kN/m
If a, is distance from top of wall to point of zero shear, then
Va—1.35x0.47 x (10a, + 20a,*/2) = 0 which gives a,= 1.75 m
Hence, maximum sagging moment (at a, = 1.75 m) is
M=Vy % ay— 135 x 0.47 x (10a,%/2 + 20a,*/6) =31 kN m
Ay =31 x10%(0.87 x 500 x 0.95 x 250) = 300 > 375 mm?*/m (H12-300)
Shear design
Maximum shear force at bottom of wall occurs for beam on line B (case 2), where
Via=1.35x 0.47 x (10 x 4.0/2 + 20 x 4.0%3) + 128/4.0 = 112.4 kKN/m
Vea = Vid/(bd) = 112.4 x 10*/(1000 x 250) = 0.45 MPa
Minimum design shear strength, where k= 1 + (200/d)"* = 1.89, is
Vanin = 0.035%%2£, 2 = 0.035 x 1.89%2 x 322 = 0.51 MPa (>vgq)

Cracking due to restrained early thermal contraction

Minimum area of horizontal reinforcement, with f¢.;r= 1.8 MPa for cracking at age
of 3 days, k. = 1.0 for tension and £ = 1.0 for 2 =300 mm, is given by:

Asmin = keforeiAclfyx = 1.0 X 1.0 x 1.8 x 1000 x 150/500 = 540 mm*/m (EF)
With ¢ =25 mm, k; = 0.8 for high bond bars, k, = 1.0 for tension, /. as the lesser
of 2.5(h - d) and h/2, and H16-300 (EF) as minimum reinforcement:

Semax = 3.4¢ + 0.425k k(A e/ As) ¢

=3.4x25+0.425x0.8 x 1.0 x (2.5 x 33 x 1000/670) x 16 = 755 mm

With R = 0.8 for wall on a thick base, AT = 25°C for 350 kg/m’ Portland cement
concrete and 300 mm thick wall (Reynolds, Table 2.18), and o= 12 x 107 per °C:

Wi = (0.8RAAT) X Sy pnay = 0.8 % 0.8 x 12 x 107° x 25 x 755 =0.15 mm

Wall as deep beam

The wall also acts as a deep beam in distributing the concentrated column loads to
produce a uniform loading at the bottom of the wall. CIRIA Guide 2 The design of
deep beams in reinforced concrete gives recommendations on detailed analysis and
design, although this publication was written for use with the then current British
standard CP110. The effective span is taken as lesser of distance between centres
of columns or 1.2 times clear span, and the active height is taken as lesser of actual
height or effective span.

For the wall on gridline A, the design ultimate column loads (case 1) and resulting
bending moments are as shown in the figure below:

398 kN 1194 kN 1194 kN 398 kN
¥ 60m ¥ 7.2m ¥ 6.0m ;
Column loads
480 /488\ 480
588 588

Bending moments (kNm)

Provide H12-300 (EF)
as minimum vertical
reinforcement with
H16-150 on outer face
of wall for height of
1.3 m above base

Provide H16-300 (EF)
minimum horizontal
reinforcement
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Example 2 Calculation Sheet 14

Reference CALCULATIONS OUTPUT

The required areas of tension reinforcement are given by
As=MJ/(0.87fz) where, for multi-span beams with //h <2.5,
z=02/+0.3h,=0.2 x 7200 + 0.3 x 4000 = 2640 mm (middle span)
For sagging: A, =488 x 10°/(0.87 x 500 x 2640) = 425 mm’ (3H16)
Reinforcement may be spread over a depth of 0.2/, = 0.8 m from top of beam
For hogging: A, =588 x 10°/(0.87 x 500 x 2640) = 512 mm® (3H16)

Reinforcement should be contained within a depth of 0.84, = 3.2 m from
bottom of beam. Clearly, provision of H16-300 (EF) as minimum horizontal
reinforcement is more than sufficient.

6.2.1(8) Since the loads and the reactions are applied to opposite edges of the beam, and the
load is uniformly distributed over the whole span, the design shear force may be
checked at distance d from the face of the column. In addition, the maximum shear
at the column should not exceed Vggmax. For the internal columns:

Viamax = 0.5 x 1194 = 597 kN. Hence, taking d = 0.9/, = 3600 mm,

Vedmax /bwd = 597 % 10%/(300 x 3600) = 0.56 MPa
< Vra.max = 5.58 MPa (calculation sheet 2)

Taking d = 3600 mm, the shear force at distance d from the face of the column is
negligible. In any case, with H12-300 (EF) as the minimum vertical reinforcement,
the design shear resistance can be shown to be more than sufficient. Considering
the bars on one face only, since the bars on the other face are necessary to resist the
bending moment due to the lateral earth loading, and taking z = 0.8%, = 3200 mm,
and cotd=2.5 say:
6.2.3(3) Vias = (Aow/8) 2 fywa cotd
=0.377 x 3200 x (0.87 x 500) x 2.5 x 107 = 1312 kKN (>Vizq mar)

From Reynolds, Table 4.18, cot@= 2.5 may be used for values of vy, <0.138, where

Wall reinforcement

Vo = Vibyz(1 —fu/250)/u] sufficient for deep
=1312 x 10%*/[300 x 3200 x (1 —32/250) x 32] = 0.049 (<0.138) beam requirements
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Example 2: Reinforcement in Raft Foundation (1) Drawing 4
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Example 2: Reinforcement in Raft Foundation (2) Drawing 5
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Drawing 6
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Example 2: Cross-Sections for Raft Foundation and Basement Walls Drawing 7
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Bar Marks Commentary on Bar Arrangement (Drawings 4-7)

01, 02 Bars (shape code 21) lapping with bars 04, 05 and 06. Lap length = 1500 mm, based on requirement for top
leg (see calculation sheet 12). Cover = 50 mm (bottom), and 25 mm (top and ends).

03 Bars (shape code 21) to lap with vertical bars in basement wall. Projection above basement floor to provide a
lap length above kicker = 1.5 x 35 x 12 + 75 = 725 mm say. For the outer leg (see calculation sheet 12), the
required projection = 1200 mm.

04, 05, 06 Straight bars (maximum length 12 m) curtailed 150 mm from wall face. Bars 04 to 07 with laps of 1050 mm
07,14, 15 | (bottom) and 1500 mm (top). Bars 14 and 15 with minimum lap length = 1.5 x 50 x 16 = 1200 mm.

08 Bars (shape code 11) lapping with bars 04 and 06.
09 Straight bars (additional to minimum reinforcement). Length = 6d + ¢ = 6 x 530 + 300 = 3500 mm.
10 Column starter bars (shape code 11) standing on mat formed by bars 04. Projection above basement floor to

provide lap length above 75 mm kicker = 1.5 x 35 x 32 + 75 = 1800 mm. Cover to bars in column = 50 mm
to enable 35 mm cover to links.

11 Closed links (shape code 51) to hold column starter bars in place during construction.

12 Starter bars (shape code 21) for internal walls. Projection above basement floor to provide a lap length above
75 mm kicker = 1.5 x 35 x 12 + 75 = 725 mm say. Cover to bars in wall =35 mm to enable 25 mm cover to
horizontal bars.

13 Bars (shape code 21) lapping with bars 14 and 15. Lap length = 1200 mm.
16 Straight bars bearing on kicker and curtailed 50 mm below ground floor slab.

17 Bars (shape code 21) lapping with bars 16. Lap length = 1.5 x 35 x 12 = 650 mm say.
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Example 2 Calculation Sheet 15
Reference CALCULATIONS OUTPUT
ISOLATED PAD FOUNDATIONS (Flat slab superstructure)
Loading
From the data tabulated on calculation sheets 32 and 34 of design example 1, and
allowing for the appropriate reduction in the total imposed floor loads, the design
loads for columns B1 and B2 are obtained as follows:
Column B1 (Loads at Top of Basement Wall) Column B1
Load Load Dead Imposed Load | Moment
Case oa (kN) (kN) (kN) | (kN m)
2 |Ultimate 2768 — (739 +22) = 2007 0.6 x 739 + 22 =466 2473 82.1
characteristic 2007/1.25 = 1606 466/1.5=311 1917 53.8
Column B2 (Loads at Top of Basement Floor) Column B2
Load Load Dead Imposed Load | Moment
Case oa (kN) (kN) (kN) | (kN m)
1 | Ultimate 5341 — (1839 +56)=3446 | 0.6 x 1839 +56=1159 4605 52
characteristic 3446/1.25=2757 1159/1.5="773 3530 4.0
For column B2, maximum moment occurs with load case 3 at ground floor level,
when the ultimate values are M = 26.2 kN m and N = 4488 kN (max).
Similarly, the design loads for column A2 can be obtained as follows:
Column A2 (Loads at Top of Basement Wall) Column A2
Load Load Dead Imposed Load | Moment
Case oa (kN) (kN) (kN) | (kN m)
2 |Ultimate 2672 — (862 +26) = 1784 0.6 x 862 +26=543 2327 | 1134
characteristic 1784/1.25 = 1427 543/1.5 =362 1789 84.3

The wall system forming the central core of the building is considered to support
floor and roof areas that extend 3.6 m beyond the gridlines (i.e., 3.4 m outside the
walls), as shown in the figure below.
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Area of flat slab assumed to be supported by internal walls
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Calculation Sheet 16

Reference

CALCULATIONS

OUTPUT

The load due to the tank room and lift motor room, which are located over the area
between the wall on gridline D and the adjacent parallel wall, will be assumed to
be the same as that for the staircase area (see calculation sheet 61 of Example 1).
For the analysis of the spread foundation, the total load on the wall system will be
assumed to be distributed uniformly over the area enclosed by the walls.

Total characteristic dead load at top of basement floor:
kN
12.0 x 144 x7.5= 1296
5x(12.0 x 144 -5.2 x 7.6) x 7.25 =4832
2x2x72x30.8= 887
36.0 x 22.0 x 0.2 x 25 = 3960
10975

Roof

Floors

Staircase areas (%2)

Walls (ignoring openings)
Total

Total characteristic imposed load, including reduction for number of floors:
kN
120 x 144 x0.6= 104

0.6 %[5 x (12.0 x 14.4 — 5.2 x 7.6) x 4.0] = 1600
2x2x72x102= 294
1998

Roof
Floors
Staircase areas (x2)
Total

Overturning moment at top of basement floor, due to characteristic wind force in
direction normal to long face of building: M, = 5346 kN m

Overturning moment at top of basement floor, due to characteristic wind force in
direction normal to short face of building: M, = 2700 kN m

Internal Walls (Loads and Moments at Top of Basement Floor)

Load and Wind Moment M,

Combination Vertical Load (kN) (kN m)

Wind Moment My
(kN m)

Ultimate (1a) | 1.25 x 10975+ 1.5 x 0.7 x 1998 = 15817 | 1.5 x 5346 = 8020
(1b) 1.0 x 10975 = 10975 | 1.5 x 5346 = 8020
2) 1.25 x 10975+ 1.5 x 1998 = 16716 | 0.5 x 8020 =4010

1.5 x 2700 = 4050
1.5 x 2700 = 4050
0.5 x 4050 = 2025

Service (1a) 1.0 x 10975 +0.7 x 1998 = 12374 | 1.0 x 5346 = 5346
(1b) 1.0 x 10975 = 10975 | 1.0 x 5346 = 5346
) 1.0 x (10975 + 1998) = 12973 | 0.5 x 5346 = 2673

1.0 x 2700 = 2700
1.0 x 2700 = 2700
0.5 x2700 = 1350

Design loads due to weight of 250 mm thick basement wall are as follows:
Ultimate 1.25 x 3.76 x 0.25 x 25 =29.4 kN/m. Characteristic 23.5 kN/m

Analysis

Isolated bases will be provided to the columns, the external walls, and the internal
wall system, respectively, with the remainder of the basement floor supported on a
compressible sub-base and tied to the bases. For the bases to the columns and the
internal wall system, a linear distribution of bearing pressure will be assumed.

The base to the external walls will be considered initially as a beam with free ends
on an elastic soil. The moment required to restrain the resulting rotation at the
external end of the beam will then be determined. The wall, considered initially as
a beam propped at the top and fixed at the bottom, will be analysed to determine
the moment at the base due to lateral earth pressure. The out-of-balance moments
at the joint between the wall and the base will then be distributed according to the
relative stiffness of the members, and the resulting effects determined.

Effective span of basement wall between ground floor and basement floor is 4.0 m.
Two soil conditions will be considered: at-rest pressure with surcharge, and active
pressure without surcharge. Ultimate fixed-end moments at bottom of wall are

My max = 1.35 % 0.47 x (10 x 4.0%/8 + 20 x 4.0%/15) = 67.0 KN m/m
Mymin = 1.0 X 0.30 x 20 x 4.0°/15 = 25.6 kN m/m

Lateral soil pressure
on basement wall

. ,ﬂ

£
e
s
[
kS

7
K(g + rH)

Characteristic values
of fixed-end moment
at bottom of wall

M max = 49.6 KN m/m
My min = 25.6 KN m/m
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Calculation Sheet 17

Reference

CALCULATIONS

OUTPUT

9.2.1.1

9.3.1.1 (3)

6.2.2 (6)

6.44(2)

732(2)

BASE TO COLUMN B2

The maximum characteristic load is 3530 kN and the associated bending moment
is negligible. Hence, assuming an allowable increase in the base loading intensity
of 200 kN/m?, the required base area = 3530/200 = 17.65 m* (4.2 m square).

The maximum design ultimate load is 4605 kN, and the resulting uniform bearing
pressure g = 4605/4.2* = 261 kN/m®.

The design bending moment at the face of the column is
Mgq =261 x4.2x1.9%2=1979 kN m
Flexural design

Assuming a 900 mm deep base, and allowing for 50 mm cover with 20 mm bars in
each direction, mean effective depth: d,, = 900 — (50 + 20) = 830 mm

Minimum area of longitudinal tension reinforcement:

Asmin = 0.26( fom!fi)bid = 0.26 % (3.0/500) x 1000 x 830 = 1295 mm?*/m
Maximum spacing of bars:

Smax = 37 <400 mm (but < 250 mm in areas with concentrated loads)

According to the calculated value of M/bd’fy, appropriate values of z/d and 4, can
be determined (Table A1) and suitable reinforcement selected (Table A9).

Mg Ibdfy = 1979 x 10%/(4200 x 830% x 32) = 0.022, z/d = 0.95 (max)
A, =1979 x 10%(0.87 x 500 x 0.95 x 830) = 5770 mm” (21H20-200)
Shear design
The maximum shear stress should not exceed the value given by
VRd.max = 0.5V fea = 0.5 X 0.6(1 = f5/250) X (e fex/1.5) = 0.2(1 = fi/250) fox
=0.2 x (1 -32/250) x 32 =5.58 MPa
The shear stress at the column perimeter is
Vea= Nea/ud = 4605 x 10%/(4 x 400 x 830) = 3.47 MPa (<Vgdmax)

Punching shear checks should be made for control perimeters at distances a < 2d to
determine the critical condition, where:

Length of control perimeter and circumscribed area are, respectively:
u; =4c +2mna, A1=cz+4ca+na2

Net applied shear force and average shear stress are, respectively:
Vea = Nea = 41 % ¢, Vea = Ved/(11d)

The minimum design shear strength for values of a < 2d is given by
VRd,c = Vmin X 2d/a where vpin = 0.035k 3/2fck1/2 and
k=1+(200/d)"> =149, vpyn=0.035 x 1.49°? x 32'>=0.36 MPa

Values for different control perimeters are shown in the following table:

a (mm)

u; (mm)

4, (m%)

Via (kN)

veq (MPa)

Vra,c (MPa)

600
d=830
1000

5370
6815
7883

2.25
3.65
4.90

4018
3652
3326

0.90
0.65
0.51

0.99
0.72
0.60

Cracking due to flexure

Minimum area of reinforcement required in tension zone for crack control:
As,min = kck,ﬁzt.effAct /O_s

k.= 0.4 for bending, k = 0.65 for & > 800 mm, fyi it = fom = 0.3/5>> = 3.0 MPa
for general design purposes, A = bh/2 and o < f; = 500 MPa.

Agmmin = 0.4 % 0.65 x 3.0 x 1000 x 450/500 = 702 mm?*/m (H20-300)

where

Base size
42x42m

19m

NN

Thickness 900 mm

Provide H20-200B
in both directions

Basic control perimeter
for punching shear

Shear satisfactory
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Calculation Sheet 18

Reference

CALCULATIONS

OUTPUT

9.2.1.1

93.1.1 3)

BASE TO INTERNAL WALLS

Under service conditions, the maximum bending moments and co-existent vertical
load are as follows: M, = 5346 kN m, M, = 2700 kN m, N = 12,374 kN.

For a 10 m long base, with wind acting in a direction normal to the long face of the
building, the required base width is

B = (NIL + 6MJ/L*)/200 = (12374/10 + 6 x 5346/10%)/200 = 7.8 m say.

For wind acting in a direction normal to the short face of the building, maximum
bearing pressure is

q=(NIL+6M/L*)/B = (12374/7.8 + 6 x 2700/7.8%)/10 = 185 kN/m’ (<200)

The maximum design ultimate bending moments and co-existent vertical load are
as follows: M, = 8020 kN m, M, = 4050 kN m, N = 15817 kN.

The maximum and minimum values at the ends of the resulting linear distributions
of bearing pressure are as follows:

For wind acting in a direction normal to the long face of the building:

g =(15817/10 £ 6 x 8020/10%)/7.8 = 265 and 141 kN/m?

12m
+—

-
s
L 10.0 m i

£ A
Bearing pressures (kN/m®}

[=]
8 g

Maximum design bending moment at outer face of walls on lines 2 and 3:
Mg =—(265/2 — 15/6) x 7.8 x 1.2> = —1460 kN m
For wind acting in a direction normal to the short face of the building:

q=(15817/7.8 = 6 x 4050/7.8%)/10 = 243 and 163 kN/m’
1.3m

=

163

(=]
o
o™

243

78m

b

Bearing pressures (kN/m?)
Maximum design bending moment at outer face of walls on lines C and D:
Mg =—(243/2 - 13/6) x 10 x 1.3 =-2017 kN m
Flexural design

Consider a 600 mm deep base, with 50 mm cover and 20 mm bars. For bars in the
longitudinal direction, d = 600 — (50 + 20/2) = 540 mm.

Minimum area of longitudinal tension reinforcement:
Agmin = 0.26(feum/f1)bid = 0.26 < (3.0/500) x 1000 x 540 = 843 mm?*/m
Maximum spacing of bars:
Smax = 34 <400 mm (but < 250 mm in areas with concentrated loads)
Mg /bd*fy = 1460 x 10%/(7800 x 540% x 32) = 0.020 z/d = 0.95 (max)
A= 1460 x 10°/(0.87 x 500 x 0.95 x 540) = 6543 mm’ (26H20-300)
For bars in the transverse direction, d = 600 — (50 + 20 + 20/2) = 520 mm.
Mg /bd*fyc=2017 x 10%/(10000 x 5207 x 32) = 0.024 z/d = 0.95 (max)
Ay =2017 x 10%(0.87 x 500 x 0.95 x 520) = 9386 mm’ (33H20-300)

Since the sagging moments in the regions between the walls are small, it is clear
that minimum reinforcement H20-300 (top and bottom) will suffice.

Base size
10.0m x 7.8 m

Thickness 600 mm

Provide H20-300
(top and bottom)
throughout
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Calculation Sheet 19

Reference

CALCULATIONS

OUTPUT

Shear design

Maximum design shear force at distance d from outer face of walls on lines C and
D (i.e., 0.78 m from edge of base) is: Vgg = (243 — 8/2) x 0.78 = 187 kN/m

Vea = Ved/(bd) = 187 x 10%/(1000 x 520) = 0.36 MPa (< Vyiy)
Cracking

From the calculations for the raft foundation (calculation sheet 11), it is clear that
the provision of H20-300 as minimum reinforcement satisfies the criteria.

BASE TO EXTERNAL WALL

Consider the wall on line 1, and assume that the concentrated load and bending
moment at column B1 are distributed uniformly over a length of 7.2 m. If the base
is positioned so that the bending moment at the centre of the base due to vertical
load is equal to the fixed-end moment at the bottom of the wall due to lateral soil
pressure, a uniform distribution of bearing pressure results. Thus, there is no tilting
of the base, and the assumption of full fixity at the bottom of the wall is correct.
Clearly, this condition cannot always be achieved, and the effect of base tilting on
the bending moment at the bottom of the wall often needs to be considered.

In such cases, the following iterative procedure can be used, where F is the vertical
load, M, is the fixed-end moment at the base of the wall, £7 is the flexural rigidity
of the wall, k; is the modulus of subgrade reaction of the bearing stratum and 6 is
the slope of the base. The dimensions of the wall and base are shown in the figure.

(1) Assume a value M, for the bending moment at the bottom of the wall, such that
My> M, > N(a - b/2). Calculate ¢ = (a — M,/N).

(2) If ¢ < b/3, calculate @= N/4.5¢%k,. If ¢ > b/3, calculate 8= 6N (1 — 2¢/b) /b,
(3) Calculate (M, — M), where M, = 3EIO/H>.

(4) If M, = (My — M,), M, is the correct value for the moment at the bottom of the
wall. Otherwise, assume a new value for M; and repeat procedure until the correct
value is found.

Case 1. Characteristic loads with maximum vertical load on building and either (a)
maximum, or (b) minimum, soil pressure on wall. Load and fixed-end moments at
bottom of wall are as follows:

Total load: N=23.5+1917/7.2 = 290 kN/m
Minimum width of base = 290/200 = 1.45 m
(a) Fixed-end moment: My =-49.6 + 0.5 x 53.8/7.2 = =46 kN m/m
Eccentricity of vertical load for uniform bearing = 46/290 = 0.16 m
(b) Fixed-end moment: M, =-25.6 + 0.5 x 53.8/7.2 = -22 kN m/m
Eccentricity of vertical load for uniform bearing =22/290 = 0.08 m

Since the column load is so dominant, the centre of the total load is approximately
at the column centre. For a 1.6 m wide base, with outer edge 0.7 m from centre of
column, @ = 1.6 = 0.7 = 0.9 m. Modulus of subgrade reaction ks = 12 MN/m’.

(a) If My =35 kKN m/m, ¢ = 0.9 — 35/290 = 0.780 m (>b/3 = 0.53 m)

=6 x290 x (1 -2 % 0.780/1.6)/(1.6> x 12 x 10*) = 1.42 x 10~°

M, =3 x33x10°x (0.25%12) x 1.42 x 107/4.0> = 11.4 kN m/m

My— M, =46 —11.4=34.6 kN m/m (= M, approx)

Maximum bearing pressure = 290/1.6 + 6 x (35 —290 x 0.1)/1.6* = 196 kN/m?
(b) If My =27 kN m/m, ¢ = 0.9 — 27/290 = 0.807 m (>b/3 = 0.53 m)

=6 x290 x (1 -2 x 0.807/1.6)/(1.6> x 12 x 10*) = -0.50 x 107

M, =3 x33 x 10° x (0.25%/12) x (-0.50) x 107/4.0> = 4.0 kN m/m

My— M, =22 +4.0=26.0 kN m/m (= M, approx)

Maximum bearing pressure = 290/1.6 + 6 x (290 x 0.1—26)/1.6> = 188 kN/m’

167

Case 1 (b)
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Calculation Sheet 20

Reference

CALCULATIONS

OUTPUT

Case 2. Ultimate design loads with maximum soil pressure on wall and either (a)
maximum, or (b) minimum (i.e. constructed up to ground floor only), load on the
building. Loads and fixed-end moments at base of wall are as follows:

(a) Total load: N =29.4 +2473/7.2 =373 kN/m
Fixed-end moment: My=-67.0 + 0.5 x 82.1/7.2 =-61 kN m/m
If My =45.5 kKN m/m, ¢ = 0.9 — 45.5/373 = 0.778 m (>b/3 = 0.53 m)
0=6x373 x (1 -2 x0.778/1.6)/(1.6* x 12 x 10°) =2.00 x 10~
M, =3 %33 x 10° x (0.25%/12) x 2.00 x 107%/4.0> = 16 kN m/m
My— M, =61-16 =45 kN m/m (= M, approx)
Bearing pressures at inner and outer edges of base are:
q=373/1.6+ 6 x (46 — 373 x 0.1)/1.6° = 253 kN/m* and 213 kN/m’
(b) N=23.5+261/7.2 = 60 kN/m My=-67.0 kN m/m
If My =26 kN m/m, ¢ = 0.9 — 26/60 = 0.467 m (< b/3 = 0.53 m)
0=60/(4.5 x 0.467* x 12 x 10°) =5.09 x 107
M, =13 %33 x10°x (0.25%/12) x 5.09 x 107/4.0> = 41 kN m/m
My— M, =67 —41 =26 kN m/m (= M))

Flexural design

Consider a 400 mm deep base, with 50 mm cover and 12 mm bars. For bars in the
transverse direction, d =400 — (50 + 12/2) = 340 mm say.

Minimum area of transverse reinforcement:
Agmin = 0.26(fcum/f1)bid = 0.26 % (3.0/500) x 1000 x 340 = 531 mm?/m

Case 2 (b)

9.2.1.1
Maximum spacing of bars:
9.3.1.1 3) Smax = 31 <400 mm (but <250 mm in areas with concentrated loads)
Maximum moment occurs for case 2 (a), where value at inside face of wall is
Myq =253 x 0.85%/2 25 x 0.85%/3 = 86.3 kN m/m
Mg /bdfyc = 86.3 x 10%/(1000 x 340% x 32) = 0.024 z/d = 0.95 (max) )
g ) Provide H16-300B
A,=86.3 x 10°/(0.87 x 500 x 0.95 x 340) = 615 mm~/m (H16-300) in both directions
Shear design
Maximum shear force at distance d from inside face of the wall (i.e. 0.51 m from
inner edge of base) is
Vg =253 x 0.51 =25 x 0.51%/2 = 126 kN/m 510
Maximum shear stress is | |
vea = Vid/(bd) = 126 x 10*/(1000 x 340) = 0.37 MPa Y UI
s N
The minimum shear strength, where k= 1 + (200/d)" = 1.76, is given by
622 (1) Vinin = 0.0356 %, 12 = 0.035 x 1.76%% x 32" = 0.46 MPa (>vgq) Shear satisfactory
DESIGN OF BASEMENT WALL
Durability
BS 8500 For the external surface, exposure class XC2 applies and cpor, = 35 mm is needed. Cnom = 35 mm
Flexural design
Allowing for 25 mm cover, 16 mm diameter bars (EW) and horizontal bars in the
outer layers, for the vertical bars, d =250 — (35 + 16 + 16/2) = 190 mm.
Minimum area of vertical tension reinforcement:
9.2.1.1 Agmin = 0.26 x (3.0/500) x 1000 x 190 = 297 mm*/m (H12-300)
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Calculation Sheet 21

Reference

CALCULATIONS

OUTPUT

73.2(2)

622 (1)

732(2)
734

PD 6687
2.16

Minimum area of reinforcement required in tension zone for crack control:
As,min = kckf;t,effAct /O-s Where

ke = 0.4 for bending, k= 1.0 for 4 <300 mm, fyctr = fom = 0.3/a*> = 3.0 MPa
for general design purposes, 4, = bh/2 and o < fy = 500 MPa.

Agmin = 0.4 1.0 x 3.0 x 1000 x 125/500 = 300 mm*/m (H12-300)

Maximum design ultimate moment at bottom of wall occurs for case 2 (a), where
Mgq=45.5 kKN m/m. Hence, from Table A4:

MIbd*fy = 45.5 x 105/(1000 x 190* x 32) = 0.040 z/d = 0.95 (max)
Ay=45.5 x 10%(0.87 x 500 x 0.95 x 190) = 580 mm*/m (H16-300)

Minimum design ultimate moment at bottom of wall occurs for case 2 (b), where
Mgq =26 kKN m/m.

Corresponding shear force at top of wall is
Vea = 1.35 x 0.47 x (10 x 4.0/2 + 20 x 4.0%/6) — 26/4.0 = 40 kN/m
If a, is distance from top of wall to point of zero shear, then
Vea—1.35%0.47 x (10a, + 20a02/2) = (0 which gives ¢, =2.1 m
Hence, maximum sagging moment (at a, = 2.1 m) is
Mig=Vig % ag— 1.35 % 0.47 x (10a,2/2 + 20a,°/6) = 51 kN m
As=151 % 10%(0.87 x 500 x 0.95 x 190) = 650 mm*/m (H16-300)
Shear design
Maximum shear force at bottom of wall occurs for case 2 (a), where:
Vea =135 x 0.47 x (10 x 4.0/2 + 20 x 4.0%/3) + 45.5/4.0 = 91.8 kN/m
Vea = Ved/(bd) = 91.8 x 10*/(1000 x 190) = 0.49 MPa
Minimum design shear strength, where £ = 2.0 for d <200 mm, is
Vinin = 0.035K, 12 = 0.035 x 2.0%? x 32! = 0.56 MPa (> vgg)

Cracking due to restrained early thermal contraction

Minimum area of horizontal reinforcement, with f .= 1.8 MPa for cracking at age
of 3 days, k. = 1.0 for tension and k& = 1.0 for 2 <300 mm, is given by

Aqpmin = kekforeided/fye = 1.0 x 1.0 x 1.8 x 1000 % 125/500 = 450 mm®/m (EF)

With ¢ = 35 mm, k; = 0.8 for high bond bars, k, = 1.0 for tension, /. as the lesser
of 2.5(h - d) and h/2, and H12-200 (EF) as minimum reinforcement:

Stmax = 34C + 0-425klk2(Ac,eff/As) ¢
=3.4x35+0.425x0.8 x 1.0 x (2.5 x 41 x 1000/565) x 12 = 860 mm

With R = 0.8 for wall on a thick base, AT = 25°C for 350 kg/m’ Portland cement
concrete and 250 mm thick wall (Reynolds, Table 2.18), and &= 12 x 10~ per "C:

W= (0.8RAAT) X Sy max = 0.8 X 0.8 x 12 x 107 x 25 x 860 = 0.17 mm
Wall as deep beam (see calculation sheets 13 and 14)
For the wall on gridline A, the design ultimate column loads and resulting bending

moments are as shown in the figure below:

776 kN 2327 kN 2327 kN 776 kN

i ¥ y

60m 7.2m 60m

| "]
T~ 1

b3
o

Column loads

]

455 KNm

Case 2 (a)

£
~

51 kNm

st
26 kNm
A

Case 2 (b)

Provide H16-300 (EF)
vertical reinforcement

Provide H12-200 (EF)
minimum horizontal
reinforcement
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Calculation Sheet 22

Reference

CALCULATIONS OUTPUT

6.2.3(3)

936 051 936

LN/ N
VY

1146 1146

Bending moments (kN m)

The required areas of longitudinal tension reinforcement, with z = 2640 mm, are

For sagging: A, =951 x 10%(0.87 x 500 x 2640) = 828 mm’ (8H12)

For hogging: A, = 1146 x 10%(0.87 x 500 x 2640) = 998 mm” (9H12)
Providing H12-200 (EF) as minimum horizontal reinforcement will be sufficient.
The maximum shear force is at column B1, where Vigmax = 0.5 x 2473 = 1237 kN.

Veamax /b d = 1237 x 10%/(250 x 3600) = 1.38 MPa (<Vigmax = 5.58 MPa)

At distance d from the face of the columns, the shear force is negligible. Moreover,
with H12-300 as minimum vertical bars on one face of the wall, z = 3200 mm and
cotd=2.5 (see calculation sheet 14):

Vias = (Aow /8) 2 fywa cotd
=0.377 % 3200 x (0.87 x 500) x 2.5 x 107 = 1312 kN (>Viqmar)

732(2)

DESIGN OF BASEMENT FLOOR

The 200 mm thick slab, which is tied throughout, is effectively continuous and will
be reinforced to control cracking due to early thermal contraction.

Minimum area of horizontal reinforcement, with k., = 1.0 for tension and £ = 1.0 for
h <300 mm, is given by
Asmin = kekfereiide = 1.0 x 1.0 x 1.9 x 1000 x 100/500 = 380 mm*/m (EF)

This can be provided by A393 fabric (EF), with the sheet widths chosen to suit the
widths of the slab panels, and a longitudinal lap length = 1.5 x 35 x 10 = 525 mm.

Tie bars between the bases and the slab panels provide slightly less area than the
minimum reinforcement. The bars are able to yield inside the de-bonding sleeves,
and the joints are provided with external waterstops and top surface sealants.

Bar Marks

Commentary on Bar Arrangement (Drawings §-9)

01, 08, 10
02,09, 11
03

04, 05, 12
06

07
13

Straight bars with 50 mm cover against blinding (bottom and ends).
Straight bars with 50 mm cover at ends, to provide support to bars 03 and 04.

Tie bars de-bonded either side of joint between base and adjacent floor slab. Projection length for anchorage
and de-bonding = 35 x 16 + 150 = 700 mm say. Bars approximately at mid-depth of floor slab, but displaced
10 mm in each direction (up one way and down the other way) to avoid bars clashing at corners of bases.

Bars (shape code 21), with covers in each direction differing by 20 mm to suit layering of bars.

Column starter bars (shape code 11) standing on mat formed by bars 01. Projection of bars above basement
floor to provide a lap length above 75 mm kicker = 1.5 x 35 x 32 + 75 = 1800 mm. Cover to bars in column
=50 mm to enable 35 mm cover to links.

Closed links (shape code 51) to hold column starter bars in place during construction.

Starter bars (shape code 21) for internal walls. Projection above basement floor to provide a lap length above
75 mm kicker = 1.5 x 35 x 12 + 75 = 725 mm say. Cover to bars in wall = 35 mm to enable 25 mm cover to
horizontal bars.
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Example 2: Reinforcement in Base to Internal Columns Drawing 8

[21H12-03, 21H12-04, 21H12-05]-200 #

1=
<
N -l.‘ K
I hn e
8|1 &
B § I B st I §
A2, 21§ B 2 1=
sf ] : o 1|3
S : ®_@_ E g A
ah & I l § e Aa
= 4H12-02 S| aH12-02 ==
™ ﬂ’i N
g :l, 21H20-01-20082 "ll g
o~ < > &
T | o | |
al |1 <1 d 1B
I
4| o | A -I'i' N
. [21H12:03, 21H12-04, 21H12-05}-200
~ ]
3)
BASE TO COLUMN B2
I&ri—anaz-oa
50 cover to
starter bars
700
el | L
o EEwa-o}uzoo
Y

—— 300 mm long de-bonding sleeve —— 300 mm long de-bonding sleeve

J
700 700
50 cover to 04 and 05 30 cover to 04 and 05
L e e
r *“ 8 Y

£l
& 02 02 02
g o= < 04 L 03 g — 04 LOS
¥ 02 02 s o2 02
- =l e p—— - Zx.

200 '4-05 01 |200'$05 :}I:

. S "

01 05 01 05
-~ 50 cover

B-B C-C




130 Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 2: Reinforcement in Base to Internal Walls Drawing 9
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Drawing 10
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Example 2: Cross-Sections for Basement Wall and Footing Drawing 11
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bars in wall

B-B

13

e

Construction joint with external waterstop

300 mm long
de-bonding sleeve

I 700

cxac:
&

_ i
RS

700 1 =
&'—T o o z1

} 03 L 02 03

,:—01 02 | PR B - .
- xxlrz
03 )l L —S0cover g3 — 01 J
™~ ™~ ral
A-A c-Cc
Bar Marks Commentary on Bar Arrangement (Drawings 10-11)
01 Bars (shape code 21) with 50 mm cover against blinding (bottom and ends).
02 Tie bars de-bonded either side of joint between base and adjacent floor slab. Projection length for anchorage

and de-bonding = 35 x 16 + 150 = 700 mm say. Bars approximately at mid-depth of floor slab, but displaced
10 mm down for walls on lines A and F, and 10 mm up for walls on lines 1 and 4.

03, 05 Bars (shape code 11) with 50 mm cover against blinding (bottom and ends).
04 Straight bars (12 m long) with lap length = 1.5 x 35 x 16 = 900 mm say.
06, 07 Starter bars (shape code 21) for wall and columns. Projection above basement floor to provide a lap length

above 200 mm kicker = 1.5 x 35 x 16 + 200 = 1050 mm say.

08 Straight bars bearing on 200 mm kicker, and curtailed 50 mm below ground floor slab.

09 Bars (shape code 21) with lap length = 1.5 x 35 x 12 = 650 mm say.

10 Bars (shape code 26) bearing on 200 mm kicker and cranked to fit alongside bars projecting from footing.
Projection of bars above ground floor level = 1.5 x 35 x 16 + 75 = 925 mm.

11 Closed links (shape code 51), with 35 mm nominal cover, starting above kicker and stopping below ground
floor slab.

12 Bars (shape code 21) with lap length = 1.5 x 50 x 12 =900 mm.

13, 14 Straight bars (12 m long maximum), starting above kicker and stopping below ground floor slab. Lap length

=1.5x50x12 =900 mm.
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Example 2: Foundations to Multi-Storey Building

Calculation Sheet 23

Reference

CALCULATIONS

OUTPUT

PILE FOUNDATIONS (Flat slab superstructure)

BS-EN
1997-1

9.8.5(3)
Table 9.6N

Loading

Critical design values determined on calculation sheets 15-16, for the columns and
internal wall assembly, are as follows:

Limit State Ultimate Characteristic/Serviceability
Member Load Moment Load Moment
(kN) (kN m) (kN) (kN m)
Column B1 2473 82.1 1917 53.8
Column B2 4605 52 3530 4.0
Column A2 2327 113.4 1789 84.3
Internal walls 15,817 M, = 8020 12 374 M, = 5346
ditto 15,817 M, = 4050 12374 M, =2700

Design loads due to weight of the 250 mm thick basement wall are as follows:
Ultimate: 29.4 kN/m Characteristic: 23.5 kN/m

Fixed-end moments at the bottom of the wall due to maximum or minimum lateral
soil pressures are:

Ultimate: 67.0 or 25.6 kN m/m Characteristic: 49.6 or 25.6 kN m/m
Characteristic loads for the 250 mm thick basement floor slab are as follows:

Slab and finishes: 0.250 x 25 +1.25=7.5kN/m>  Imposed: 4.0 kN/m’
Total design loads for basement floor slab are as follows:

Ultimate: 1.25 x 7.5 + 1.5 x 4.0 = 15.4 kN/m’ Characteristic: 11.5 kN/m’

Design of piles

A preliminary examination of the foundation loads shows that the load at external
columns B1 and A2 is approximately 60% of the load at internal column B2. An
arrangement of 3 piles at the external columns and 5 piles at the internal columns
will be considered. Initial calculations show that 600 mm diameter piles embedded
about 14 m into the underlying clay stratum (¢, = 150 kN/m?) would be suitable.

The characteristic bearing resistance of a pile is given by Ry = Ry, + Ry where:
Ry = gui Ay 1s the base resistance, and Ry = g4 4, is the shaft resistance.
For a 14 m length with gy = 9¢, and gy = 0.5¢, :
Ry =9 x 150 x (3.14 x 0.6%/4) + 0.5 x 150 x (3.14 x 0.6) x 14
=382+ 1978 =2360 kN

In practice the value of gy will vary with depth and the shaft resistance provided
by each stratum would be summed over the embedment length. Similarly, the value
of gy at the bottom of the pile would be used to assess the base resistance.

The design ultimate bearing resistance is given by Req = Ru/¥v + Ry/y s Thus, with
7 = 1.6 (for bored piles) and ys=1.3: R, =382/1.6 +1978/1.3 = 1760 kN

Note: This value applies when the % values on actions are j; = 1.0 and y, = 1.3.

Fundamentally, the settlement of pile foundations under serviceability and ULS
conditions should be assessed, but it is common practice to restrict the
characteristic/service pile load to 40% of the characteristic bearing resistance. For
the purpose of the example, the characteristic/service load for a 14 m embedment
length will be restricted to 2360/2.5 = 944 kN.

Minimum area of longitudinal reinforcement in cast-in-place bored pile:
A ppmin = 0.0054, = 0.005 x (3.14 x 600%/4) = 1413 mm® (6H20)

With 75 mm cover to 10 mm links, spacing of longitudinal bars around periphery
of pile = (600 — 190) x 3.14/6 = 215 mm (clear distance between bars < 200 mm).
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Calculation Sheet 24

Reference

CALCULATIONS

OUTPUT

8.4.4 (1)
Table 8.2

9.2.1.1 (1)

9.8.1(3)

6.2.2 (6)

6.2.2(1)

6.2.2 (6)

BASE TO COLUMN B2
Assume a group of 5 X 600 mm diameter bored piles, with one centre pile and four
perimeter piles spaced at 2.4 m centres, and a 3.6 m square x 1.0 m deep pile cap.

Maximum characteristic load at bottom of column is 3530 kN and the associated
bending moment is negligible. Additional characteristic load from the basement
floor slab and pile cap (plus 150 mm concrete overlay) is as follows:

Fraga=12%x72x72x11.5+ 3.6° x 1.15 x 25 = 1088 kN
Total characteristic load = 3530 + 1088 = 4618 kN (924 kN per pile).

The maximum design ultimate load at the bottom of the column N = 4605 kN and
the corresponding additional load is as follows:

Fuaga= 1.2x72x7.2x154+125x3.6°x 1.15 x 25 = 1424 kN
Total design ultimate load = 4605 + 1424 = 6029 kN (1206 kN per pile).

Design of pile cap

The forces in the pile cap resulting from the design ultimate column load may be
determined by truss analogy. Since one of the piles is directly below the column,
only 80% of the column load contributes to the forces in the truss. This is of a
triangulated form with a node at the centre of the loaded area and four lower nodes
located at the intersections of the centrelines of the perimeter piles with the tensile
reinforcement. If d is the effective depth of the reinforcement, and / is the spacing
of the perimeter piles, the tensile force along each side of the square formed by the
piles is given by F = 0.8 Ny x 1/8d.
With d =900 mm (i.e., bars 100 mm from bottom of pile cap) and /= 2100 mm:
Fy=0.1 x 4605 x 2400/900 = 1228 kN
Area of reinforcement required between each pair of perimeter piles:
A= 1228 x 10*/(0.87 x 500) = 2823 mm* (6H25-200)

The bars should be contained within a band extending not more than 1.5d each side
of the pile centreline, and provided with a tension anchorage beyond the centres of
the piles. For bent bars with half the gap between adjacent bars >3 ¢, and ‘good’
bond conditions, lyg = olyrqq = 0.7 X 35 X 25 = 625 mm say.

With 75 mm cover, distance from end of bar to centre of pile = 600 —75 = 525 mm.
Thus, the addition of a minimum radius bend will provide sufficient anchorage.

Minimum total area of longitudinal reinforcement in each direction:
Agmin = 0.26 % (3.0/500) x 3600 x 900 = 5055 mm’

Since, in each direction, the area of reinforcement provided in two ties (12H25) is
sufficient to meet the total minimum requirements, there is no need to provide any
further reinforcement in the bottom of the pile cap. Also, the sides and top surface
may be unreinforced when there is no risk of tension developing in these areas.

Consider the critical section for shear to be on a line inside the piles at a distance of
20% of the pile diameter from the inner face. Distance of this section from the face
of the column is a, = 0.5 x (2400 — 400) — 0.3 x 600 = 820 mm.

The critical shear occurs on a vertical section extending across the full width of the
pile cap. The contribution of the column load to the shear force may be reduced by
applying a factor = a,/2d for 0.5d < a, < 2d. Here, = 820/(2 x 900) = 0.46.

Thus, applying this factor to 40% of the column load (load on two piles):
Veq = Via/bd = 0.46 x 0.4 x 4605 x 10*/(4000 x 900) = 0.24 MPa

The minimum shear strength, where & = 1 + (200/d)"* = 1.47, is given by
Vmin = 003567, = 0.035 x 1.47°% x 32! = 0.35 MPa (>vgg)

Shear stress due to 80% of column load calculated at perimeter of column:
Vidmax = Vidmax /ttd = 0.8 x 4605 x 10%/(4 x 400 x 900) = 2.56 MPa
VRd.max = 0.2(1 — £4/250) for. = 0.2 x (1 — 32/250) x 32 = 5.58 MPa (> Vid max)

Pile cap 3.6 m square
and 1.0 m deep with a
5 pile arrangement as
shown below.

Provide 6H25-200 at
bottom between each
pair of perimeter piles
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Example 2

Calculation Sheet 25

Reference

CALCULATIONS

OUTPUT

9.2.1.1 (1)

9.2.2(5)
9.2.2 (6)

BASE TO EXTERNAL WALLS

Assume a 1.0 m wide x 1.0 m deep pile beam with 3 x 600 mm diameter bored
piles, spaced at 1.8 m centres, located under each external column.

The maximum characteristic load at the top of the wall for column B1 is 1917 kN.
The associated bending moment will be incorporated in the design of the basement.

The additional characteristic load from the basement wall, floor slab and pile beam
(plus concrete overlay) is as follows:

Fraa=12%72x(23.5+24x 115+ 1.0 x 1.15 x 25) = 690 kN
Total characteristic load = 1917 + 690 = 2607 kN (869 kN per pile).

The maximum design ultimate load at the bottom of the column is 2473 kN and the
corresponding additional load is as follows:

Flaaa= 12x72%(294+24x154+1.25 x28.75) =884 kN
Total design ultimate load = 2473 + 884 = 33,357 kN (1119 kN per pile).
Design of pile beam

Load from the column and basement wall will be transferred to the piles mainly by
deep beam action in the wall. For the pile beam:

Minimum area of longitudinal reinforcement:
Aqmin = 0.26 % (3.0/500) x 1000 x 900 = 1404 mm”* (3H25)
Minimum requirements for vertical links are given by
Agyls = (0.08Vf2) by /fyp = (0.08V32) x 1000/500 = 0.91 mm*/mm
§<0.75d=0.75 x 900 = 675 mm (H16-400 say)

Pile beam 1.0 m wide
and 1.0 m deep with 3
piles at 1.8 m centres
located under each
external column.

Provide 3H25-300
at top and bottom
with H16-400 links

BASE TO INTERNAL WALLS

Assume a group of 20 x 600 mm diameter bored piles, arranged in a rectangular
grid as shown in the figure below, with an 8.4 m x 6.0 m x 1.0 m deep pile cap.
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Plan showing layout of piles to internal walls

Under service conditions, the maximum bending moments and co-existent vertical
load are as follows: M, = 5346 kN'm, My = 2700 kN m, N = 12,374 kN.

Additional characteristic load from area of basement floor slab assumed to extend
3.6 m beyond the gridlines on all sides, and pile cap (plus concrete overlay) is

Pile cap 8.4 m x 6.0 m
and 1.0 m deep with a
20 pile arrangement as
shown in figure.
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Calculation Sheet 26

Reference

CALCULATIONS

OUTPUT

9.2.1.1 (1)

Fyaaa=14.4%x12.0 x 11.5+ 8.4 x 6.0 x 1.15 x 25 = 3436 kN

Total co-existent service load Ny = 12,374 + 3436 = 15,810 kN

Second moments of area of pile group are as follows:
L,=2x4x(1.8+3.6)=129.6 m’, I,=2x5x(0.87+2.4%) =640 m’

For wind acting in a direction normal to the long face of the building, maximum
load on each pile in outermost row of piles:

Npmax = 15,810/20 + 5346 x 3.6/129.6 = 939 kN (<944 kN)

For wind acting in a direction normal to the short face of the building, maximum
load on each pile in outermost row of piles:

Npmax = 15,810/20 + 2700 x 2.4/64.0 = 892 kN (<944 kN)

The maximum design ultimate bending moments and co-existent vertical load are
as follows: M, = 8020 kN m, M, = 4050 kNm, N= 15,817 kN.

Corresponding additional load is
Fyaaa=14.4x12.0 x 154+ 1.25 x 1449 = 4473 kN
Total co-existent design ultimate load Ny = 15817 +4473 = 20,290 kN

For wind acting in a direction normal to the long face of the building, maximum
load on each pile in outermost row of piles:

Npmax = 20,290/20 + 8020 x 3.6/129.6 = 1238 kN
Design of pile cap

For the piles on the gridlines, the load from the walls will be transferred principally
by deep beam action within the walls. For the remaining piles, load transference
will occur by bending or truss action in the pile cap.

Minimum area of reinforcement required in each direction:
Agmin = 0.26 x (3.0/500) x 1000 x 900 = 1404 mm*/m (H25-300)

For wind acting in a direction normal to the long face of the building, considering
the design ultimate loads without the additional load from the basement slab and
pile cap, maximum load on each pile in second row of piles:

Noymax = 15,817/20 + 8020 x 1.8/129.6 = 902 kN

Maximum hogging moment in pile cap (at second pile in row);
Mg =902 x 2.4 x2/9=481 kNm

Area of reinforcement required in transverse tie between piles;
Ag =481 x 10%(0.87 x 500 x 0.95 x 900) = 1294 mm® (4H25)

Clearly, the provision of minimum reinforcement throughout will be sufficient.

Provide H25-300 top
and bottom in each
direction

BASEMENT FLOOR AND WALL
Analysis

The floor slab will be analysed as a series of rectangular strips in two directions at
right angles. The width of an internal strip is taken between centrelines of adjacent
panels. The width of an edge strip is taken from the centreline of the external wall
to the centreline of the first panel. Load on an edge strip is effectively distributed
by the basement wall, and there is no need to analyse the strip for structural effects
in the direction parallel to the wall. The wall will be considered as a slab propped
at the top and continuous at the bottom.

The effective span of the wall between ground floor and basement floor is 4.0 m.
Two soil conditions will be considered: at-rest pressure with surcharge, and active
pressure without surcharge. Ultimate fixed-end moments at bottom of wall are

My max = 1.35 % 0.47 x (10 x 4.0%/8 + 20 x 4.0%/15) = 67.0 kN m/m
Miygmin= 1.0 x 0.30 x 20 x 4.0%/15 = 25.6 kKN m/m




Example 2: Foundations to Multi-Storey Building

Example 2

Calculation Sheet 27

Reference

CALCULATIONS

OUTPUT

STRIP ON LINE B

: 1
o
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N 7N AN

n 6.0m 4 72m i 6.0m b
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©) @ ® ®

Effective spans of members

Since the spans and the load cases are symmetrical about the centreline, an analysis
can be carried out for one-half of the strip by taking the stiffness of the central span
as half the actual value. Since the wall is considered to be propped at the top, the
stiffness of the end span will be taken as three-quarters of the actual value. Since
wall and slab are of equal thickness, the values of / will be the same for each.

Distribution factors for unit moment applied at joint 1:

Dy, =(0.75/4.0)/(0.75/4.0 + 1.0/6.0) = 0.530 Dy, =0.470
Distribution factors for unit moment applied at joint 2:

Dy, =(1.0/6.0)/(1.0/6.0 + 0.5/7.2) =0.706  Ds,3=10.294

Maximum and minimum design loads for a full panel width of 7.2 m, assuming
shear force coefficients in the orthogonal direction of 0.6 for each span, are

1.2 x 7.2 x15.4 =133 kN/m (max) 1.2 x 7.2 x 11.5 =100 kN/m (min)
Fixed-end moments due to maximum load on floor slab are

Mgo=133 x 6*/12 =399 kN m M7,=133%x72%12=575kNm
Fixed-end moments due to minimum load on floor slab are

Mo =100 x 6%/12 =300 kN m M72=100x7.2%/12 =432 kN m

Fixed-end moment at bottom of wall with maximum/minimum soil pressure on
wall and minimum/maximum moment on column is

M, =-67.0 x 7.2+ 0.5 x 33.1 =-466 kN m (max)
My =-25.6x72+0.5x82.1 =-143 kN m (min)

Although the strip can be conveniently analysed by computer program, a moment
distribution procedure is used here. In the table below, basic operations are shown
in rows 1 and 2 with a 50% moment carry-over in span 1-2. No moment carry-over
occurs in span 2-3 since only 50% of the actual stiffness was taken in calculating
the distribution factors. Rows 3 and 4 are obtained by combining rows 1 and 2 in
such a way that the moments at one joint can be balanced without disturbing the
moment equilibrium at the other joint. Rows 5 and 6, which are obtained simply
from rows 3 and 4, can now be used to balance the moments at each joint in turn.

Joint and Member Joint 1 Joint 2
Row | Moments in members due to Wall Slab | Slab | Slab
moments applied at joints 1-2) | 2-1) | 2-3)
1 Unit moment at joints 1 and 4 0.530 | 0.470 | 0.235
2 | Unit moment at joints 2 and 3 0.353 | 0.706 | 0.294
3 | (Row 1)/0.235 — (Row 2) 2.255 | 1.647 | 0.294 |-0.294
4 | (Row 2)/0.353 —(Row 1) —0.530 | 0.530 | 1.765 | 0.833
5 | (Row 3)/(2.255 + 1.647) 0.578 | 0.422 | 0.075 |—-0.075
6 | (Row 4)/(1.765 + 0.833) —0.204 | 0.204 | 0.680 | 0.320
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Example 2 Calculation Sheet 28

Reference CALCULATIONS OUTPUT

For each load case, fixed-end moments are determined for each span. The algebraic
sum of the moments either side of each internal support can now be balanced and
the resulting values obtained as shown in the following table.

Load | Moments (kN m) at Ends of | Bottom | Support Support 2
Case Members for Load Case of Wall 1 LH RH

1 Maximum pressure on wall and maximum load on all spans of floor

Fixed-end moments —466 -399 399 =575
(Row 5) x 865 500 365 65 —-65
(Row 6) x 176 -36 36 120 56
Sum to obtain final moments -2 2 584 —584

2 As case 1 but minimum load on interior span of floor

Fixed-end moments -466 -399 399 —432
(Row 5) x 865 500 365 65 —65
(Row 6) x 33 -7 7 22 11

Sum to obtain final moments 27 -27 486 —486

3 As case 1 but minimum load on end spans of floor

Fixed-end moments —466 -300 300 =575
(Row 5) x 766 443 323 58 —58
(Row 6) x 275 -56 56 187 88

Sum to obtain final moments -79 79 545 —545

4 Minimum pressure on wall and maximum load on all spans of floor

Fixed-end moments —143 -399 399 -575
(Row 5) x 542 313 229 40 —40
(Row 6) x 176 -36 36 120 56

Sum to obtain final moments 134 -134 559 -559

5 As case 4 but minimum load on interior span of floor

Fixed-end moments —143 -399 399 —432
(Row 5) x 542 313 229 40 —40
(Row 6) x 33 -7 7 22 11

Sum to obtain final moments 163 -163 461 —461

6 As case 4 but minimum load on end spans of floor

Fixed-end moments —143 -300 300 -575
(Row 5) x 443 256 187 33 -33
(Row 6) x 275 -56 56 187 88

Sum to obtain final moments 57 -57 520 -520

Shear forces at the ends of each span and the maximum sagging moment in the
span can now be determined, and the results are given in the following table.
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Example 2 Calculation Sheet 29
Reference CALCULATIONS OUTPUT
Maximum Moments and Shear Forces for Load Cases
Load Moment (kN m) at location Shear (kN) at location
oa
Case | Support | Span | Support | Span | Support | Support | Support
1 1-2 2 2-3 1 2 (LH) | 2 (RH)
1 2 343 — 584 278 301 497 479
2 =27 363 —486 162 322 476 360
3 79 271 —545 317 196 404 479
4 -134 271 -559 303 328 470 479
5 -163 295 —461 187 349 449 360
6 =57 192 -520 342 223 377 479
5.3.2.2(4) | The hogging moment at support 2 may be reduced by AMgg = Frq(#/8), where
Frqsup 1s the design support reaction and ¢ is the breadth of the support.
STRIP ON LINE 2
For the purpose of analysis, the floor slab will be considered fully fixed at line C.
E
b=
7]
< 7< 174
- T2m v 72m "
f 1 1
® ® ©
Effective spans of members
Distribution factors for unit moment applied at joint A:
D,, = (0.75/4.0)/(0.75/4.0 + 1.0/7.2) = 0.574, Dgap=0.426
Distribution factors for unit moment applied at joint B:  Dgp o = Dsp.c = 0.500
Assuming shear force coefficients for the spans in the orthogonal direction of 0.60
for the end span and 0.5 for the interior span, the loaded width for the strip on line
2 s (0.6 x 6.0 + 0.5 x 7.2) = 7.2 m. Thus, maximum and minimum loads for the
full panel width are
7.2 x 15.4 =111 kN/m (max), 7.2 x 11.5 =83 kN/m (min)
Fixed-end moments due to maximum and minimum loads on floor slab are
Mgy = 111 x 7.2%/12 = 480 kN m, Mipin = 83 x 7.27/12 =359 kN m
Fixed-end moment at bottom of wall with maximum/minimum soil pressure on
wall and minimum/maximum moment on column is
M,=-67.0x72+0.5x53.1 =-456 kN m (max)
M, =-256%x72+0.5x113.4=-128 kN m (min)
Joint and Member Joint A Joint B Joint C
Row | Moments in members due to Wall Slab Slab Slab Slab
moments applied at joints (A-B) | (B-A) | (BO) (C-B)
1 Unit moment at joint A 0.574 0.426 | 0.213
2 Unit moment at joint B 0.250 | 0.500 0.500 0.250
3 (Row 1)/0.213 — (Row 2) 2.695 1.750 | 0.500 | -0.500 -0.250
4 (Row 2)/0.250 — (Row 1) -0.574 | 0.574 | 1.787 2.000 1.000
5 (Row 3)/(2.695 + 1.750) 0.606 0394 | 0.112 | -0.112 —-0.056
6 (Row 4)/(1.787 + 2.000) -0.152 | 0.152 | 0.472 0.528 0.264
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Example 2 Calculation Sheet 30

Reference CALCULATIONS OUTPUT

For each load case, fixed-end moments are determined for each span. The
algebraic sum of the moments either side of each internal support can now be
balanced and the resulting values obtained as shown in the following table.

Load | Moments (kN m) at Ends of | Bottom | Support Support B Support C
Case Members for Load Case of Wall A LH RH LH

1 Maximum pressure on wall and maximum load on both spans of floor

Fixed-end moments —456 —480 480 —480 480
(Row 5) x 936 567 369 105 -105 -53
Sum to obtain final moments 111 —111 585 —585 427

2 As case 1 but minimum load on span B—C of floor

Fixed-end moments —456 —480 480 —-359 359
(Row 5) x 936 567 369 105 —-105 -53
(Row 6) x —121 19 -19 =57 —64 -32
Sum to obtain final moments 130 -130 528 —528 274

3 As case 1 but minimum load on span A-B of floor

Fixed-end moments —456 -359 359 —480 480
(Row 5) x 815 494 321 91 -91 —46
(Row 6) x 121 -19 19 57 64 32
Sum to obtain final moments -19 -19 507 =507 466

4 | Minimum pressure on wall and maximum load on both spans of floor

Fixed-end moments —128 —480 480 —480 480
(Row 5) x 608 368 240 68 -68 -34
Sum to obtain final moments 240 -240 548 —548 446

5 As case 4 but minimum load on span B—C of floor

Fixed-end moments -128 —480 480 -359 359
(Row 5) x 608 368 240 68 —68 -34
(Row 6) x —121 19 -19 =57 —64 -32
Sum to obtain final moments 259 -259 491 —491 293

6 | As case 4 but minimum load on span A-B of floor

Fixed-end moments -128 -359 359 —480 480
(Row 5) x 487 295 192 54 —54 =27
(Row 6) x 121 -19 19 57 64 32
Sum to obtain final moments 148 —148 470 -470 485

Shear forces at the ends of each span and the maximum sagging moment in the
span can now be determined, and the results are given in the following table. The
53.2.2(4) hogging moment at support B may be reduced by AMgq = Fraap(#/8), where Fgg gy
is the design support reaction and ¢ is the breadth of the support.
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Example 2

Calculation Sheet 31

Reference

CALCULATIONS

OUTPUT

Maximum Moments and Shear Forces for Load Cases

Moment (kN m) at Location Shear (kN)
Load

At Location

Case | Support | Span | Support | Span | Support | Support | Support
A A-B B B-C C A (RH) | B(LH)

Support
B (RH)

Support
C (LH)

-111 392 —585 217 —427 334 465
-130 403 —528 93 —274 344 455
-19 303 =507 232 —466 231 367
—240 334 —548 224 —446 357 442
-259 348 —491 149 -293 367 432
—148 241 -470 240 —485 254 344

AN AW N —

422
321
405
414
326
397

377
271
394
385
272
402

1.1.2(3)
Figure 1.1

Table 1.1

9.3.1.1 (1)

9.3.1.1(3)

DESIGN OF BASEMENT FLOOR

Flexural design

The panels should be notionally divided into column and middle strips, and the
bending moments for the full panel width apportioned within specified limits. The
width of the column strips on line B and line 2 will be taken as 7200/2 = 3600 mm.
The hogging moments at the internal columns will be allocated in the proportions:
75% on column strips, 25% on middle strips. The sagging moments in the spans,
and the hogging moments at the edges of the slab, will be distributed uniformly
over the full panel width.

The maximum hogging moments for the panel strips intersecting at support B2,
allowing for the reductions due to width of support, are as follows:

Strip on line 2: M = 585 — (465 + 422) x 3.6/8 = 186 kN m
Strip on line B: M =584 — (497 + 479) x 3.6/8 = 144 kN m

Allowing 50 mm cover (bottom) and 25 mm cover (top) with 16 mm bars in each
direction, values of the effective depth are as follows:

Strip on line 2: d =215 mm (top), 190 mm (bottom)
Strip on line B: d =200 mm (top), 175 mm (bottom)
Minimum area of longitudinal tension reinforcement for strip on line 2 (top):
Agmin = 0.26(foum /fy1)bid = 0.26 x (3.0/500) x 1000 x 215 = 336 mm*/m
Maximum spacing of principal reinforcement in area of maximum moment:
2h =500 <250 mm. Elsewhere: 34 =750 <400 mm
For minimum reinforcement, provide H12-250 giving 452 mm*/m

According to the values of M/bd"” fy., appropriate values of z/d < 0.95 and A can be
determined (Table A1), and suitable bars can be selected (Table A9).

Location | Strip | Width |M (KN m)| M/bd*fy | z/d | A Bars

Strip on line 2

Support A | panel 7200 259 0.025 0.95 | 2915 | H12-250T
Span A-B | panel | 7200 403 0.049 | 0.95 | 5133 | H16-250B
Support B | column | 3600 139.5 0.026 | 0.95| 1570 | H12-250T
ditto middle | 3600 46.5 0.009 | 0.95| 524 | H12-250T
Span B-C | panel | 7200 240 0.029 | 0.95 | 3057 | H12-250B
Support C | panel | 7200 485 0.046 | 0.95 | 5459 | H16-250T

Strip on line B

Support 1 | panel | 7200 163 0.018 | 0.95| 1973 | H12-250T
Span 1-2 panel | 7200 363 0.052 | 0.95 | 5020 | H16-250B
Support 2 | column | 3600 108 0.024 | 0.95 | 1307 | H12-250T
ditto middle | 3600 36 0.008 | 095 | 436 | H12-250T
Span 2-3 panel | 7200 342 0.049 | 0.95 | 4729 | H16-250B
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Example 2 Calculation Sheet 32

Reference CALCULATIONS OUTPUT

Shear design

The critical shear stress occurs at a control perimeter at distance 2d from the edge
of the pile cap supporting column B2. Mean effective depth for reinforcement at
the top of the slab, with 12 mm bars each way, is approximately d = 210 mm.

The maximum support reaction is obtained for the strip on line B with load case 1
and, allowing for the reduction due to the area of slab supported directly by the
pile cap, the maximum shear force Vgq = (497 +479) — 133 x 3.6 = 748 kN.

Length of the control perimeter, where b is the side of the pile cap, is
u; =4(b+nd)=4 x (3600 + n x 210) = 17000 mm say

Average shear stress at the control perimeter is
Vea = Ved/(uyd) = 748 x 10°/(17000 x 210) = 0.21 MPa

The design shear strength is given by

6.2.2 (1) Ve = 0.12k(1004gfy /by d) > Vi
Table NA.1 | The minimum shear strength, with & = 1 + (200/d)"? = 1.97, is given by
Viin = 0.0356," = 0.035 x 1.97*% x 32! = 0.54 MPa (>vg) Shear satisfactory
Deflection
7.4.1(6) Deflection requirements may be met by limiting the span-effective depth ratio. For

the strip on line B, d = 175 mm (using 16 mm bars in both directions) and the
maximum span/effective depth ratio = 7200/175 = 41.2.

The design loads are: 100 kN/m (characteristic) and 133 kN/m (ultimate)

The maximum service stress in the bottom reinforcement for the 7.2 m span under
the characteristic load is given approximately by

G = (fud Y)(As req As pro) (81 + qi)/n]
= (500/1.15)(4729/5789)(100/133) = 267 MPa
From Reynolds, Table 4.21, limiting //d = basic ratio x ¢ x f where:
For 10044/bd = 100 x 4729/(7200 x 175) = 0.38 < 0.1f;> = 0.1 x 32%% = 0.56,
o= 0.55 + 0.0075/4/(1004/bd) + 0.005£, > [fu>*/(1004/bd) — 101"
=0.55+0.0075 x 32/0.38 + 0.005 x 32%3 x (32°%/0.38 - 10)"* = 1.49
B, =310/0,=310/267=1.16

7.4.2 For a flat slab, basic ratio = 24. Since the span does not exceed 8.5 m, there is no
Table NA.5 | need to modify this value and hence
Limiting /d =24 x o, x ;=24 x 1.49 x 1.16 = 41.5 (>actual l/d = 41.2) Check complies
Cracking
7.3.2(2) Minimum area of reinforcement required in tension zone for crack control:

As,min = kckfﬂ‘:t,effAct/o-s
Taking values of k. = 0.4, k = 1.0, fererr = fom = 0.3f;k(2/3) = 3.0 MPa (for general
design purposes), 4. = bh/2 (for plain concrete section) and o < fy, = 500 MPa
Agmin=0.4 x 1.0 x 3.0 x 1000 x (250/2)/500 = 300 mm?*/m (H12-250)

It is reasonable to ignore any crack width requirement based on appearance, since
the bottom surface is in contact with the tanking layer, and the top surface will be
hidden by the finishes.

Curtailment of longitudinal tension reinforcement

In the absence of an elastic moment envelope covering all appropriate load cases,
the simplified curtailment rules for one-way continuous slabs will be used in each
orthogonal direction.
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Example 2

Calculation Sheet 33

Reference

CALCULATIONS

OUTPUT

BS 8500

9.3.1.1 (1)

7322

DESIGN OF BASEMENT WALL
Durability

Since the external surface of the wall is protected by a continuous barrier system, it
is reasonable to consider exposure class XC1 for both surfaces of the wall.

Cmin = 15mm  Acge, = 10 mm, Crom = 15+ 10 =25 mm

Flexural design

Allowing for 25 mm cover and 12 mm diameter horizontal bars in the outer layers,
for 16 mm diameter vertical bars, d = 250 — (25 + 12 + 16/2) = 205 mm.

Minimum area of vertical tension reinforcement:
Aqmin = 0.26 % (3.0/500) x 1000 x 205 = 320 mm*/m (H12-250 say)
Minimum area of reinforcement required in tension zone for crack control:
Agmin = ke kferer A /oy where

ke = 0.4 for bending, k = 1.0 for & < 300 mm, fygr = fum = 0.3 /5 ¥> = 3.0 MPa
for general purposes, 4. = bh/2 and o; < f, = 500 MPa.

Agmin=0.4x 1.0 x 3.0 x 1000 x 125/500 = 300 mm*/m (H12-250 say)
Moment of resistance provided by minimum reinforcement is given by
M= A4,(0.87f5)z =452 x 0.87 x 500 x 0.95 x 205 x 107° = 38 kN m/m
For the wall on line 1, from the calculations for the slab strip on line B, maximum
sagging/hogging moments at the junction of wall and floor slab are as follows:
(Case 5): M;=163/72=23kNm/m (Case 3): M; =-79/7.2=-11 kN m/m
The provision of minimum reinforcement (H12-250) is sufficient in both cases.

The maximum sagging moment at any height in the wall on line 1 occurs for load
case 2, where sagging moment at the bottom of the wall, M, = 27/7.2 = 4 kKN m/m.
In this case, shear force at top of wall is

Vea=1.35 % 0.47 x (10 x 4.0/2 + 20 x 4.0%/6) + 4/4.0 = 47.5 kKN/m
If a, is distance from top of wall to point of zero shear, then
Vi = 1.35 % 0.47 x (10a, + 20a,%/2) = 0 which gives a, =2.3 m
Hence, maximum sagging moment (at a, = 2.3 m) is
Mg = Vig x ag— 1.35 x 0.47 x (10a,%/2 + 20a,*/6) = 67 kN m/m
MIbd fi = 67 x 10%/(1000 x 205% x 32) = 0.050 z/d = 0.95 (max)
Ay =67 x 10%(0.87 x 500 x 0.95 x 205) = 791 mm*/m (H12-125)
For the wall on line A, from the calculations for the slab strip on line 2, maximum
sagging moment at the junction of wall and floor slab is as follows:
(Case 5): M =259/7.2=36.0 kN m/m.
The provision of minimum reinforcement (H12-250) is sufficient.

Maximum sagging moment at any height in the wall on line A occurs for load case
2, where sagging moment at the bottom of the wall, M, = 130/7.2 = 18 kN m/m. In
this case, shear force at top of wall is

Via= 135 % 0.47 x (10 x 4.0/2 + 20 x 4.0%/6) + 18/4.0 = 51 kN/m
If a, is distance from the top of the wall to the point of zero shear, then
Vea—1.35 x 0.47 x (104, + 20a,%/2) = 0 which gives ¢, = 2.4 m
Hence, maximum sagging moment (at a, = 2.4 m) is
Myg=Vig  ag— 1.35 x 0.47 x (10a,%/2 + 20a,>/6) = 75 kN m/m
MIbd” fy. =75 x 105/(1000 x 205% x 32) = 0.056 zld = 0.948
Ay =175 % 10%(0.87 x 500 x 0.948 x 205) = 888 mm?*/m (H12-125)

23m

67 kNm

4 kNm
M

Wall on line 1

E
.
o
75 kNm
18 kNm
=
Wall on line A

Vertical reinforcement
H12-250 at outer face
H12-125 at inner face
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Example 2 Calculation Sheet 34

Reference CALCULATIONS OUTPUT

Shear design

Maximum shear force occurs at bottom of wall on line 1 where, for the slab strip
on line B (case 3):

Vea=1.35 x 0.47 x (10 x 4.0/2 + 20 x 4.0%/3) + 11/4.0 = 83.2 kN/m
Vea = Ved/(bd) = 83.2 x 10°/(1000 x 200) = 0.42 MPa
Minimum design shear strength, where k£ = 2.0 for d <200 mm, is
622 (1) Vinin = 0.0356°21412 = 0.035 x 2.0* x 3212 =0.56 MPa (>vgq)

Cracking due to restrained early thermal contraction
Minimum area of horizontal reinforcement, with f . = 1.8 MPa for cracking at
age of 3 days, k.= 1.0 for tension and k = 1.0 for # < 300 mm, is given by

73.2(Q) Agmin = kkfereride fx = 1.0 x 1.0 x 1.8 x 1000 x 125/500 = 450 mm*/m (EF) .
’ o Horizontal

734 With ¢ =35 mm, k; = 0.8 for high bond bars, k, = 1.0 for tension, /. as the lesser | reinforcement
of 2.5(h - d) and h/2, and H12-200 (EF) as minimum reinforcement: H12-200 (EF)

Semax = 3.4c + 0.425k kx(Acoe/4s) ¢
=3.4x25+0.425x0.8 x 1.0 x (2.5 x 31 x 1000/565) x 12 = 645 mm

PD 6687 With R = 0.8 for wall on a thick base, AT = 25°C for 350 kg/m® Portland cement
2.16 concrete and 250 mm thick wall (Reynolds, Table 2.18), and a= 12 x 107 per 'C:

Wi = (0.8RAAT) X S;max = 0.8 % 0.8 % 12 x 107 x 25 x 645=0.13 mm

Wall as deep beam

Provision of H12-200 (EF) horizontally and H12-250 (EF) vertically as minimum
reinforcement meets the deep beam requirements, as shown on calculation sheets
21 and 22.

Bar Marks Commentary on Bar Arrangement (Drawings 12-13)

01 Bars (shape code 21), supported on tops of piles, with 75 mm cover bottom and ends.

02 Column starter bars (shape code 11) standing on mat formed by bars 01. Height of upstand needed on top of
pile cap to allow for 150 mm concrete overlay, 25 mm asphalt tanking, 250 mm floor slab and 75 mm kicker
=150+ 25+ 250 + 75 = 500 mm. Projection of bars above top of pile cap to provide lap length above top of
kicker = 1.5 x 35 x 32 4+ 500 = 2200 mm. Cover to bars in column = 50 mm to enable 35 mm cover to links.

03 Closed links (shape code 51) to hold column starter bars in place and reinforce kicker.
04, 05 Bars (shape code 21) with 75 mm cover bottom and ends, and 50 mm cover top.
06, 07 Bars (shape codes 21, 11) lapping with bars 08. Lap length = 1.5 x 50 x 25 x 1404/1473 = 1800 mm.
08,09, 10 | Straight bars (maximum length 12 m) with 1800 mm laps.

11 Closed links (shape code 51) with 75 mm cover bottom and sides, and 50 mm cover top.
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Drawing 12

Reinforcement in Pile Caps to Internal Columns and Walls

Example 2
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Drawing 13

Reinforcement in Pile Beams to External Walls

Example 2
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Example 2: Foundations to Multi-Storey Building

Example 2: Reinforcement in Basement Floor Slab (1) Drawing 14
~ ® ®
& 2H16-04 (U-bars) 2H16-04 (U-bars) _ |
& 7 27H12-03-250 (U-bars) i i| ’1 . 14H12-03-250 (U-bars) .,
=~ A ~ |
@_._', jlai < — x 1 :I,_|_!‘. _
TN . T * 7 Lo || x 311201250
a4 (U-bars)
k 4 43H12-10-250T2
= N A
(]
s 2H12-10
?I,- % 43H16-07-25082
= k %
o
o
g
o L
=
ﬁ o ||
v
-1 xe:!
g T
£
: ||
i 2H12-11
T 43H12-11-250T2
z k 3
z 3
] = = =
(| g g 2
= = 2 2 g
& g = 8 8
3 g 2 S g
Sl [ 3 % %
T T ~ ~ [
& =2
= L  43H16-06-25082
2 L 7
é 250
]
L
“low (L
7 650 650
as T Aa o
- 7
; g |
é N
2
& 43H16-07-250B2
gl ||| K 3
5': 2H12-10
o~
& L 43H12-10-250T2
k o
i 8 =+ 43H12-01-250
Y1 L X 2H1200 §L & Wrhesr
@ M I an
- rLls ] A" | | el | ! 1 Jo e —
& e 27H12-03-250 (U-bars) o ) | L 14H12:03-250 (U-bars)
- s — | | < >l
™ 2H16-04 (U-bars) 2H16-04 (U-bars)
=
PART PLAN OF BASEMENT FLOOR

147



148 Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 2: Reinforcement in Basement Floor Slab (2) Drawing 15
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Drawing 16
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Example 2: Cross-Sections for Basement Floor Slab and Walls Drawing 17
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Bar Marks Commentary on Bar Arrangement (Drawings 14-17)

01, 02 Bars (shape code 21) lapping with bars 07 and 10, and 05 and 09. Lap length = 1.5 x 35 x 12 = 650 mm say.
Cover = 50 mm (bottom) and 25 mm (top and ends).

03, 04 Starter bars (shape code 21) to external walls and columns. Projection above basement floor to provide a lap
length above kicker = 1.5 x 35¢+ 75 =725 mm for bar 03, and 925 mm for bar 04.

05, 06, 07 Straight bars (maximum length 12 m) in floor slab, with lap lengths = 1.5 x 35 x 12 = 650 mm.

08, 09, 10
11,13, 14
12 Bars (shape code 11) lapping with bars 09 and 10. Lap length = 650 mm.
15 Starter bars (shape code 21) to internal walls. Projection above basement floor = 725 mm. Cover to bars in
wall =35 mm to enable 25 mm cover to horizontal bars.
16 Straight bars bearing on 75 mm kicker, and curtailed 50 mm below ground floor slab.

17,20 Bars (shape code 21). Lap length = 650 mm for bar 17, and 1.5 x 50 x 12 = 900 mm for bar 20.

18 Bars (shape code 26) bearing on 75 mm kicker and cranked to fit alongside bars 04. Projection of bars above
ground floor level = 1.5 x 35 x 16 + 75 =925 mm.

19 Closed links (shape code 51), with 25 mm nominal cover, starting above kicker and stopping below ground
floor slab.

21,22,23 Straight bars (maximum length 12 m) in external walls, with lap lengths = 1.5 x 50 x 12 =900 mm.
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Example 3: Free-Standing Cantilever
Earth-Retaining Wall

Description

A retaining wall on a spread base is required to support level ground and a footpath adjacent to a road. The existing ground
may be excavated as necessary to construct the wall, and the excavated ground behind the wall is to be reinstated by
backfilling with a granular material. A graded drainage material will be provided behind the wall, with an adequate drainage
system at the bottom. The fill to be retained is 4.0 m high above the top of the base and the surcharge is 5.0 kN/m’. For the
sub-base, two soil types will be considered: (1) non-cohesive soil, (2) cohesive soil.

Suitable dimensions for the base to a cantilever retaining wall on a spread base can be estimated by means of the following
design chart. Stability against overturning is assured over the entire range of the chart, and the maximum bearing pressure
under service conditions can be investigated for all types of soil. A uniform surcharge that is small compared to the total
forces acting on the wall can be represented by an equivalent height of soil. In this case, / is replaced by /. =/ + ¢/y, where ¢
is the surcharge pressure. In more general cases, I, = 3M, /F, and y= 2F} /K, I;* can be used, where F}, is the total horizontal
force and M, is the bending moment about the underside of the base due to Fj,.

The chart contains two curves denoting conditions where the bearing pressure diagram is uniform, and triangular (reaching
zero pressure at the heel), respectively. A uniform bearing condition is important when it is important to avoid tilting, to
minimise deflection at the top of the wall. It is generally advisable to maintain ground contact over the full area of the base,
especially for clays where the occurrence of ground water beneath the heel could soften the formation.

Values of the dimensional parameters o 3.0
and f, for the base of an idealised wall of

zero thickness as shown below, and for o z”
values of &= ppa /7] and w = tan & NK,, 8
where yis unit weight of soil, & is angle of &
base friction, and K, is fully active earth i

pressure coefficient, can be obtained from
the adjoining chart.

4F al
= ——_ _ > =
(a) Pmax 3((1[— 26) fore > 3
F,
(b) Pmax = 7\/(1"'%) fore< gl
al al 6

e=MJ/F,+ all2-x< all6

F, is resultant of vertical loads including
weight of wall, and weight of earth and
surcharge on base

M, is bending moment about underside of
base due to horizontal forces acting on full
height of wall

L

10 12

Values of y

x is distance from toe of base to line of

action of F, Chart for cantilever wall on spread base
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Calculation Sheet 1

Reference

CALCULATIONS

OUTPUT

DESIGN PRINCIPLES

In Eurocode 7, for conventional structures, two combinations of partial factors for
actions and soil parameters are considered for the ULS as follows:

Partial Safety Factors for the Ultimate Limit State
Safety Factor Safety Factor for
Combination on Actions® i Soil Parameters ¥y
16 ) Yo Ve Ve
1 1.35 1.5 1.0 1.0 1.0
2 1.0 1.3 1.25 1.25 1.4

*If the action is favourable, values of ); = 1.0 and }, = 0 should be used.

Generally, combination 2 determines the size of the structure and combination 1
governs the structural design of the members. Characteristic soil parameters are
defined as cautious estimates of the values affecting the occurrence of a limit state.

Thus, for combination 2, design values for soil strength at ULS are given by
tan ¢y = (tan ¢f)/1.25 and ¢’y=c"/1.25 where

¢’ and ¢f are characteristic values of cohesion intercept and angle of shearing
resistance (in terms of effective stress), respectively.

Design values for shear resistance at the interface of the base and the sub-soil, for
drained (friction) and undrained (adhesion) conditions, respectively, are given by:

tan Oy = tan ¢/, (cast in-situ concrete) and cy=c,/1.4 where
¢, 18 the undrained shear strength

Walls should be checked for the ULS with regard to overall stability, bearing
resistance and sliding. For eccentric loading, bearing pressure is assumed to be
uniformly distributed, with the centre of pressure coincident with the line of action
of the applied load. The resistance should be checked for both long-term (drained)
and short-term (undrained) conditions where appropriate.

The traditional practice of considering characteristic actions and allowable bearing
pressures in order to limit ground deformation, and check the bearing resistance,
may also be adopted by mutual agreement. With this approach, a linear variation
of bearing pressure is assumed for eccentric loading. The ULS still needs to be
considered to check sliding and for the structural design.

The partial safety factors for the SLS are given as unity, but it is often prudent to
use the ULS values for the active force. In this case, suitable dimensions for the
wall can be estimated with the aid of the design chart on the preceding page. Here,
the value py,. is for a linear variation of bearing pressure and, for a uniform
distribution that is coincident with the line of action of the applied load, the
contact length is equal to &(od), where J depends on whether the solution is (a)
above, or (b) below, the curve for ‘zero pressure at heel” shown on the design
chart, as follows:

(@) 0=4(1-p/3E<2/3 with  p =0.75pmax

(b) 6=4/3-¢/3(1-p>2/3 with p=(1-pyllé
For sliding, the chart applies directly to non-cohesive soils. For bases on clay, the
long-term condition can be investigated by using ¢ with ¢” = 0. For the short-term
condition, the sliding criterion results in &= K, y1/2d¢,q4, where a minimum value
is obtained when & = 1.0. If the short-term condition is critical, a trial value for &
can be assumed to calculate an initial value for ¢, for which a corresponding value
of S can be obtained from the design chart. The resulting value of J can then be
compared to the assumed value, and the process repeated until parity is obtained.
Ideally, the settlement of spread foundations on clay soils should be checked by

calculation but may be taken as satisfactory, in the case of firm-to-stiff clays, if the
ratio of design ultimate bearing resistance to service load is at least 3.




Example 3: Free-Standing Cantilever Earth-Retaining Wall

Example 3

Calculation Sheet 2

Reference

CALCULATIONS

OUTPUT

SOIL PARAMETERS
Properties of the retained soil (well-graded sand and gravel) are as follows:
Unit weight ¥ =20 kN/m®
Angle of shearing resistance:
¢ =35 ¢fy=tan"' [(tan35°)/1.25] =29°
Coefficient of active earth pressure:
K,=(1 -sing)/(1 +singf) =0.27 K= (1 -singy)/(1 +sin¢y) =0.35
Properties of the sub-base soil are as follows:
(1) Medium dense sand:
@=30°  ¢@q=tan”' [(tan30°)/1.25] =25° tan Oy = tan ¢f4 = 0.46
Allowable bearing value: py, = 150 kN/m” (kPa)
(2) Firm clay:
c=35kN/m* ¢ =cy/1.4=35/1.4=25KkN/m>
Allowable bearing value: py, = 100 kN/m’ (kPa)
¢ =25 y=tan" [(tan25°)/1.25]=20.5° tan & = tan ¢f4=0.37
WALL DIMENSIONS (Trial values)

Taking thickness of wall stem and base as (height of fill)/10 = 4000/10 = 400 mm,
height of wall to underside of base is /=4.0 + 0.4 =4.4 m.

Allowing for surcharge, equivalent height of wall is as follows:

L=1+q/y =44+5.0/20 = 4.65 m.

Values of chart parameters and resulting base dimensions, for each sub-base, are
as follows:

(1) E=Poax /7l = 150/(20 x 4.65)=1.61 y = tan &/ NK,q = 0.46/10.35=0.78
aNK, =086 a=086V035=051 £=0.24
Base width = o1, =0.51 x4.65=24m
Toe length = f(ad,) = 0.24 x 2.4=0.6 m
(2) Long-term (drained) condition:
E= Punax ! Yle = 100/(20 x 4.65) =1.08 = tan /NK,q = 0.37N0.35 = 0.63
aNK,g=1.07 o=1.07035=0.63 £=025
Base width = 0.63 x 4.65=3.0 m Toe length =0.25 x3.0=0.75 m
Short-term (undrained) condition:
Contact length to satisfy the sliding criterion is given by the equation:
Kaoa VI 2¢q = 0.35 x 20 x 4.65%/(2 x 25) =3.03 m

The contact length for a uniform bearing pressure distribution coincident
with the line of action of the applied load is given by & (¢Z.). For solutions
that are below the curve for ‘zero pressure at heel’, §=4/3 — £/3(1 - p).

Suppose base width = 3.2 m and toe length = 0.9 m

a=3.2/4.65=0.69, aNK, = 0.69N0.35=1.17, B=0.9/3.2=0.28
From design chart, £=0.83 and & =4/3 —0.83/3(1 —0.28) = 0.95
From equation for sliding criterion, o, = 3.03/0.95 = 3.2 m (check)

Trial dimensions of
retaining walls

4.0

0.4

4.0

04

ke

24

e §

Base on sand

Base on clay
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 3 Calculation Sheet 3
Reference CALCULATIONS OUTPUT
GEOTECHNICAL DESIGN (Combination 2 partial safety factors) —
(1) Wall with base on sand
Vertical loads and bending moments about front edge of base e
Loads (kN) Leverarm (m) Moments (kN m) M
Surcharge 5x14 = 170 x 1.7 = 119 -
Backfill 20x1.4x40 =112.0 x 1.7 =190.4
Wall stem 25x04 x40 = 40.0 x 0.8 = 32.0 ke
Wall base 25%x04x24 = 24.0 x1.2 = 28.8 Kol +q)
Total F,=183.0 M,=263.1

Horizontal loads and bending moments about bottom of base
Loads (kN) Leverarm (m) Moments (kN m)

Surcharge 035x5x44 = 77 x 4.4/2 = 170
Backfill 0.35 x 20 x 4.4%2 =67.8 x4.4/3 99.4
Total F,=755 M,=116.4

Resultant moment M, = 263.1 — 116.4 = 146.7 kNm

Distance from front edge of base to line of action of total vertical force is
a=M,/F,=146.7/183 =0.80 m

Eccentricity of vertical force relative to centreline of base is
e=2.4/2-0.8=0.40 m (edge of middle-third of base width)

Maximum bearing pressure for a triangular distribution over full base width is
Prmax =2 % 183/2.4 = 152.5 KN/m” (> pp, = 150)

Resistance to sliding = F, tan g; = 183 x 0.46 =84.2 kN (>F, =75.5)

Note: In the design chart, the wall stem and base are taken to be of zero thickness.
The actual vertical load is more than assumed, with a consequent increase in the
bearing pressure and the resistance to sliding. A small modification can be made.

If the toe length is increased to 0.8 m, the revised values are as follows:
F,=166 kN, M, =252.4 kNm, M, = 136.0 kNm, a =0.82 m, e=0.38 m
Bearing pressures at front and rear edges, respectively, of base are
p=(166/2.4) x (1 £ 6 x 0.38/2.4) = 134.9 kN/m? (< 150) and 3.5 kN/m?
Resistance to sliding = 166 x 0.46 =76.3 kN (> F,=75.5)

(2) Wall with base on clay

Vertical loads and bending moments about front edge of base

Loads (kN) Leverarm (m) Moments (kNm)

Surcharge 5x1.9 = 95 x2.25 = 214
Backfill 20x1.9x4.0 =152.0 x2.25 =342.0
Wall stem 25x04x4.0 = 40.0 x 1.10 = 440
Wall base 25x04x32 = 320 % 1.60 = 512
Total F,=233.5 M, =458.6

Horizontal loads and bending moments about bottom of base are as for case (1).
Resultant moment M, = 458.6 — 116.4 =342.2 kNm

Distance from front edge of base to line of action of total vertical force is
a= M /F,=342.2/233.5=1.46 m (2a =2.92 m < 3.03 m required)

If the base width is increased to 3.3 m, with the toe length increased to 1.0 m, the
revised values are as follows:

F,=234.5kN, M, = 482.0 kN m, My = 365.6 kNm, a = 1.56 m (sufficient)
Eccentricity of vertical force relative to centreline of base is
e=3.3/2-1.56=0.09m

Lateral soil pressure
on retaining wall

Final dimensions of
retaining walls
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Bearing pressure
diagram
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Base on clay




Example 3: Free-Standing Cantilever Earth-Retaining Wall

Example 3 Calculation Sheet 4

Reference CALCULATIONS OUTPUT

Long-term (drained) condition Bearing pressure

. . diagrams
Bearing pressures at front and rear edges, respectively, of base are
p=(234.5/3.3) x (1 £ 6 x 0.09/3.3) = 82.7 kN/m? (> 100) and 59.5 kN/m’ 234.5 kN
1.56
Resistance to sliding: F,tan & = 234.5 x 0.37 = 86.7 kN —

Short-term (undrained) condition

The contact length is taken as [, = 2a =2 x 1.56 = 3.12 m, resulting in a uniform
bearing pressure as follows:

po=Fy/ly=234.5/3.12 = 75.2 kN/m?

The ultimate bearing resistance is given by the equation:

where i, =0.5[1++1 =X%] and k=Fy/cyly

qu= 2+ @ cuaic

i,=0.5[1+,/T=75.5/(23 X 3.12) ] = 0.59

gu=2+ ) x 25 x0.59 =75.8 KN/m* (> 75.2)
Resistance to sliding: ¢yl =25 x 3.12 =78.0 kN (> F,, = 75.5)

~ o
o 2
- +]

Long-term condition

Short-term condition

STRUCTURAL DESIGN (Combination 1 partial safety factors)

For the ULS, % = 1.35 and %, = 1.0. In this case, all the forces calculated for the
geotechnical design are multiplied by 1.35, but the coefficient of active earth
pressure is taken as 0.27 instead of 0.35.

(1) Wall with base on sand

The revised vertical load and bending moments are as follows:
F,=135%x166=224.1kN/m  M,=1.35x252.4=340.8 kN m/m
M,=1.35x%(0.27/0.35) x 116.4=121.2 kNm/m M, =219.6 kKN m/m
a=219.6/2242=098m e=12-098=022m

Bearing pressures at front and rear edges, respectively, of base are
p=(224.1/2.4) x (1 £ 6 x 0.22/2.4) = 144.8 kN/m” and 42.0 kN/m’

Pressure at 0.8 m from edge of toe = 144.8 — 102.8 x 0.8/2.4 = 110.5 kN/m’

Bending moment in base at 0.8 m from edge of toe (i.e., face of wall) is
M= (110.5—1.35 x 25 x 0.4) x 0.8%/2 + 34.3 x 0.8%/3 = 38.4 kNm/m

Pressure at 0.8 m from edge of heel = 42.0 + 102.8 x 0.8/2.4 = 76.3 kN/m?

Bending moment in base at 0.8 m from edge of heel (i.e., bottom of splay) is
M=[42.0-135 x (5.0 + 20 x 4.0 + 25 x 0.4)] x 0.8%/2 + 34.3 x 0.8%6

=-24.0 kN m/m

(2) Wall with base on clay

The revised vertical load and bending moments are as follows:
F,=135x2345=316.6kN/m M, =1.35x482.0=650.7 kN m/m
M,=1.35x%(0.27/0.35) x 116.4=121.2 KN m/m M, =529.5 kN m/m
a=529.5/3166=1.67Tm e=165-1.67=-0.02m

Bearing pressures at rear and front edges, respectively, of base are:
p=(316.6/3.3) x (1 £6 x 0.02/3.3) = 99.4 kN/m’ and 92.5 kN/m’

Pressure at 1.0 m from edge of toe = 92.5 + 6.9 x 1.0/3.3 = 94.6 kN/m’

Bending moment in base at 1.0 m from edge of toe (i.e., face of wall) is
M= (92.5-1.35%x25x0.4)x 1.0%2 +2.1 x 1.0%6 = 39.9 kN m/m

Pressure at 1.5 m from edge of heel = 99.4 — 6.9 x 1.5/3.3 = 96.3 kN/m’

2241 kN

0.98

—
08,08,08

o

144.8
76.3
420

Bearing pressure
diagram (base on sand)

316.6 kN

p 167 |

wl @l of =
al | 8 g

1.5

p 1.0 ! 0.8 g y

Bearing pressure
diagram (base on clay)
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 3 Calculation Sheet 5
Reference CALCULATIONS OUTPUT
Bending moment in base at 1.5 m from edge of heel (i.e., bottom of splay) is
M=[96.3—135x(5.0+20 x 4.0 +25 x 0.4)] x 1.5%/2+3.1 x 1.5%/3
= -33.6 kN m/m
Durability
BS8500 For the buried parts of the wall, assuming non-aggressive soil conditions, exposure | Concrete strength class
class XC2 applies. For the visible surface, exposure classes XD1 and XF1 apply. | C32/40 with covers:
Concrete of minimum strength class C28/35 is recommended for both conditions, | 50 mm (bottom of
4413 with cover ¢,;, = 35 mm. If concrete strength class C32/40 is used, ¢y, = 30 mm | base), and 40 mm
Table NA.1 and ¢, =40 mm. For concrete cast against blinding, ¢;o,m = 50 mm. (other surfaces)
Flexural design
Since the junction between wall stem and base is an ‘opening corner’, a 400 x 400 | Reduce thickness of
strengthening splay will be provided and the stem thickness reduced to 350 mm. stem to 350 mm and
introduce 400 x 400
For the vertical bars in the stem, allowing for 40 mm cover and 16 mm bars, with ;I;lr;; EZ?W cen stem
the horizontal bars in the outer layers, d = 350 — (40 + 16 + 16/2) = 280 mm say. and base
Minimum area of vertical tension reinforcement in wall stem:
92.1.1 Aqmin=0.26 x (3.0/500) x 1000 x 280 = 437 mm?*/m (H12-200 say) 180
=
Design bending moment in wall at top of splay is
M=135x0.27 % (5.0 x 3.6%/2 + 20 x 3.6’/6) = 68.5 kN m/m
Hence, from Table Al:
Mibd*fy. = 68.5 x 105/(1000 x 2807 x 32) = 0.032 z/d = 0.95 (maximum)
Ay =68.5 x 10%/(0.87 x 500 x 0.95 x 280) = 592 mm>/m (H16-300) Effective depth for
. . . . reinforcement in splay
Design bending moment in wall at bottom of splay is
M=135x0.27 x (5.0 x 4.0%2 + 20 x 4.0°/6) = 92.4 kN m/m . .
Vertical reinforcement
For the inclined reinforcement, effective depth at bottom of splay is in stem and diagonal
d=400V2 — (40 + 16 + 16/2) = 500 mm Hence, reinforcement in splay
X . R ) H12-200, except for
M/bd fy = 92.4 x 10°/(1000 x 500 x 32) =0.012 z/d = 0.95 (maximum) bars at bottom of stem
A =924 x 10%(0.87 x 500 x 0.95 x 500) = 448 mm?*/m (H12-200 say)
For the transverse reinforcement in the base to the wall;
d =400 — (40 + 16/2) = 350 mm say.
Minimum area of reinforcement in base to wall: Reinforcement in base
Aqmin = 0.26 x (3.0/500) x 1000 x 350 = 546 mm?*/m (H12-200) H12-200 throughout
The transverse bending moments in the base are small in magnitude and minimum
reinforcement, top and bottom, will suffice.
Shear design
Design shear force in wall at top of splay is as follows:
Vea=1.35%0.27 x (5.0 x 3.6 + 20 x 3.6%/2) = 53.8 kN/m Hence,
Vea = Vea/(bd) = 53.8 x 10°/(1000 x 280) = 0.20 MPa
Minimum design shear strength, where k=1 + (200/d)"* = 1.84, is
6.2.2 (1) Vmin = 0.0356% £, = 0.035 x 1.84%% x 32" = 0.49 MPa (> viq)
Cracking due to flexure
Minimum area of reinforcement required in tension zone for crack control:
732(2) Agmin = kkfsen Aa/O,  Where
ke =0.4 for bending, k= 0.97 for & =350 mm, i e = fum = 0.3/5>> = 3.0 MPa
for general design purposes, A = bh/2 and o < fy = 500 MPa.
Agmin = 0.4 3 0.97 x 3.0 x 1000 x 175/500 = 408 mm*/m (< A, provided)




Example 3: Free-Standing Cantilever Earth-Retaining Wall

Example 3

Calculation Sheet 6

Reference

CALCULATIONS

OUTPUT

73.3(2)
Table 7.2
Table 7.3

73.2(2)
73.4

PD 6687
2.16

3.1.3(2)
Table 3.1

3.1.4(2)
Figure 3.1

743 (5)

For the bars at the bottom of the wall stem, since all the loads are permanent, the
reinforcement stress under service loading is given approximately by

0, = (0.87fy/%6) X (Asreq/Asprov) = (0.87 x 500/1.35) x 592/670 = 285 MPa

The crack width criterion can be satisfied by limiting either the bar size or the bar
spacing. From Reynolds, Table 4.24, with wy, = 0.3 mm and o; = 285 MPa, the
recommended maximum values are ¢ = 12 mm or bar spacing = 140 mm say.

Clearly, the criterion is not satisfied and the reinforcement stress must be reduced.
If the reinforcement is increased to H16-200, the following values are obtained;
o, =285/1.5 =190 MPa and maximum bar spacing = 260 mm (< 200).
Where the reinforcement is reduced to H12-200, the value of ¢’ is given by
0= 0. fue)[2(h — d) (ke he)] = 12 x 2.9/3.0 x 2 x 70/(0.4 x 175) =24 mm

From Reynolds, Table 4.24, with a bar spacing of 200 mm, maximum value of
service stress o; = 240 MPa

Maximum design ultimate moment is then given by

M=A,(1.350,)z =565 x 1.35 x 240 x 0.95 x 280 x 107° = 48.7 kN m/m
Bending moment at distance a from top of wall is given by

M=135%027 x (5.0 x a*/2 + 20 x a*/6) = 48.7 kKN m/m where a = 3.2 m

Here, H12-200 is sufficient but bars to be curtailed should continue for a distance
a1 = d =280 mm. Projection of bars above top of splay = 0.4 + 0.28 = 0.68 m.

Cracking due to restrained early thermal contraction

Minimum area of horizontal reinforcement, with f; s = 1.8 MPa for cracking at
age of 3 days, k. = 1.0 for tension and k= 0.97 for & = 350 mm, is given by

Agmin = kekfereriAe fyx = 1.0 X 0.97 x 1.8 x 1000 x 350/500 = 1222 mm?/m

With ¢ =40 mm, k; = 0.8 for high bond bars, k, = 1.0 for tension, A as the lesser
of 2.5(h — d) and h/2, and H16-300 (EF) as minimum reinforcement:

Semax = 3.4c + 0.425k 1 ky(Ac ere/As) @
=3.4x40+0.425 x 0.8 x 1.0 x (2.5 x 48 x 1000/670) x 16 =1110 mm
With R = 0.8 for wall on a thick base, AT = 28°C for 350 kg/m’ Portland cement
concrete and 350 mm thick wall (Reynolds, Table 2.18), and o= 12 x 107 per "C:
Wi = (0.8ROAT) X Sypmax = 0.8 x 0.8 x 12 x 107 x 28 x 1110 = 0.24 mm

In this case, since any early thermal cracking should be properly controlled by the
reinforcement, it would be reasonable to provide movement joints at 12 m centres
to accommodate long-term movements due to temperature and moisture change.

Deflection

For the purpose of the calculation, the stiffening effect of the splay at the bottom
of the wall will be ignored, but the effect of base tilting as a result of the variation
of bearing pressure will be considered. For the SLS, bending moment at bottom of
splay is M =92.4/1.35 = 68.5 kN m/m.

Secant modulus of elasticity of concrete at 28 days:
Eon =22[(fuc+ 8)/10]%% =22 x 4%% = 33.3 GPa

Final creep coefficient, for a C32/40 concrete with normally hardening cement in
outside conditions (RH = 85%), for a member of notional thickness 350 mm and
loaded at 28 days, is @(o0,f)) = 1.5 say.

Effective modulus of elasticity for long-term deformation is
Ecefr=Eem/[1 + ¢(0,tp)] = 33.3/2.5 =13.3 GPa

Second moment of area values (uncracked and cracked sections) for a 350 mm
thick section reinforced with H12-200 (EF), where o, = E/E. o= 200/13.3 =15
and 4, = A’,, can be obtained as follows:

Vertical reinforcement
at bottom of wall stem
H16-200 (earth face)

Horizontal bars in wall
stem H16-300 (EF)
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Example 3

Worked Examples for the Design of Concrete Structures to Eurocode 2

Calculation Sheet 7

Reference

CALCULATIONS OUTPUT

743 (3)

I,=bh* 12+ 2(0p — 1)A(d - 0.5h)*
=1000 x 350%/12 + 2 x 14 x 565 x (280 — 175)* = 3747 x 10° mm*/m
I=bx/3 + {ou(d—x)* + (0 — 1) (x — d')*} A, where
xld={[Qa~)p] +2[e+ (&~ 1) (d'/d)]p}*° - 20, — 1)p  and
p=p =A,/bd=565/(1000 x 280) = 0.002 Hence,
x/d={(29 x 0.002)* + 2 x (15 + 14 x 70/280) x 0.002}" — 29 x 0.002

=0.220

I,=1000 x 62%/3 + {15 x (280 — 62)> + 14 x (62 — 70)*} x 565 =483 x 10° mm"
Moment to cause cracking of section, where fi,, = 3.0 MPa, is given by
M= fum Do /(h12) = 3.0 x 3747/175 = 64.2 kN m/m

For sections that are expected to be cracked, the curvature may be determined by

the relationship:

1 M

— {{+(1—§)]—C} where 5:1-/3[ M“J

r EI 1

o

With 8= 0.5 for sustained loading, =1 - 0.5 x (64.2/68.5)* = 0.56, which gives
1/ry = {(68.5 x 10%)/(13.3 x 10° x 483 x 10%)} x (0.56 + 0.44 x 483/3747)
=6.6x10"°  (5.56 x107° from backfill and 1.04 x10~° from surcharge)

The deflection at the top of wall can be estimated form the relationship:

a=YKP(1/ry) + K (1/re)

For curvatures due to backfill (triangular load), surcharge (uniform load) and
concrete shrinkage (uniform moment), K = 0.2, 0.25 and 0.5, respectively. Since
the section is symmetrically reinforced, and the design moment only just exceeds
the cracking moment, the effect of concrete shrinkage will be ignored. Then,

a=(0.2x556+0.25 x 1.04) x 4000 x 10™° =22 mm

Note: Since the effect of the splay has been ignored, and the design moment only
just exceeds the cracking moment, the actual deflection is likely to be somewhat

less than the calculated value.

From the distributions of bearing pressure shown on calculation sheet 4, it can be
seen that the deflection of the wall will be increased by base tilting, for the base
on sand. The additional deflection can be estimated from the relationship:

@aaa = [(1 — p2) Tks) < 17D

where p; and p, are bearing pressures at the front and rear edges of the base for the
SLS, ks is a modulus of subgrade reaction, / is the wall height and b is the base
width. For k in the range 10 to 80 MN/m’ (see Table B1):

daaq = (144.8 — 42.0)/(1.35 x k, x 10°) x 4400/2.4 = 14 to 2 mm

x=0.22 x 280 = 62 mm

M

Bar Marks

Commentary on Bar Arrangement (Drawing 1)

01,03

02

04, 05
06, 08
07

Bars (shape code 11) with 50 mm cover bottom and ends (for concrete cast against blinding). Vertical legs to
project above kicker (100 mm high above top of splay) to provide lap length = 1.5 x 35 x 12 = 650 mm say.

Bars (shape code 25) with nominal end projections = 200 mm say, providing length beyond top and bottom
of splay not less than an anchorage length = 35 x 12 =420 mm.

Straight bars with 50 mm end cover, and 40 mm top cover to bars 04.
Straight bars with bars 06 bearing on top of kicker, and bars 08 with 40 mm side cover and 50 mm at ends.

Bars (shape code 21) with nominal lap = 300 say with bars 06.
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Example 3: Free-Standing Cantilever Earth-Retaining Wall

Drawing 1
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6 Example 4: Underground Service
Reservoir

Description

A reservoir is required to contain 6500 m® of potable water with a freeboard, when the reservoir is full, of 250 mm. At a
depth of 5 m below the existing ground level, a firm clay stratum exists with presumed values 150 kN/m? for allowable
bearing pressure, and 12 MN/m® for modulus of subgrade reaction. The reservoir will be constructed in open excavation,
and the ground behind the wall reinstated with excavated material. A graded drainage material will be provided behind the
wall, with perimeter drains at the bottom of the wall, and a connecting system of drains below the floor. The roof will be
covered with topsoil over a drainage material and waterproof membrane.

The reservoir wall will be provided with movement joints to accommodate differential settlements and minimise restraint to
the effects of temperature change. The base to the perimeter wall will be separated from the rest of the floor, and the wall
will be constructed in discontinuous lengths. The reservoir roof will be in the form of a continuous flat slab supported on
internal columns, and provide a propped connection to the perimeter wall.

Since the perimeter wall is in the form of separate elements, individual units will need to be checked with regard to overall
stability, bearing resistance and sliding, and there will be no separating layer between the base and the blinding. To minimise
tilting, the wall base will be extended inwards to support the first row of columns.

Consider a wall of thickness 400 mm, and height 6 m above the base. The base thickness will be taken as 400 mm, with the
top of the base level with the top of the floor. Allowing for the freeboard, the maximum depth of water is 5.75 m. Required
internal area of the reservoir is 6500/5.75 = 1130 m’. For a square plan form, the internal dimension = V1130 = 33.6 m.

For the roof slab, the total distance between centres of bearing at the top of the wall is 33.6 + 0.4 = 34 m. Taking a group of
36 columns spaced at 5 m centres in each direction, the distance from the centre of the perimeter wall to the first column =
(34 — 5 x 5)/2 =4.5 m. The slab thickness will be taken as 200 mm, and the column size as 300 mm diameter. The column
head will be enlarged to avoid the need for shear reinforcement in the slab.

The floor slab will be constructed as a series of 5 m wide continuous strips with separation joints between the strips. Each
strip will support a centrally placed line of columns. The slab thickness will be taken as 200 mm, and the bottom of each
column enlarged to avoid the need for shear reinforcement in the slab. A separating layer of 1000 gauge polyethylene will
be provided between the slab and the blinding concrete. The proposed arrangement is shown in Drawing 1.

Note: For structures of this type, care needs to be taken to minimise the effect of any thermal expansion of the roof on the
perimeter walls. This will normally be achieved by ensuring that the roof covering is applied before the soil is placed behind
the wall. Alternatively, restraint may be minimised by inserting a durable compressible filler material between the wall and
the surrounding soil. This will prevent the build-up of large passive pressures in the upper portion of the soil and allow the
wall to deflect as a long flexible cantilever.
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Example 4: General Arrangement (Plan and Cross-Section) Drawing 1
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Example 4: Underground Service Reservoir

Example 4

Calculation Sheet 1

Reference

CALCULATIONS

OUTPUT

BS EN
1991-4
NA.A2.1

BS EN
1992-3

DESIGN PRINCIPLES

In Eurocode 7, for conventional structures, two combinations of partial factors for
actions and soil parameters are considered for the ULS as follows:

Partial safety factors for the ULS
Safety factor Safety factor for
Combination on actions® ¥ soil parameters yy
I Ya Yy Ye Yeu
1 1.35 1.5 1.0 1.0 1.0
2 1.0 1.3 1.25 1.25 1.4

*If the action is favourable, values of y; = 1.0 and 7, = 0 should be used.
For combination 2, design values for soil strength at ULS are given by:
tan @5 = (tan@”)/1.25 and ¢; = ¢7/1.25 where

¢”and ¢”are characteristic values of cohesion intercept and angle of shearing
resistance (in terms of effective stress), respectively.

Design values for shear resistance at the interface of the base and the sub-soil, for
drained (friction) and undrained (adhesion) conditions, respectively, are given by:

tan & = tan @7 (cast in-situ concrete) and cy=c,/1.4 where

¢y 1s the undrained shear strength.

Walls should be checked for the ULS with regard to overall stability, bearing
resistance and sliding. For eccentric loading, bearing pressure is assumed to be
uniformly distributed, with the centre of pressure coincident with the line of action
of the applied load. The resistance should be checked for both long-term (drained)
and short-term (undrained) conditions where appropriate.

The traditional practice of considering characteristic actions and allowable bearing
pressures to limit ground deformation, and check the bearing resistance, may also
be adopted by mutual agreement. With this approach, a linear variation of bearing
pressure is assumed for eccentric loading. The ULS still needs to be considered to
check sliding and for the structural design.

Ideally, the settlement of spread foundations on clay soils should be checked by
calculation but may be taken as satisfactory, in the case of firm-to-stiff clays, if the
ratio of design ultimate bearing resistance to service load is at least 3.

In Eurocode 1: Part 4, the recommendations in Annexes A and B are replaced by
those in the UK National Annex. For liquid induced loads, ¥ = 1.2 may be taken
for the ULS. The liquid level will be taken up to the top of the walls, assuming the
liquid outlets are blocked. For the SLS, 7o = 1.0, and it is reasonable to take the
liquid level to the maximum operational level.

In Eurocode 2: Part 3, for serviceability, structures are classified in relation to a
required degree of protection against leakage. Class 1 refers to structures where
leakage should be limited to a small amount but some surface staining or damp
patches are acceptable. In this case, the width of any cracks that can be expected to
pass through the full thickness of the section should be limited to wy given by:

0.05 mm < wy = 0.225(1 — z,,/45h) < 0.2 mm

where 4 is the wall thickness, and z,, is the liquid depth, at the section considered.

In situations where cracks are not expected to pass through the full thickness of the
section, and the depth of the compression zone is at least equal to the lesser of 0.2 /
or 50 mm for all design conditions, the requirements of Eurocode 2: Part 1 may be
applied. In Eurocode 2: Part 3, it is implied although not clearly stated, that it is
sufficient to check for cracking under quasi-permanent loading. In this example,
characteristic loading will be taken, as explained in Chapter 1.
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Calculation Sheet 2

Reference

CALCULATIONS

OUTPUT

SOIL PARAMETERS
Properties of the retained soil (well-graded sand and gravel) are as follows:
y=20kN/m* ¢/ =35°  ¢@y=tan’ [(tan35°)/1.25] =29°
Coefficient of at-rest earth pressure:
K,=1-sin¢ =0.43 Kog=1-sing/y=0.52
Properties of the sub-base soil (firm clay) are as follows:
y=18kKN/m’  ¢,=50kN/m’  cy=c,/1.4=50/1.4=35kN/m’
¢ =27° tan §=tan ¢ = 0.50
¢=tan” [(tan27°)/1.25]=22°  tan & = tan ¢/q = 0.40

Coefficient of passive earth pressure: K, = (1 +sin ¢/q)/(1 —sin¢'q) = 2.5

PERIMETER WALL AND BASE

The reservoir must be designed for both full and empty conditions. The maximum
water level will be taken at 6.0 m for ULS and 5.75 m for SLS, as explained in the
design principles. The structure will be designed for the effects of earth pressures
based on at-rest conditions when empty, but no relief will be given for beneficial
earth pressures when full. Liquid-retaining structures are generally filled to test for
water-tightness before any soil is placed against the walls.

The 200 mm thick roof slab will be covered with a waterproof membrane, 100 mm
drainage material, and 200 mm topsoil. Allowance will be made for an additional
3.0 kN/m? superimposed load on the roof, and on the backfill to the walls.

Characteristic vertical loads

Roof load:
Concrete 0.200 x 25= 5.0 gx = 3.0 kN/m?
Overlay 0.300x 18= 5.4

10.4 kN/m®

Line load at bottom of wall:

Concrete 5.0 x2.0+0.4 x 6.0 x25=70.0 q«=3.0x2.0=6.0kN/m
Overlay 5.4 x2.0 =10.8
80.8 kN/m

Line load at bottom of columns (spaced at 5.0 m centres):

Concrete 5.0 x 5.0 +0.070 x 6.0 x 25/5= 27.1 qx=3.0 x5.0=15.0 kN/m
Overlay 5.4 x5.0 = 27.0
54.1 kKN/m

Analysis

The base, subjected to vertical loading from the wall and the first row of columns,
will be considered initially as a beam with free ends bearing on an elastic soil. The
moment required to restrain the resulting rotation at the junction with the wall will
then be determined. The wall will be considered initially as a beam propped at the
top and fixed at the bottom, and analysed to determine the moment at the base due
to lateral pressure, for the full and empty conditions. The out of balance moment at
the joint will then be distributed according to the relative stiffness of the members,
and the resulting effects determined.

The base will be extended beyond the centre of the wall by 0.5 m and beyond the
first line of columns by 2.5 m. Then, the base length L = 7.5 m, and the distances
measured from the outer edge are approximately 0.07L to the centre of the wall,
and 0.67L to the line of columns. For simplicity, the rotation at the junction of the
wall and the base will be taken as the value at the end of the base. The resulting
small error is of little consequence in the context of these calculations.
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Example 4 Calculation Sheet 3
Reference CALCULATIONS OUTPUT
The end slopes for beams on elastic foundations can be determined from the data | =
in Table B2, where AL = (3kLY/E.1*)"*. With E, = 32 GN/m” for C28/35 concrete,
L=75mand h=0.4m: -
AL =[3 x 12 x 10* x 7.5%(32 x 10° x 0.4%)]"* = 2.75 say A Y
In Table B2, the coefficients do not vary linearly between successive values of AL, z ,b——__ﬂ:
and the values used in the following calculations have been derived from the basic 05 45 25

equations. However, values obtained by linear interpolation could still be used.

For a concentrated moment M, at end A, and concentrated loads, F at a/L = 0.07
and F, at a/L = 0.67, the slopes at end A are

Ov=83.59M, /(k,BL*) and 6 = (- 10.14F, + 3.19F,) /(k,BL?)
Thus, the fixed-end moment at A required to offset the slope 6k is
OM, = —(k,BL*/83.59) x 6z = 0.121F,L — 0.038F,L
Flexural stiffness values of the base and wall (/ = 6.3 m) are
Ky = kBL*/83.59 =12 x 10° x 1.0 x 7.5%/83.59 =0.0606 x 10° kN m/m
K= EBh,* /41 =32 x 10° x 1.0 x 0.4%/(4 x 6.3) =0.0838 x 10° kN m/m
Distribution factors: Dy, = 0.0606/(0.0606 + 0.0838) = 0.420, D,, = 0.580

g T

Dimensions of wall
and combined base

GEOTECHNICAL DESIGN (Combination 2 partial safety factors)

(1) Reservoir full (no earth loading on wall or roof)

Loading due to the water in the reservoir can be represented by a uniform load
over the entire area of the base, modified by upward loads due to the absence of
water on the outer nib of the base, and the displacement of water by concrete in
the line loads at each end of the base. For simplicity, the upward load due to the
absence of water on the nib will be added to the upward load acting on the line of
the wall. The uniform loads due to the weight of the water and base are transferred
directly to the ground, and have no structural affect on the base or the wall.

Design ultimate values of j; = 1.0 for concrete and ¥, = 1.2 for water apply, with
the maximum depth of water taken as 6.0 m. The design ultimate loads acting on
the wall and column lines, respectively, are

F;=70.0-12x%0.7%6.0x9.81=20.6 kN/m
F,=271-1.2x2.1x9.81/25=26.1 kN/m
Fixed-end moments at junction of base and wall are approximately:
Base: M, =(0.121 x20.6 —0.038 x 26.1) x 7.5 =11 kN m/m
Wall: M, =1.2x9.81 x 6.0 x 6.3/15 = 178 kN m/m
Resulting moments at junction, after releasing fixed-end moments, are
M, =178 —0.580 x (178 + 11) = 68 kN m/m M, =-68 kN m/m
Horizontal force at junction of base and wall is
Fr=12x9.81x6.0%3 +68/6.3 = 152 kN/m
Vertical force at underside of base, including weight of water and base, is
F,=(1.0x04x25+12x%x6.0x9.81)x7.5+20.6+26.1 =651 kN/m
Resistance to sliding for the short-term and long-term conditions are
Short-term (undrained) condition (contact length /, = 7.5 m):
Cualy =35 % 7.5=262 kN/m (>F, = 152)
Long-term (drained) condition:
Fytan ;=651 x 0.4 =260 kN/m (>F}, = 152)

The characteristic loads acting on the wall and column lines, respectively, with the
maximum depth of water taken as 5.75 m, are

-~ 1

=63
lw=6.0

0.2

1.2 50 b
=

Hydrostatic loading for
ultimate condition

165



166

Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 4 Calculation Sheet 4
Reference CALCULATIONS OUTPUT
F;=70.0-0.7x5.75 x 9.81 =30.5 kN/m
F>,=27.1-0.07 x 5.75 x 9.81/5 =26.3 kN/m _—
Fixed-end moments at junction of base and wall are approximately: -
©
Base: My =(0.121 x 30.5-10.038 x 26.3) x 7.5 =20 kN m/m © s

Wall: M, =9.81 x 5.75* x 6.3/15 = 136 kN m/m
Resulting moments at junction, after releasing fixed-end moments, are

M, =136—-0.580 x (136 +20) =46 kN m/m M, =-46 kKN m/m
From Tables B3 and B7, bearing pressure (at x/L = 0) due to My, F; and F, is

g =-15.20(M,/BL*) + 4.589(F, /BL) — 0.334(F, /BL)

=15.20 x 46/7.5% + (4.589 x 30.5 — 0.334 x 26.3)/7.5 = 30 kN/m’

Maximum bearing pressure, including weight of water and base, is

q=0.4x25+575x9.81 +30=97 kN/m’

(2) Reservoir empty (earth loading on wall and roof)

Depth of surcharge on backfill at mid-depth of roof = 0.4 + 3.0/20 = 0.55 m. Load
due to earth on the outer nib of the base will be added to the line load on the wall.

Design ultimate values of ¥;= 1.0 for concrete and soil, and ¥, = 0 for live load on
the roof, will be taken. Design ultimate loads acting on the wall and column lines,
respectively, are:

F;=0.3x%6.65x20+80.8=39.9+80.8=120.7 kN/m F,=54.1 kN/m
Fixed-end moments at junction of base and wall, with K,q = 0.52, are
Base: M, =(0.121 x 120.7 —0.038 x 54.1) x 7.5 = 94 kN m/m
Wall: M, =-0.52 x 20 x (6.3%/15 +0.55 x 6.3%/8) = =202 kN m/m
Resulting moments at junction, after releasing fixed-end moments, are
M, =-202+0.580 x (202-94)=-140 kKN m/m M, = 140 kN m/m
Horizontal force at underside of base is
F,=0.52 %20 x (6.3%/3 + 0.55 x 6.3/2 + 6.95 x 0.2) + 140/6.3 = 192 kN/m
Total vertical force at underside of base, including weight of base, is
F,=0.4x25x75+120.7 + 54.1 =250 kN/m
Resultant moment of forces about outer edge of base is
M=75%3.75+39.9x0.15+80.8 x 0.5+ 54.1 x 5.0 + 140 = 738 kN m/m
Distance to centre of vertical force = M/F, = 738/250 = 2.95 m, which is within
the middle third of the base. Average bearing pressure = 250/7.5 = 33 kN/m
Design resistances to sliding for undrained and drained conditions are as follows:
(a) Short-term (undrained) condition (contact length 4, =2 x 2.95 = 5.9 m):
Cudly =35 % 5.9 =206 kN/m (> F},= 192)
(b) Long-term (drained) condition:
F,tan §; =250 x 0.40 = 100 kN/m (< F, = 192)

Since the resistance to sliding could become inadequate in the long-term, it would
be prudent to introduce a shear key below the base, in line with the stem of the
wall, to mobilise a passive earth resistance > (192 — 100) = 92 kN/m.

Average bearing pressure behind shear key = 33 — 0.35 x 42/7.5 = 31 kN/m?

The design passive resistance, where ¢ is the bearing pressure below the base and
z is the depth of the shear key, is given by K, (y2*/2 + gz). For a 1.0 m deep shear
key with ¢ = 31 kKN/m?, the passive resistance is:

K, (y2°/2 + qz) = 2.5 x (18 x1.0%2 + 31 x 1.0) = 100 kN/m (> 92)

0.2
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Calculation Sheet 5

Reference

CALCULATIONS

OUTPUT

The earth pressure acting on the shear key causes an additional bending moment
that affects the moment equilibrium at the junction of the wall and the base. The
passive earth resistance acts at a depth of (18/3 +31/2)/(18/2 +31) = 0.54 m, and
the moment about the mid-depth of the base M, = —92 x 0.74 = —-68 kN m/m.

Thus, the equilibrium moments at the junction of the wall and the base are:

M, = -202 +0.580 x (202 + 68 — 94) = —~100 kN m/m M, =168 kN m/m
The modified horizontal force at the underside of the base is:

F,=0.52 %20 x (6.3%/3 + 0.55 x 6.3/2 + 6.95 x 0.2) + 100/6.3 = 186 kN/m
Thus, the required passive resistance = 186 — 100 = 86 kN/m (< 100)

STRUCTURAL DESIGN (Combination 1 partial safety factors)

(1) Reservoir full (no earth loading)

In this case, the values used and the results obtained for the geotechnical design
apply for the structural design also.

(2) Reservoir empty (full earth loading on wall and roof)
(a) Short-term (undrained) condition:

Design ultimate values of )%; = 1.35 for concrete, retained soil and soil on roof, and
Y% = 1.5 for live load on roof, will be taken to obtain maximum moment in wall.
Design ultimate loads acting on lines of wall and columns respectively are

F=135%x120.7+1.5%6.0=172.0 kN/m

F,=135%x541+1.5x15.0=95.5kN/m
Fixed-end moments at junction of base and wall are

Base: M, =(0.121 x 172.0 —0.038 x 95.5) x 7.5 = 129 kN m/m

Wall: M, = —1.35 x 0.43 x 20 x (6.3%/15 + 0.55 x 6.3%/8) = —225 kN m/m
Resulting moments at junction, after releasing fixed-end moments, are

M, = -225+0.580 x (225 -129) = —169 kN m M, =169 kN m
Horizontal force at junction of base and wall is

Fr=1.35x0.43 x 20 x (6.3%/3 + 0.55 x 6.3/2) + 169/6.3 = 201 kN/m

The service loads acting on the wall and column lines, respectively, are
Fy=120.7+0.6 x 6.0 =124.3 kN/m F>=54.1+0.6 x15.0 =63.1 kN/m
Fixed-end moments at junction of base and wall are
Base: M, =(0.121 x 124.3 —0.038 x 63.1) x 7.5 =95 kN m/m
Wall: M, = —0.43 x 20 x (6.3%/15 + 0.55 x 6.3%/8) =167 kN m/m
Final service moments at junction, after releasing fixed-end moments, are
M, =—-167 +0.580 x (167 —95) = 125 kN m M,=125kN m

(b) Long-term (drained) condition:

Design ultimate values of % = 1.35 for retained soil, % = 1.0 for concrete and soil
on roof, and %, = 0 for live load on roof, will be taken to obtain maximum moment
in base. Fixed-end moments at junction of base and wall are M, = 94 kN m/m and
M,, =—-225 kN m/m. Ignoring the effect of the shear key gives the following:

Resulting moments at junction, after releasing fixed-end moments, are
M, = =225+ 0.580 x (225 - 94) = -149 kN m M, =149 kN m
Horizontal force at junction of base and wall is
Fy=1.35x0.43 x 20 x (6.3%/3 + 0.55 x 6.3/2) + 149/6.3 = 198 kN/m

/=863

)

1.35K, y(0.55 + 1)
e—s3

Earth loading for
structural design
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Example 4 Calculation Sheet 6
Reference CALCULATIONS OUTPUT
Resistance to sliding provided by base friction (with %= 1.0) is
F,tand =250 x 0.50 = 125 kN/m (< F, = 198)
Resulting passive earth force acting on shear key = 198 — 125 =73 kN/m
Moment about the mid-depth of the base M, = —73 x 0.74 = —54 kN m/m.
Modified equilibrium moments at junction of wall and base are
M, = =225+ 0.580 x (225 + 54 —94) = —118 kN m/m M, =172 kKN m/m
Note: By comparison with the values obtained in the geotechnical design, the force
on the shear key is less but the moment in the base is slightly more.
Durability
BS 8500 For the outer face of the wall, assuming non-aggressive soil conditions, exposure | Concrete strength class
class XC2 applies. For the underside of the roof and the upper portions of the inner | C28/35 with 40 mm
face of the wall, exposure class XC3/XC4 applies. Concrete of minimum strength | cover to both faces
class C28/35 will be specified, with covers ¢, = 30 mm and ¢, = 40 mm.
WALL STEM
Flexural design
Allowing for 40 mm cover, 12 mm horizontal bars in the outer layers, and 16 mm
vertical bars, d =400 — (40 + 12 + 16/2) = 340 mm.
Minimum area of vertical tension reinforcement in wall stem:
92.1.1 Agmin = 0.26 % (3.0/500) x1000 x 340 = 531 mm*/m (H12-200)

(1) Reservoir full
Maximum design moment at junction of wall and base is Mgq = 68 kKN m/m

Hence, from Table Al:
Mg Ibd*fy = 68 x 10°/(1000 x 340% x 28) = 0.021 z/d = 0.95 (max)
A, =68 x 10°%(0.87 x 500 x 0.95 x 340) = 484 mm*/m (H12-200)

Shear force at top of wall is
V,=1.2x9.81 x 6.076 — 68/6.3 = 60 kN/m

If a, is distance from top of wall to point of zero shear, then
Vi— 1.2 x9.81 x a,%/2 = 0 which gives a, =3.19 m

Hence, maximum sagging moment (at a, = 3.19 m) is
Mygq=V; % a,—1.2%9.81 x a,’/6 = 128 kNm/m
A, =128 x 10%(0.87 x 500 x 0.95 x 340) = 911 mm?*/m (H16-200)

(2) Reservoir empty

Maximum design moment at junction of wall and base is Mgy = 169 kKN m/m
Mg /bdfyc =169 x 10%/(1000 x 340% x 28) =0.052  z/d = 0.95 (max)
Ay =169 x 10%(0.87 x 500 x 0.95 x 340) = 1203 mm?*/m (H16-150)

In the long-term (drained) condition, the passive earth pressure acting on the shear
key reduces the moment at the bottom of the wall to M,, = 118 kN m/m.

Shear force at top of wall is
V=135 x 0.43 x 20 x (6.3%/6 + 0.55 x 6.3/2) — 118/6.3 = 78 kN/m
If a, is distance from top of wall to point of zero shear, then
Vi—1.35x0.43 x 20 x (a02/2 +0.55a,) = 0 which gives ¢, = 3.16 m

Hence, maximum sagging moment (at a, = 3.16 m) is

L/ TN

152 kN 68 kNm
—

(1) Reservoir full

78 kN

3.16

154 kNm'

—t

118kNm 193 kN
—k

(2) Reservoir empty
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6.2.2 (1)
Table NA.1

6.2.5

Table 3.1

Meg =V, % ay—1.35 x 0.43 x 20 x (a,°/6 + 0.55a,4/2) = 154 kN m/m
Ay =154 x 10%(0.87 x 500 x 0.95 x 340) = 1096 mm*/m (H16-175)
Shear design

The design shear strength of a flexural member without shear reinforcement is
given by

1/3
o= | LI I Te |,y = 035807,
Ve b, d

1004
where k=1+ @32.0, L 1<20 and 7=15
Va byd

The values of v, and v,,;, may be increased by 0.15Ngq /A, where Ngq is the axial
force on the section due to loading (positive for compression).

With k=1 + (200/330)"? =1.78,  vpmin = 0.035 x 1.78%% x 28'? = 0.44 MPa

(1) Reservoir full

Design shear force at the junction of the wall and the base is V}, = 152 kN/m. Since
the junction is an ‘opening corner’, no reduction of this shear force will be taken.

Vea = Vea/by d = 152 x 10°/(1000 x 340) = 0.45 MPa Nea =70 kN/m
Vinin + 0.15Ngg /A, = 0.44 + 0.15 x 70 x 10%/(1000 x 400) = 0.46 MPa (> vgq)
(2) Reservoir empty

Design shear force at the junction of the wall and the base is V}, = 201 kN/m. Since
the junction is a ‘closing corner’, the critical section for shear may be taken at a
distance d above the top of the base (say 0.5 m above the centre of the base).

Via=201-1.35x 0.43 x 20 x 6.6 x 0.5 = 163 kN/m
Vea = Vea/byd = 163 x 10°/(1000 x 340) = 0.48 MPa
Npq=1.35%80.8+1.5 % 6.0 =118 kN/m
With 10044 /by, d = 100 x 1571/(1000 x 340) = 0.46
ve=(0.18 x 1.78/1.5) x (0.46 x 28)"* = 0.50 MPa
Ve + 0.15Ngq /4. = 0.50 + 0.15 x 118 x10*/(1000 x 400) = 0.54 MPa (> vq)

When the reservoir is empty, in order to mobilise the required resistance to sliding
in the long-term (drained) condition, the resulting shear force on the key below the
base is Vgq = 92 kN/m (see calculation sheet 4). Hence,

Vea = Via /by d = 92 x 10%/(1000 x 340) = 0.27 MPa (< vipiy)
Shear at junction of wall and roof

Suppose that the top of the wall is chamfered at the inner edge and provided with a
waterstop at the outer edge, so that the contact width between the roof and the wall
is b; = 360 mm. Maximum design shear force at top of wall is Vg = 78 kN/m.

Design shear resistance at the interface between concretes cast at different times is
given by:

VRai = Vrai bi = [cfea T 11 (00 + p fya)1bi where

c and p are factors that depend on the roughness of the interface, with ¢ = 0.35
and 1= 0.6 for a free surface left without further treatment after vibration

fod=fooos % =1.92/1.5=128 MPa  fog=fy /7= 500/1.15 = 435 MPa
With H10-300 U-bars at the interface, £ = A, /4; = 524/(1000 x 360) = 0.0014

o, is the normal stress across the interface due to the minimum vertical load. For
the characteristic load due to the roof slab and soil: o; = 20.8/360 = 0.058 MPa
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Calculation Sheet 8

Reference

CALCULATIONS

OUTPUT

BS EN
1992-3
7.3.1

73.2(2)

73.3(2)
Table 7.3

BS EN
1992-3
7.3.1

732(2)
734

PD 6687
2.16

In this instance, movement of the roof slab during construction could invalidate
any contribution from the tensile strength of the concrete and ¢ = 0 will be taken.

Vrai = 0.6 x (0.058 + 0.0014 x 435) x 360 = 144 kN/m (> Viq)

Cracking due to loading

The requirements of Eurocode 2: Part 1 may be applied, provided the depth of the
compression zone is at least equal to the lesser of 0.2/ or 50 mm in all conditions.

With minimum reinforcement, 1004, /bd = 100 x 565/(1000 x 340) = 0.166. From
Table A6, x/d = 0.200 (for . = 15) and x = 0.200 x 340 = 68 mm (> 50 mm).

Minimum area of reinforcement required in tension zone for crack control:
As,min = kckfct,effAct/O-s Where

k.= 0.4 for bending, k= 0.93 for & = 400 mm, fo; e = fom = 0.3/5>> = 2.8 MPa
for general design purposes, 4. = bh/2 and o; < fyx = 500 MPa.

Aqgpmin= 0.4 x 0.93 x 2.8 x 1000 x 200/500 = 417 mm*/m (< A provided)

The reinforcement stress under characteristic loading is given approximately by
0y = (0.87fy) ¥ (Mic/My) X (Asreq/As prov) where
My and M, are moments due to characteristic and ultimate loads, respectively.

Crack width criterion can be met by limiting the bar spacing. For section at bottom
of wall, values obtained from Reynolds, Table 4.24 for wy = 0.3 mm, are

(1) Reservoir full (H12-200)
o, = 0.87 x 500 x 46/68 x 484/565 =250 MPa Bar spacing < 185 mm

(2) Reservoir empty (H16-150)
o,=0.87 x 500 x 125/169 x 1203/1340 =280 MPa  Bar spacing < 150 mm

It can be seen that the bar spacing requirement is satisfied for condition (2) but not
for condition (1). The requirement is also unlikely to be satisfied in the case of the
sagging moments for conditions (1) and (2). The vertical reinforcement will be
increased to H16-150 for all cases.

Cracking due to restrained early thermal contraction

For cracks that can be expected to pass through the full thickness of the section,
the crack width limit is given by:

Wi gim = 0.225(1 — z,,/45h) <0.2 mm  where z,, is depth of water at section
Hence, for 7= 0.4 m: Witim = 0.225(1 - z,,/18) < 0.2 mm from which

W jim = 0.2 mm for z,, < 1.67 m decreasing linearly to 0.15 mm at z,, = 6.0 m

Minimum area of horizontal reinforcement, with f . = 1.8 MPa for cracking at
age of 3 days, k. = 1.0 for tension and k& = 0.93 for # =400 mm, is given by

Aqmin = kel = 1.0 X 0.93 x 1.8 x 1000 x 400/500 = 1340 mm*/m

With ¢ =40 mm, &, = 0.8 for high bond bars, k, = 1.0 for tension, 4 as the lesser
of 2.5(h-d) and h/2, and H12-150 (EF) as minimum reinforcement:

Srmax — 34c+ 0‘425k1k2(Acweff/As)(P
=34x%x40+0.425 x 0.8 x 1.0 x (2.5 x 46 x 1000/754) x 12 =758 mm

With R = 0.8 for wall on a thick base, AT = 30°C for 350 kg/m3 Portland cement
concrete and 400 mm thick wall (Reynolds, Table 2.18), and a = 12 x 10*per °C:

Wi = (0.8RAAT) X Sy pax = 0.8 X 0.8 x 12 x 10 % 30 x 758 =0.18 mm
Similarly, with H12-125 (EF): Sy max =655 mm and we=0.15 mm

For vertical bars:
Provide H16-150 (EF)

For horizontal bars:
Provide H12-150 (EF)
for depth of 3.6 m and
H12-125 (EF) below
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Calculation Sheet 9

Reference

CALCULATIONS

OUTPUT

Thus, H12-150 (EF) is sufficient for values of z,, < 18(1- 0.18/0.225) = 3.6 m, and
H12-125 (EF) for values of z, > 3.6 m.

Corner panels

At the corner of the reservoir, the vertical edges of the wall panels are fixed at one
end and free at the other. The negative moment at the fixed edge will be taken as
the value obtained for a long rectangular panel fixed at both ends. From the tables
in Appendix C, for panel 1 and /; /I, = 4.0, the following values are obtained:

Assuming 12 mm horizontal bars, d =400 — (40 + 12/2) =350 mm say.
(1) Reservoir full (Table C2)
M=0.037 x 1.2 x9.81 x 6.0> x 6.3 =98.8 kN m/m
Ay =98.8 x 10°(0.87 x 500 x 0.95 x 350) = 683 mm*/m (H12-150)
(2) Reservoir empty (Tables C2 and C3)
M=1.35x0.43 x 20 x (0.037 x 6.3° + 0.081 x 0.55 x 6.3%) = 128 kN m/m
Ay =128 x 10%/(0.87 x 500 x 0.95 x 350) = 885 mm?*/m (H12-125)

It can be seen that an arrangement of H12-125 (EF) will be sufficient to meet the
requirements for bending and cracking due to restrained early thermal contraction.

WALL BASE

Flexural design

Moments due to loads F (at a/L = 0.07) and F, (at a/L = 0.67) can be determined
from Tables B7 and B9. Hence, design ultimate bending moments at junction of
wall and base (x/L = 0.07) due to moment My, and loads F; and F>, are as follows:

(1) Reservoir full (M, = -68 kN m/m, F; =20.6 kKN/m, F, = 26.1 kN/m)
Mgq=-68 +(0.010 x 20.6 — 0.001 x 26.1) x 7.5 = =67 kN m/m
Provide H12-150 to align with bars in wall stem.

(2) Reservoir empty (M, =169 kN m/m, F; = 172.0 kN/m, F, = 95.5 kN/m)
Mg =169 + (0.010 x 172.0 — 0.001 x 95.5) x 7.5 = 181 kN m/m
With 50 mm cover, d =400 — (50 + 16/2) = 340 mm say
Mg /bd*fy. = 181 x 10%/(1000 x 3407 x 28) = 0.056 z/d = 0.948
Ay =181 x 10%(0.87 x 500 x 0.948 x 340) = 1291 mm*/m (H16-150)

Suppose the base is constructed in 10 m long panels, with each panel supporting
two columns arranged symmetrically. All the columns are to be enlarged to 1.2 m
diameter at the bottom (calculation sheet 13). Consider each column supported on
a square area of side 5.0 m, with the load applied over an equivalent square area of
side 1.2 x (77/4)"2 = 1.0 m say. Column load Nggq = 95.5 x 5.0 = 478 kN.

Total bending moment for a 5 m wide strip at face of loaded area is
M= (478/25) x 5.0 x 2.0%2 =192 kN m
Assuming 12 mm bars in second layer, d =400 — (50 + 16 + 12/2) =320 mm
Ag =192 x 10%/(0.87 x 500 x 0.95 x 320) = 1452 mm’ (H12-200 minimum)
Shear at junction of wall and base
(2) Reservoir empty

From the equations used to derive the coefficients in Tables B3 and B7, maximum
design ultimate shear force at x/L = 0.07, is

Vea=-0.837(My /L) —0.717F, + 0.095F,
=-0.837 x 169/7.5-0.717 x 172.0 + 0.095 x 95.5 = =133 kN/m
Vea = Vea/byd = 133 x 10°/(1000 x 340) = 0.39 MPa (< iy )

For corner panels
H12-125 (EF) at
all levels

Provide H12-150 (T)
and H16-150 (B) in
transverse direction,
H12-200 (T and B) in
longitudinal direction
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Punching shear at columns

Mean effective depth: d,, =400 — (50 + 15) =335 mm.

Length of the basic control perimeter, at distance 2d,, from the face of the 1.2 m
diameter enlargement at the bottom of the column, is:

uy =27% (600 +2 x 335) =7980 mm
Conservatively, taking Vgq = Ngq, the shear stress at the control perimeter is:
Vea = Vid/(uyd) = 478 x 10*/(7980 x 335) = 0.18 MPa (< vyin)

See plan on sheet 9 for
basic control perimeter

ROOF SLAB
Analysis

The roof is considered to be divided in two orthogonal directions into strips of slab
on knife-edge supports. The widths of the strips are taken as 5 m for the interior
strips and 2 m for the edge strips. The effective spans between centres of supports
are 5 m for the interior spans and 4.5 m for the end spans.

For a 7-span continuous slab on knife-edge supports, where the length of each end
span is 0.9 x the length of an interior span, bending moments and shear forces can
be obtained from the following tables:

Moment Coefficients for 7-Span Slab Where End Span is 0.9 x Interior Span

Spans Span | Support | Span | Support | Span | Support | Span
loaded | A-B B B-C C C-D D D-E

All 0.060 | —0.093 | 0.038 | —0.081 | 0.043 | —0.084 | 0.041
Odds 0.084 | —-0.037 | -0.040 | —0.043 | 0.083 | —0.042 | —0.042
Evens | —0.024 | —0.056 | 0.078 | —0.038 | —-0.040 | —0.042 | 0.083

M = coefficient x FL, where F'is total load on interior span L

Shear Coefficients for 7-Span Slab Where End Span is 0.9 X Interior Span

Spans | Support Support B Support C Support D
Loaded A LH RH LH RH LH RH

All 0.347 0.553 0.512 0.488 0.497 0.503 0.500
Odds 0.409 0.491 | —0.006 | 0.006 0.501 0.499 0
Evens | —0.062 | 0.062 0.518 0482 | —0.004 | 0.004 0.500

V' = coefficient x F, where F is total load on interior span

The design ultimate loads (see calculation sheet 2 for characteristic loads) are:
Permanent: 1.35 x 10.4 = 14.0 kN/m’ Variable: 1.5 x 3.0 = 4.5 kN/m’

The maximum design bending moments and shear forces for a 5 m wide panel are
given in the following tables:

Location Bending Moment for 5m Wide Panel kN m
Span A-B (0.060 x 14.0 +0.084 x 4.5) x 5* x5 = 152
Support B ~0.093 x (140 +4.5) x 5> x5  _ 515
Span C-D (0.043 x 14.0+0.083 x 4.5) x5 x5 = 122
Support D —0.084 x (14.0 +4.5)x 5* x5 =-195
Location Shear Force for 5m Wide Panel kN
Support A 0.409 x (14.0 +4.5) x 5> = 189
Support B (0.553+0.512) x (14.0 + 4.5) x 5% = 493
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[.1.2(3)
Figure 1.1
Table 1.1

6.2.2 (1)

When the reservoir is full, the roof slab is also subjected to direct tensile forces in
each direction, equal in magnitude to the shear force at the top of the perimeter
wall. The slab will be designed for the combined effects of the bending moments
resulting from the roof load, and the direct tension resulting from the hydrostatic
pressure acting on the wall. From calculation sheet 5, when the reservoir is full,
the design shear force at the top of the wall is ;= 60 kN/m.

Design for combined flexure and tension

A rectangular section that is subjected to a bending moment M and a tensile force
N acting at the mid-depth of the section, where M/N > (d — 0.5h), can be designed
for a reduced moment M, = M — N(d — 0.5h) and a tensile force N acting at the
level of the tension reinforcement. Design tensile force = 60 kN/m.

Allowing for 40 mm cover and 12 mm bars in each direction, for the second layer
of'bars, d =200 — (40 + 12 + 12/2) = 140 mm say.

The panels will be notionally divided into 2.5 m wide column and middle strips,
and the moments for the full panel width apportioned between specified limits.
The hogging moments at the columns will be allocated in the proportions: 70% on
column strips and 30% on middle strips. The sagging moments in the spans will be
allocated in the proportions: 50% on column strips and 50% on middle strips.

Support B (Column strip)

M=0.7 x215/2.5 = 60.2 kNm/m

=60.2— 60 x (0.140 — 0.100) = 60.2 — 2.4 = 57.8 kNm/m
M, Ibd*fy = 57.8 x 10°/(1000 x 1407 x 28) =0.106  z/d = 0.896
A,=57.8 x 10%(0.87 x 500 x 0.896 x 140) + 60 x 10°/(0.87 x 500)
=1060 + 138 = 1198 mm*/m (H12-200 + H16-200)

Support B (Middle strip)

M=03x21525=258 kNm/m M, =25.8—2.4=234kNm/m

M, Ibd*fy = 23.4 x 10°(1000 x 140% x 28) = 0.043  z/d = 0.95 (max)

Ag=23.4 x 10°/(0.87 x 500 x 0.95 x 140) + 138 = 543 mm*/m (H12-200)
Support D (Column strip)

M=0.7 % 195/2.5 = 54.6 kNm/m =54.6-2.4=522kNm/m

M, Ibd*fy = 52.2 x 10°/(1000 x 1407 x 28) = 0.095  z/d =0.908

A,=52.2 % 10%(0.87 x 500 x 0.908 x 140) + 138 = 1082 mm*m (H12-100)
Span A-B (Column strip and middle strip)

M=152/50=304kNm/m M, =30.4—-2.4=280kNm/m

M, /bd*fy. = 28.0 x 10%/(1000 x 140% x 28) =0.051  z/d=0.95 (max)

A,=128.0 x 10%(0.87 x 500 x 0.95 x 140) + 138 = 622 mm*/m (H16-200)
Span C-D (Column strip and middle strip)

M=122/50=244kNm/m M, =244-24=220kNm/m

Ag=22.0 x 10°/(0.87 x 500 x 0.95 x 140) + 138 = 519 mm*/m (H12-200)
Shear at perimeter wall

Conservatively, taking the reaction at the centre of support A: Vg = 189 kN

Assuming the reaction to be uniformly distributed across the panel width:
Vg = Va/byd =189 x 10°/(5000 x 140) = 0.27 MPa
With vy = 0.035kf, ", where k = 2.0 for d <200 mm, and oy, = Nig /4!

Vanin + K1 Gy = 0.035 x 2% 28"% — 0.15 x 60/200 = 0.48 MPa

I,_.Nj

Tensile force acting at
mid-depth of section

’_ My
L Ly )
Tensile force acting at
level of reinforcement

Provide H12-200 (T)
throughout and add
H16-200 at the outer
columns and H12-200
at all other columns

Provide H16-200 (B)
in the end spans and
H12-200 (B) elsewhere
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Reference CALCULATIONS OUTPUT
Punching shear at columns
For the top reinforcement in the column strips, with 16 mm bars in two orthogonal
directions, the mean effective depth d,, =200 — (40 + 16) = 144 mm.
6.4.2 (1) If the column is provided with a 1.2 m diameter head, length of the basic control | Provide 1.2 m diameter
Figure 6.13 | perimeter at distance 2d,, from the face: u; =27z x (600 +2 x 144) = 5580 mm head to all columns
6.4.3 Taking = 1.15 for an internal column, modified to take account of the diameters
Figure of the column and the column head, and Vg =493 kN at support B:
6.2IN L=1.0 +0.15x (300 + 4 x 144)/(1200 + 4 x 144) = 1.075
Equation 3
6.42 Via = SVed/(uid) = 1.075 x 493 x 10°/(5580 x 144) = 0.66 MPa
The mean reinforcement percentage with 1570 mm*m in each direction is
1004y /by, d = 100 x 1570/(1000 x 144) = 1.09
Hence, with k= 2.0 for d <200 mm,
Vrae = (0.18 x 2.0/1.5) x (1.09 x 28)* —0.15 x 60/200 = 0.70 MPa (> v)
6.4.4 (1) Deflection
Deflection requirements may be met by limiting the span-effective depth ratio. For
the interior spans, the actual span/effective depth ratio = 5000/140 = 36.
7.4.1 (6
© The quasi-permanent load, taking y» = 0.3, for a full panel width is given by
_ _ 2
BS EN 1990 gt g =104+03x3.0=11.3 kN/m
Table For spans C-D, 4eq = 516 mm*/m, A proviAsreq = 754/516 = 1.46 (< 1.5), and the
NA.AlL1 corresponding stress under quasi-permanent load is given approximately by
Os = (fyk/ys)(As,rcq/As,pmv)[( 8k + %) qk)/n]
=(500/1.15)(516/754)(11.3/18.5) = 182 MPa
From Reynolds, Table 4.21, limiting //d = basic ratio x o x f where:
For 1004/bd = 100 x 516/(1000 x 140) = 0.37 < 0.1f3>° = 0.1 x 28%% =0.53,
&= 0.55 + 0.0075£4/(1004/bd) + 0.005£,. > [fu"3/(1004,/bd) —10]"
=0.55+0.0075 x 28/0.37 + 0.005 x 28" x (28"%/0.37-10)"* = 1.35
p:=310/0,=310/182=1.70
For a flat slab, the basic ratio = 24. Hence,
142 Limiting //d =24 x oy x ffi=24 x 1.35 x 1.70 = 55 (> actual //d = 36) Check complies
T.at-)le NA.5 | Cracking due to loading
Minimum area of reinforcement required in tension area for crack control:
Agsmin = kekfeeir A /0y Where, at points of contra-flexure,
ke =1.0 for tension, k = 1.0 for / <300 mm, fier = foum = 0.3/0*” = 2.8 MPa
7322 for general design purposes, 4, = bh and oy < fy = 500 MPa.
Agmin=1.0 x 1.0 x 2.8 x 1000 x 200/500 = 1120 mm*/m H12-200 (EF)
No other specific measures are necessary provided overall depth does not exceed
200 mm, and detailing requirements are observed. Check complies
733 (D) Cracking due to restrained early thermal contraction
Minimum area of horizontal reinforcement, with f ;s = 1.8 MPa for cracking at
age of 3 days, k. = 1.0 for tension and k& = 1.0 for # <300 mm, is given by
Aqmin = kekfueetrAe e = 1.0 X 1.0 x 1.8 x 1000 x 200/500 = 720 mm*/m
With ¢ = 52 mm, k; = 0.8 for high bond bars, k, = 1.0 for tension, 4 as the lesser
73202 of 2.5(h-d) and //2, and H12-200 (EF) as minimum reinforcement:
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Reference CALCULATIONS OUTPUT
Semax = 3.4¢ + 0.425k 1 ko(Ac it /As) @
=3.4x52+0.425x0.8 x 1.0 x (100 x 1000/565) x 12 =899 mm
PD 6687 Taking R = 0.8 for infill bays, AT = 15°C for 325 kg/m’ Portland cement concrete
2.16 and slab thickness < 300 mm (Reynolds, Table 2.18), and =12 x 10™°per 'C:
Wi = (0.8RAAT) X Sppax = 0.8 X 0.8 x 12 x 107 x 15 x 899 = 0.10 mm
Detailing requirements
Minimum area of longitudinal tension reinforcement:
9.3.1.1 (1) Agmin = 0.26(feun/f)bd = 0.26 x (3.0/500) bd = 0.00156bd > 0.0013 bd
=0.00156 x 1000 x 140 =219 mm*/m
9.3.1.1(3) Maximum spacing of principal reinforcement in area of maximum moment:
2h =400 <250 mm Elsewhere: 34 = 600 mm < 400 mm
94.1(2) At internal columns, the top reinforcement in the column strip should normally be
placed with two-thirds of the required area in the central half of the strip. It is
reasonable to waive this requirement when enlarged column heads are provided.
9.4.1(3) Bottom reinforcement (>2 bars) in each orthogonal direction should be provided

to pass through each column.
Curtailment of longitudinal tension reinforcement

The following simplified curtailment rules for one-way continuous slabs will be
used in each orthogonal direction.

For bottom reinforcement, continue 50% onto support for a distance > 10¢ from
the face, and 100% to within a distance from centre of support:

<0.1 x span =450 mm at end supports
<0.2 x span = 1000 mm at interior supports

For top reinforcement, continue for distance beyond face of interior support:
100% for > 0.2 x span = 1000 mm (= /y;q¢ + d = 35 x 16 + 140 = 700 mm)
50% for > 0.3 x span = 1500 mm

FLOOR SLAB
Analysis

The floor slab is to be constructed as a series of 5 m wide continuous strips with
each strip supporting a centrally placed line of columns. The slab is 200 mm thick,
and the bottom of each column will be enlarged to 1.2 m diameter. The maximum
design load at the bottom of support D is

Nig=1.03 x 18.5 x 52+ 1.35 x 0.07 x 6.0 x 25 = 490 kN

Each column will be considered as supported on a 5 m x 5 m square area, with the
column load applied over a square area of side 1.2 x (7/4)"* = 1.0 m say.

Total bending moment for a 5 m wide strip at face of loaded area is
M = (490/25) x 5.0 x 2.0%/2 =196 kN m

Design for flexure

Allowing for 50 mm cover and 12 mm bars in each direction, for the second layer
of bars, d =200 — (50 + 12 + 12/2) = 130 mm say.

Taking 70% of the total moment on the middle half of the width:

Miq Ibdfyc= 0.7 x 196 x 10%/(2500 x 130% x 28)=0.116  z/d = 0.884
A,=0.7 x 196 x 10%(0.87 x 500 x 0.884 x 130) = 2745 mm’ (H12-100)
Clearly, for the outer quarters of the width, H12-200 will be sufficient.

In both directions
provide H12-100 (B)
at each column and
H12-200 (B) elsewhere
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Example 4 Calculation Sheet 14
Reference CALCULATIONS OUTPUT
Punching shear at columns
Mean effective depth for bottom reinforcement, d,, = 130 + 12 = 142 mm
Radius of the basic control perimeter at distance 2d,, from the face of the 1.2 m
diameter foot to the column = 600 + 2 x 142 = 884 mm.
If the floor slab is considered as a flexible plate bearing on an elastic soil, the
radius of relative stiffness 7y, where vis Poisson’s ratio, is given by
n=[EH 112(1=v2) k™ = [E. 1?1 11.52k,]" for v=0.2
=32 x 10°x 0.2%/(11.52 x 12 x 10*)]"* = 1.2 m say
From Table B11, with r, /r, = 884/1200 = 0.74, by interpolation:
Vea = 0.18 (F/r) = 0.18 x 490/1.2 = 73.5 kKN/m
Assuming a uniform distribution of shear stress (i.e. no moment transfer):
Vea = Ve (uyd) = 73.5 x 10*/(1000 x 142) = 0.52 MPa
With H12-100 in two orthogonal directions, mean reinforcement percentage:
10044 /by, d = 100 x 1131/(1000 x 142) = 0.80
6.2.2(1) Hence, with £ =2.0 for d <200 mm,
Table NA.L |, 0= (0.18 x 2.0/1.5) x (0.80 x 28)"* = 0.67 MPa (> vgq) Shear satisfactory
Cracking due to restrained early thermal contraction
Since a separation layer is to be provided between the slab and the blinding, and
movement joints are provided between the strips, cracking is unlikely. However,
as a precaution, the recommended minimum reinforcement area will be provided.
732(2) Agin = kekfuerrda fy = 1.0 X 1.0 x 1.8 x 1000 x 200/500 = 720 mm*/m
The provision of H12-200 (bottom) and A393 fabric (top) meets this requirement, | Provide A393 fabric
and also caters for the small moments that occur in the areas between the columns. | at top of slab
COLUMNS
Effective length and slenderness
Using the simplified method for braced columns given in Concise Eurocode 2, for
condition 2 (a monolithic connection to members on each side that are shallower
than the overall depth of the column but generally not less than half the column
depth) at both top and bottom of the column, the effective length:
lp=0.85/=0.85%x6.0=5.1m
Radius of gyration of a circular concrete section: 7= h/4=0.3/4=0.075 m
5.8.3.2(1) Slenderness ratio: A= 1,/i =5.1/0.075 = 68
5.83.1(1) Slenderness criterion: A, = 20(4 x B x C)/\/n where 7= Ngq/A.fu
At support B (mid-height), Ngg =493 + 1.35 x 0.07 x 3.0 x 25 =500 kN
n =500 x 10°/(z x 150% x 0.85 x 28/1.5) = 0.45
Taking 4=0.7, B=1.1, C=0.7 (moments predominately due to imperfections)
Aim =20 x 0.7 x 1.1 x 0.7N0.45 = 16
Since A > A, , second order effects will need to be considered.
Design moments
6.1 (4) Minimum design moment, with ey = /30 = 300/30 > 20 mm:
Minin = Ngqep =500 % 0.02 =10 kN m
5.8.2(9) First-order moment due to imperfections (simplified procedure):
M; = NI,/400 = 500 x 5.1/400 = 6.4 kN m
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Calculation Sheet 15

Reference
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58.8.2(3)
58.8.3(1)
5.8.83(3)

5.8.8.3 (4)
584 (2)

3.14(2)
Figure 3.1

5.8.9

Using the method based on nominal curvature, the nominal second-order moment
M, = Ngqe, where e, =(1/r) 1,210 and 1/r= K. K,(fya/Es)/0.45d
K. =(n,—n)/(ny—nyy) <1 where ny, = 0.4 may be used
Since 7 is only slightly more than ny,, K, = 1.0 will be taken.
K,=1+pB@ps>1.0 where
£=0.35+14/200— /150 = 0.35 + 28/200 — 68/150 = 0.04
@t = @ (0,80) X (Moggp /Mora) = 0.6 X @ (0,ty) say
For outside conditions, with #, > 30 days, 4, = /#/2 = 150 mm and C28/35 concrete:
@(0,t)) =2.0say @s=06x20=12 K,=1+0.04x12=1.05
1/r=1.0 x 1.05 x 500/(1.15 x 200 x 10” x 0.45 x 0.24) = 0.0212
M, =500 x 0.0212 x 5.1*/10 = 27.6 kKNm

Considering second-order moments about two perpendicular axes, and first order
moment due solely to imperfections about one axis, the equivalent design moment
about one axis for a circular cross-section is

Mg =M, +\2M, = 6.4 +\2 x 27.6 = 45.5 KNm (> M, = 10 kKN m)
Design of cross-section

Allowing for 40 mm cover, 8 mm links, and 16 mm main bars, diameter of the
circle through centres of bars:

hy=300—2 x (40 + 8 + 16/2) = 188 mm hy/h = 188/300 = 0.6 say
MR fy = 45.5 x 10%(300° x 28) = 0.060
N/l =500 x 10*/(300% x 28) = 0.20
From Table A7: A fy/Acfx=0.20 and K,=0.80

Since K, < 1.0, the calculated second order effects can be reduced. Hence,
With K, =0.80: 1/r=0.017 and M,=22.1kNm
Mpg=64+\2x221=377kNm and M/h*fy=0.050
From Table A7: A fu/Acfac=0.10 and K, =0.80
A,=0.10 x 7% 150> x 28/500 = 396 mm” (6H12) 6H12

Bar Marks

Commentary on Bar Arrangement (Drawing 2)

01,03
02
04

05
06
07

08

Bars (shape code 21) with 50 mm cover against blinding (bottom and ends), and 40 mm cover (top).
Straight bars with 50 mm end cover. Bars in wall stem are placed in outer layers with 40 mm cover.

Bars (shape code 21) projecting from shear key to provide starter bars for wall stem. Projection above top of
base to provide a lap length above 150 mm kicker = 1.5 x 38 x 16 + 150 = 1075 mm say.

Straight bars bearing on wall kicker and stopping below roof slab.
Bars (shape code 21) with lap length = 1.5 x 38 x 10 = 575 mm.

Column starter bars (shape code 11) standing on mat formed by bars 01 and 02. Projection of bars above top
of base to provide a lap length above kicker on top of column foot = 1.5 X 38 x 12 + 600 + 100 = 1400 mm
say. Cover to bars in column = 50 mm to enable 40 mm cover to links.

Circular links (shape code 75) to hold column starter bars in place during construction.
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Example 4: Reinforcement in Reservoir Wall and Base Drawing 2
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Example 4: Reinforcement in Reservoir Floor and Column Drawing 3

J

|
\ (sepuiq [eottey youd wiw 0Oz x Buoy w G) 60-8H 1

ELEVATION
OF COLUMN

[e——ooz-vo-2iHse Iil
zauoz-eo-zmz;:l
-
A
=L
o~
@ —
< (::> 3. £[H @
I =
S £ 2l® | &
|‘ ! J 3 é 3 o
Z800Z-20-ZVHSZ A g -
@
[ >
w 89
Z400Z-€0-ZLHZL 2 E § P:3
L3 £33
@ e 2 ®
~ 25 4
g 548
3 o g3
=
P
N uz'l frit g
=
= 7
o =
SULWN|OD 0) SJeq 9 =
Japels 10} y-y 998 'S % F
]_L )
o o 8
ZH00Z-E0-ZIHZL § = 2
i 2 3 =
g K g -
o~ I
3 <
= =
1 i,
K 28002-20-ZLHSZ i 001 ; § gé § o
= =
8s g¢§E
8 37s
E =
2800Z-€0-Z4HZL % =€ 1lls
-
7'y § - v W
o~
T
g %
—
5
= 002-¥0-ZLH! z—'—I)‘

mJ §T_




180 Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 4: Bottom Reinforcement in Reservoir Roof Drawing 4
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Example 4: Top Reinforcement in Reservoir Roof Drawing 5
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Example 4: Joint Details Drawing 6
r— Waterproof membrane Sealing compound
’
I— Non-absorbent joint filler
V4
3 I~ Surface waterstop
r—— Surface walerstop r _I/
11
JOINT BETWEEN WALL EXPANSION JOINT BETWEEN
AND ROOF SLAB WALL BASE AND FLOOR SLAB
Sealing compound ling compound Waterproof membrane
on water face l—
—
T
Centre waterstop Surface waterstop —— Surface of first
pour roughened
CONTRACTION JOINT CONTRACTION JOINT CONSTRUCTION JOINT
BETWEEN WALL PANELS BETWEEN FLOOR PANELS IN ROOF SLAB
Bar Marks Commentary on Bar Arrangement (Drawing 3)

01, 02,03 Straight bars with 50 mm cover generally. For bars 02, lap length = 1.5 x 38 x 12 = 700 mm say.
04 Bars (shape code 36) in edge thickening with 50 mm cover generally.

05 Column starter bars (shape code 11) standing on mat formed by bars 03. Projection of bars above top of base
to provide a lap length above kicker on top of column foot = 1.5 x 38 x 12 + 600 + 100 = 1400 mm say.
Cover to bars in column = 50 mm to enable 40 mm cover to links.

06 Circular links (shape code 75) to hold column starter bars in place during construction.

07 Straight bars bearing on column kicker and stopping below roof slab.

08 Bars (shape code 11) with lap length = 1.5 x 38 x 12 = 700 mm say.

09 Helical binder (shape code 77), with 40 mm cover, starting above kicker and stopping below the roof slab. Pitch

of binder should not exceed 20 x 12 = 240 mm generally. Immediately above base and below slab, main bars are
further restrained by column thickening.

Bar Marks Commentary on Bar Arrangement (Drawings 4 and 5)

01 Bars (shape code 21), with covers: 40 mm bottom and 55 mm top in one direction, and 55 mm bottom and
40 mm top in other direction.

02, 03,04 | Straight bars, with lap lengths = 1.5 x 38 x 12 = 700 mm say. Bars 06 and 07 are arranged to alternate with
05, 06, 07 bars 03 and 05, to provide a top mat of bars at 100 mm centres at each column.




7 Example 5: Open-Top Rectangular Tank

Description

An open-top rectangular tank is required to contain 250 m® of non-potable water with a minimum freeboard of 100 mm.
Allowance is to be made for the water table rising to the ground level, with the underside of the base located at a depth of
1.5 m below ground level. The bearing stratum is medium dense sand, with the following presumed values: 100 KN/m?
allowable bearing pressure and 20 kN/m® modulus of subgrade reaction.

Consider a tank whose internal dimensions are 11.7 x 5.7 x 3.85 m® deep, where the thickness of the wall and the base
is 300 mm. The capacity of the tank, allowing for freeboard, is 11.7 x 5.7 x 3.75 = 250 m’.

The tank will be constructed without movement joints, so that continuity is obtained in both horizontal and vertical planes.
Maximum values of bending moments and shear forces on vertical and horizontal strips of unit width can be determined
from the tables in Appendix C, for tank walls that are either hinged or fixed at the bottom. In considering the horizontal
spans, shear forces at the vertical edges of one wall result in axial forces in the adjacent walls. Thus, for internal hydrostatic
loading, the shear force at the end of one wall is equal to the tensile force in the adjacent walls, and vice versa.

Note: At the bottom of the wall, a hinged condition can be created by using a narrow footing tied into the floor slab, or by
adopting a reinforced hinge detail. A fixed condition can be created by widening the footing until a uniform distribution of
bearing pressure is obtained. This will result when the width of the base is such that the moment about the centreline of the
wall, due to the weight of water on the base is equal, to the fixed-edge moment at the bottom of the wall. When the tank wall
is continuous with the floor slab, the deformation of the floor is complex and dependent on the assumed ground conditions.
The effect of the resulting edge rotation on the moment at the bottom of the wall will be examined in this example.

lk=12m 3850 300
0

=6m
>
i
|
>
5700 300
Y-Y

-
|
= 8
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300 11700 300
- "
E
o

}Z
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Note: In the UK National Annex to Eurocode 1: Part 4, %, = 1.2 is recommended for liquid-induced loads at the ultimate
limit state. In Eurocode 2: Part 3, it is implied although not clearly stated, that it is sufficient to check for cracking under
quasi-permanent loading. In this example, characteristic loading will be taken, as explained in Chapter 1.
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Worked Examples for the Design of Concrete Structures to Eurocode 2

Example 5 Calculation Sheet 1
Reference CALCULATIONS OUTPUT
GEOTECHNICAL DESIGN
BS EN 1997 | Stability check against uplift due to groundwater
2474

Design stabilising force due to weight of empty tank, with 5 ¢, = 0.9,

Gasta ==[(12.3 X 6.3 +36.0 x 3.85) x 0.3 x 25] x 0.9 = 1458 kN

Design destabilising vertical force due to 1.5 m head of water, with y; 4y = 1.0,
Vista =[12.3 x 6.3 x 1.5 x 9.81] x 1.0 = 1140 kN (< Gy q = 1458 kN)

STRUCTURAL DESIGN
(1) Tank full (no external loading)

The internal liquid level will be taken to the tops of the walls assuming that the
liquid outlets are blocked. Vertical loading due to water in the tank can be taken as
a uniform load over the entire area of the floor, modified by an upward line load
due to the displacement of water by concrete in the perimeter wall loads. Uniform
loading due to the weight of water and floor slab will be transferred directly to the
ground, with no structural effect on the floor or the walls.

Analysis

The following is an approximate analysis in which the continuity of middle strips
of unit width is examined in each direction. The floor slab is considered initially as
a series of beams with free ends bearing on an elastic soil. The moments needed to
restrain the resulting rotations at the junctions with the walls are then determined.
The walls are considered as rectangular panels fixed at the bottom, and analysed to
determine the vertical moment at the middle of the bottom edge due to hydrostatic
loading. The out-of-balance moments at the bottom edges will then be distributed
according to the stiffness of the members and the resulting effects determined.

The end slopes for beams on elastic foundations can be determined from the data
in Table B2, where AL = (3kLY/E/*)". With E, = 32 GN/m” and h = 0.3 m,

AL =[3 %20 x 10 /(32 x 10° x 0.3%)]"* x L =0.5L say

The end slopes for beams of unit width with loads 0.5F at each end (a/L = 0), and
the moments needed to offset the end slopes, can be determined as follows:

Section X-X, L=12m, AL =6.0, Oy = 0 = -36.1F/k,L*,

My =—Myg = -(k,L/861.1) x Oy = 0.0419FL

Section Y-Y, L=6m, AL=3.0, 6, = ~6s = -8.75F/k,L’,

My =-Mg=-(kL/117.6) x Oy = 0.0744FL

Stiffness values and moment distribution factors can be determined as follows:

Floor: K= k,L’/cg, where cg is the end slope coefficient obtained from Table B2
for concentrated moments at both ends, according to the value of AL.
Wall: K, = e, D/1,, where a, is the panel stiffness coefficient at middle of panel

length obtained from Table C1 for a rectangular panel with top edge free
and the other edges fixed, according to the value of I, /, (or I, /1,).

D=E.*N12(1-0%) =32 x 10° x 0.3%/(12 - 0.2%) = 0.075 x 10°

Section | Panel Dimensions Stiffness (kN m/m)

X-X | Floor | L=12m, AL=6 | K;=20x 10’ x 12/861.1 = 0.0401 x 10°
wall | [ /I,=6/4=15 |K,=5.2x0.075x10°/4 =0.0975 x 10°
D= 0.0401/(0.0401 + 0.0975) = 0.291, D,, = 0.709
Y-Y | Floor | L=6m, AL=3 | K¢=20x 10’ x 6/117.6 = 0.0367 x 10°
wall | [ /1,=12/4=3 | K,=2.0x0.075x 10°/4 =0.0375 x 10°

D¢=10.0367/(0.0367 + 0.0375) = 0.495, D, = 0.505




Example 5: Open-Top Rectangular Tank

Example 5

Calculation Sheet 2

Reference

CALCULATIONS

OUTPUT

Design ultimate values of y; = 1.35 for concrete, and %, = 1.2 for water, apply
with the maximum water depth taken as 3.85 m.

Total design ultimate vertical load on floor beam due to load at both ends is
F=2x(1.35x25-12x9.81) % 3.85 % 0.3 =50.8 kN/m.

Fixed-edge moments at junctions of floor and walls can be determined as follows:
Floor: M;y=0.0419FL (section X-X) and M= 0.0744FL (section Y-Y)

Wall: My, = ¢, (1.2]/)ZZ3 , where ,,,, is the relevant vertical moment coefficient
obtained from Table C6 for case (2), that is, ¢y, for X-X and e, for Y-Y.

Section | Panel Dimensions Fixed-Edge Moments (kN m/m)
X-X Floor L=12m,AL=6 M;=0.0419 x 50.8 x 12=25.6

wall | [ /,=3,1,/1,=15 | My=0.051 x1.2x9.381 x 4.0°=38.4

Y-Y | Floor L=6m,AL=3 M;=0.0744 x 50.8 x 6 =22.7

wall LL,=3,1,/1,=15 M, =0.131 x1.2x9.81 x 4.0°=98.7

Resulting moments at the junctions, after releasing the fixed-end moments, are:
Section X-X: M;=25.6-0.291 x (25.6 + 38.4)= + 7.0, M,,= -7.0 kN m/m
Section Y-Y: M¢=22.7 - 0.495 x (22.7 + 98.7) = -37.4, M,, = + 37.4 kN m/m

It can be seen that these values are considerably less than the fixed-edge moments
at the bottom of the walls. For section X-X, the moment has even changed sign. A
reasonable approach will be to design the rest of the tank on the basis of a hinged
condition at the bottoms of the walls.

Maximum moments in the walls at other positions can be determined as follows:

M=o, (127) 1, = (1.2 x 9.81 x 4.0°) &t, = 75401, , where 04, is the relevant
moment coefficient obtained from Table C7 for case (4). The value of z/l,
at which the maximum value occurs can be obtained from Table C3.

Moment Considered z/l, Ol M = 7540, (kKN m/m)
Negative moment at corners 0.9 0.132 99.5
Positive moment for span / 1.0 0.080 60.3
Positive moment for span /, 0.6 0.012 9.1
Positive moment for span /,4 0.4 0.053 40.0
Positive moment for span /,, 0.3 0.021 15.8

Maximum shear forces in the walls can be determined as follows:

V=0o,(12y) 1> = (1.2 x 9.81 x 4.0°) ot, = 188.5¢t, , where 04, is an appropriate
shear force coefficient estimated from the values in Table C2.
For the short wall, ¢, values given for panel type 4 will be used. For the long wall,
where there is approximately 40% partial fixity at the bottom, ¢, values obtained
by interpolation between those given for panel types 2 and 4 will be used. Also, an
allowance will be made for the effect of continuity of the horizontal spans on the
shear forces at the side edges (reduced for long wall, increased for short wall).

Thus, for the short wall, o, = 0.26 at bottom edge and 0.37 at side edge (before
adjustment for continuity). For the long wall, by interpolation, ¢, = 0.42 at bottom
edge and 0.60 at side edge (before adjustment for continuity).

Short Wall Long Wall
Shear considered a, V= 188.50 o, V=188 .50
Shear force at side edge 0.40 75.4 0.54 101.8
Shear force at bottom edge 0.26 49.0 0.42 79.2

Fixed-edge moments

M, =384

L=

M =256
Section X-X

M. =987

i

M=227
Section Y-Y
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Calculation Sheet 3

Reference

CALCULATIONS

OUTPUT

BS 8500

Bending moments at the middle of the floor can be determined as follows:

M = ¢,M; + ¢,FL, where ¢, and ¢, are coefficients obtained from Tables B3 and
BS5, for values of x/L = 0.5 and a/L = 0, respectively.

Section Dimensions Moment at Middle of Floor (kNm/m)
X-X L=12m AL=6 | M=-0.084x7.0-0.001 x50.8 x12=-1.2
Y-Y L=6m,AL=3 | M=0.492x(-37.4)-0.070 x 50.8 x 6 =—39.8

Maximum shear force at the edges of the floor is as follows:
V=0.5F=0.5x50.8=25.4kN/m

(2) Tank empty (1.5 m head of groundwater)

An analysis similar to that for the tank full condition will be used, but the pressure
distribution under the floor will be uniform.

Stiffness values can be determined as follows:

Floor: K, = o D/, , where values of coefficient ¢ are obtained from Table C1
for a rectangular panel with all edges fixed, and /,//, = 12.0/6.0 = 2.0.

Wall: K, = oy, D/l,, where values of coefficient ¢, are as obtained for case (1)
Moment distribution factors are as follows:
Section X-X, Dr=(3.0/6.0)/(3.0/6.0 + 5.2/4.0) = 0.278, D,, = 0.722
Section Y-Y, D;=(2.5/6.0)/(2.5/6.0 +2.0/4.0) = 0.455, D,, = 0.545
Uniform upward pressure due to maximum design weight of walls is
p=135%36x3.85x0.3x25/(12.3 x 6.3) = 18.1 kN/m*
Fixed-edge moments for the floor can be determined as follows:

M= o, plzz, where values of coefficient ¢, are obtained from Table C5 for a
rectangular panel with all edges fixed, and /, /[, = 12.0/6.0 =2.0.

Section X-X, M;=0.057 x 18.1 x 6.0° = 37.2 kN m/m
Section Y-Y, M;=0.083 x 18.1 x 6.0° = 54.1 kN m/m

Fixed-edge moments for the walls due to earth pressure and groundwater will be
taken as for a vertical cantilever, where effective height = 1.35 m. Considering
design minimum load due to active earth pressure and groundwater:

My =-(0.3x20+9.81) x 1.35%/6 = -6.5 KNm/m
Resulting moments at edge of floor, after releasing fixed-end moments, are
Section X-X, M;=37.2-0.278 x (37.2 - 6.5) =28.7 kN m/m
Section Y-Y, M;=54.1-0.455 x (54.1 - 6.5)=32.5 kN m/m
Hogging moments at middle of floor can be determined from Table C5 as follows:
Section X-X, M;=0.016 x 18.1 x 6.0+ (37.2 - 28.7) = 19.0 kN m/m
Section Y-Y, M;=0.042 x 18.1 x 6.0° + (54.1 - 32.5) = 49.0 kN m/m
Shear forces at edges of floor can be determined from Table C5 as follows:
Vi= o, pl,, where values of «, are taken for all edges hinged and /,/l,=2.0
Section X-X, V= 0.37 x 18.1 x 6.0 =40.2 kN/m
Section Y-Y, V;=0.50 x 18.1 x 6.0 = 54.3 kN/m

Durability

External and internal surfaces of the tank are likely to be exposed to cyclic wet
and dry conditions, class XC4, and moderate water saturation without de-icing
agents, class XF1 (Reynolds, Table 4.5). Concrete of minimum strength class
C28/35 will be specified, with covers ¢y, = 30 mm and ¢, = 40 mm.

Fixed-edge moments

M. =65

=

M,=37.2
Section X-X
M.=65

i

M= 541
Section Y-Y

Concrete strength class

C28/53 with 40 mm
cover to both faces
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Example 5

Calculation Sheet 4

Reference

CALCULATIONS

OUTPUT

6.2.2 (1)

BS EN
1992-3
7.3.1

WALLS

In the horizontal direction, the walls are subjected to a combination of bending and
direct tension (when the tank is full), where the direct tension in one wall is equal
in magnitude to the shear force at the end of the adjacent wall.

Design for combined flexure and tension

A rectangular section that is subjected to a bending moment M and a tensile force
N acting at the mid-depth of the section, where M/N = (d - 0.5h), can be designed
for a reduced moment M, = M — N(d - 0.5h) and a tensile force N acting at the
level of the tension reinforcement. The required tensile reinforcement is given by:

Ag=M,/(0.87fyz) + N/0.87f, where z/d can be determined from Table Al

Allowing for 40 mm cover and 16 mm diameter horizontal bars in the outer layers,
d =300 - (40 + 16/2) = 250 mm say.

Maximum design horizontal moment at corner of tank, and coexistent tensile force
in short wall, are Mgq = 99.5 kKN m/m, and Ngg = 101.8 kN/m, respectively.

M, =99.5-101.8 x (0.250 — 0.150) = 99.5 — 10.2 = 89.3 kN m/m

M, 1bd” fy = 89.3 x 10°/(1000 x 2507 x 28) = 0.051  z/d = 0.95 (max)

A,=89.3 x 10°/(0.87 x 500 x 0.95 x 250) + 101.8 x 10°/(0.87 x 500)
=865 + 234 = 1099 mm*m (H16-150)

Maximum design moment, and coexistent tensile force, at mid-point of long wall
are Mgq = 60.3 kKNm/m, and Ngq = 75.4 kN/m, respectively.

M; =60.3 - 75.4 % (0.250 - 0.150) = 60.3 — 7.6 = 52.7 kN m/m
A,=152.7 % 10°/(0.87 x 500 x 0.95 x 250) + 75.4 x 10°/(0.87 x 500)
=510+ 174 = 684 mm?*m (H12-150)
For the vertical bars, d =300 — (40 + 16 + 12/2) = 235 mm say.

Maximum design vertical moment at the bottom of the wall is Mgq = 37.4 kKN m/m.

Higher up the wall, the sagging moment of 40 kNm/m, which was obtained on the
basis of a hinged condition, will be reduced due to the partial fixity at the bottom.

A,=37.4 % 10°/(0.87 x 500 x 0.95 x 235) = 386 mm*/m (H12-200)
Design for shear

Maximum design shear force and coexistent tensile force at ends of long wall are
Vea = 101.8 kKN/m, and Ngq = 75.4 kKN/m, respectively.

Ve = Vea/by d =101.8 x 10° /(1000 x 250) = 0.41 MPa
With vy = 0.0356°£,", where k=1 + (200/250)'” = 1.89 and 0, = Nga/A. :
Vanin + k1 Gep = 0.035 x 1.89% x 28" - 0.15 x 75.4/300 = 0.44 MPa (> vq)
Maximum design shear force at bottom edge is Vgq = 79.2 kN/m. Hence,
Vea = 79.2 % 10° /(1000 x 235) = 0.41 MPa (< vy = 0.48 MPa)
Cracking due to loading

The requirements of Eurocode 2: Part 1 may be applied, provided the depth of the
compression zone is at least equal to the lesser of 0.2/ or 50 mm in all conditions.

For elastic analysis of the section, values of x /d can be determined, according to
the value of 100M,/bd’c, from Table A6. Assuming the ratio M,/c; is the same

for ULS and SLS, and allowing for the reduction in & due to Aoy > Agreq, the
following values are obtained:

For the horizontal spans and the section at the corner of the tank
100M, /bd* o, = 100 x 89.3 x 10°/(1000 x 2507 x 435 x 1099/1340) = 0.400
x/d=0.305 (for o, = 15) and x = 0.305 x 250 = 76 mm (= 50 mm)

sf %
o }-—DN)
i_..._...

Tensile force acting at
mid-depth of section

— My
—
1—
Tensile force acting at
level of reinforcement
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Calculation Sheet 5

Reference

CALCULATIONS

OUTPUT

73.2(2)

733 (2)
Table 7.3

BS EN
1992-3
7.3.3

BS EN
1992-3
7.3.1

732 (2)
734

Similarly, for the section at the mid-span of the long wall
100M; /bd* o, =100 x 52.7 x 10%/(1000 x 250” x 435 x 684/754) = 0.214
x/d=10.232 (for ¢, = 15) and x = 0.232 x 250 = 58 mm (= 50 mm)
For the vertical section at the bottom of the long wall (flexure only)
1004, /bd = 100 x 565/(1000 x 235) = 0.240
x/d=0.235 (for ¢, = 15) and x = 0.235 x 235 = 55 mm (= 50 mm)
Minimum area of reinforcement required in tension zone for crack control:
Agmin = kekfererr A /O;  Where

k=1.0 for h =300 mm, foexr= form = 0.3f;k(2/3) = 2.8 MPa for general design
purposes, and & < fy = 500 MPa.

For horizontal spans, at points of zero moment (pure tension), k. = 1.0, A, = bh
Agpmin = 1.0 x 1.0 x 2.8 x 1000 x 300/500 = 1680 mm*/m H12-125 (EF)
For vertical spans (pure bending), k. = 0.4, A, = bh/2
Agpmin = 0.4 % 1.0 x 2.8 x 1000 x 150/500 = 336 mm*/m (H12-300)
The reinforcement stress under characteristic loading is given approximately by:
Oy = (0.87fy/1.2) X (Agreq /Asprov) = 363 X A req/Asprov
Crack width criterion can be met by limiting the bar spacing. For section subjected
to bending, with wy, = 0.3 mm, values obtained from Reynolds, Table 4.24 are
For horizontal spans, and section at corner of tank (H16-150)
05 =363 x 1099/1340 =298 MPa Maximum bar spacing = 125 mm
For section at mid-span of long wall (H12-150)
0, =363 x 684/754 =330 MPa Maximum bar spacing = 90 mm
For vertical section at bottom of long wall (H12-200)
0, =363 x 386/565 =248 MPa Maximum bar spacing = 190 mm

It can be seen that the bar spacing requirements are not met. In order to comply,
the horizontal bars will be changed to H16-125 at the corners and H12-125 in the
span. In the latter case, g, = 363 x 684/905 = 275 MPa, which is acceptable. The
vertical bars will be changed to H12-150(EF) throughout.

For section subjected to pure tension in short wall, with H12-125 (EF),

0, = Nga/(1.24,) = 101.8 x 10%/(1.2 x 1810) = 47 MPa
From the chart given in Reynolds, Table 4.25, it can be implied that w < 0.05 mm.
Cracking due to restrained early thermal contraction

For cracks that can be expected to pass through the full thickness of the section,
the crack width limit is given by

Wictim = 0.225(1 - z,,/45h) <0.2 mm where z,, is depth of water at section
Hence, for #=10.3 m: Witim = 0.225(1 - z,/13.5) < 0.2 mm from which
Witim = 0.2 mm for z,, < 1.5 m decreasing linearly to 0.16 mm at z,, = 3.85 m

Minimum area of horizontal reinforcement, with f; .+ = 1.8 MPa for cracking at
age of 3 days, k. = 1.0 for tension and &k = 1.0 for 2= 300 mm, is given by

Aqmin = kelfureide /e = 1.0 X 1.0 x 1.8 x 1000 x 300/500 = 1080 mm*/m

With ¢ =40 mm, &, = 0.8 for high bond bars, k, = 1.0 for tension, /. as the lesser
of 2.5(h - d) and h/2, and H12-125 (EF) as minimum reinforcement:

Srmax — 3.4c+ 0.425k1k2(Acycff/A5)¢
=3.4x40+0.425%x0.8 x 1.0 x (2.5 x 46 x 1000/905) x 12 =655 mm

Horizontal bars as
follows: at corners
H16-125 (inside face),
elsewhere H12-125

Vertical bars:
H12-150 throughout
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Calculation Sheet 6

Reference

CALCULATIONS

OUTPUT

PD 6687
2.16

9.2.1.3(2)

8.4.3(2)

8.7.3 (1)

3.1.3(Q2)
Table 3.1

3.1.4(2)
Figure 3.1

743 (5)

With R = 0.8 for wall on a thick base, AT = 25°C for 350 kg/m® Portland cement
concrete and 300 mm thick wall (Reynolds, Table 2.18), and &= 12 x 107 per °C:

Wi = (0.8RUAT) X $; pmax = 0.8 X 0.8 X 12 X 107 x 25 x 655 =0.13 mm

Curtailment of horizontal reinforcement

The publication referred to in Table C1 provides moment coefficients at intervals
of one-tenth of the height and length of each wall. The moments in the horizontal
spans reduce rapidly from the maximum value that occurs at a corner of the tank.
At distances from the corner of 0.05/ (by interpolation), and 0.1/, the moment
coefficient is 0.080. Thus, for the short wall:

Mg =754 x0.08=60.3 kNm/m  Ngg= 101.8 kN/m (constant)

M, =60.3 - 101.8 x (0.250 - 0.150) = 60.3 - 10.2 = 50.1 kN m/m

Ag=50.1 x 10°/(0.87 x 500 x 0.95 x 250) + 101.8 x 10° /(0.87 x 500)
=485 +234 =719 mm*m (H12-125)

Hence, the bars required at the corner of the tank can be reduced to H12-125 ata
distance of 600 mm from the corner. However, the curtailed bars should extend for
a further minimum distance a; = d = 250 mm. It is also necessary to ensure that the
bars extend for a distance not less than (a; + /,4) beyond the adjacent wall.

From Reynolds, Table 4.30, for poor bond conditions, /y 1qq = 54¢. Taking lyq = Iy rqa
for simplicity, the curtailed bars should extend beyond the face of the adjacent
wall for a distance not less than (& + lyg) = 250 + 54 x 16 = 1125 mm. For the
lapping bars, from Reynolds, Table 4.31, the design lap length:

lo=0ts < (54¢) = 1.5 x 54 x 12 = 1000 mm say.
Deflection

The maximum deflection at the top of the walls occurs at the middle of the long
wall. A rough estimate of the deflection under service loading can be made from
the relationship given in Table C3:

a=oyyl1, /D where, for a rectangular panel with top edge free and /, /Z, = 3.0,
og = 0.0487 (bottom edge hinged) and 0.0184 (bottom edge fixed).

Note: More accurate values can be obtained from the publication referred to in
Table C1 where, for a rectangular tank with /, /[, = 3.0 and /, /I, = 1.5, otq = 0.0635
(bottom edge hinged) and 0.0197 (bottom edge fixed). It can be seen that these
values exceed those obtained for a rectangular panel with fixed vertical edges. On
the other hand, an interpolated value allowing for 40% partial fixity at the bottom
of the long wall would be close to the value given for the rectangular panel with
bottom edge hinged. This value will be used in the following calculations.

The flexural rigidity D = E, * /12(1=v%) for an uncracked plain concrete section,
where the moment required to cause cracking, with fo,,, = 2.8 MPa, is

My = fom (BH*/6) = 2.8 x 10 x (1.0 x 0.3%6) = 42 kN m/m
Since the service moments in the vertical direction are all less than this value, it is
reasonable to estimate the deflection on the basis of an uncracked section. An

allowance for the effect of creep can be made by using an effective long-term
modulus of elasticity as follows:

Secant modulus of elasticity of concrete at 28 days:
Een=22[(fuc+ 8)/101"* =22 x 3.6"* = 32.3 GPa

Final creep coefficient, for a C28/35 concrete with normally hardening cement in
outside conditions (RH = 85%), for a member of notional thickness 300 mm and
loaded at 28 days, is @ (eo, %) = 1.5 say.

Effective modulus of elasticity for long-term deformation is

Eocir=Eem/[1 + @(oo,8))] = 32.3/2.5=13.0 GPa

Corner bars to extend
for a distance beyond
face of adjacent wall
not less than 1125 mm

Lap length = 1000 mm
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Calculation Sheet 7

Reference

CALCULATIONS OUTPUT

Hence, with v=10.2, D=13.0 x 10° x 0.3%/11.52 = 30.5 x 10° kN m. Then,
a=0g471,/D=0.0487 x 9.81 x 4.0°%30.5 =16 mm
FLOOR

When the tank is full, the slab is subjected to bending moments combined with
direct tensions equal in magnitude to the shear forces at the bottom of the walls.
When the tank is empty, there are no direct tensions, but the slab is subjected to
larger bending moments due to the effect of the groundwater.

Design for combined flexure and tension

In the short span direction, with tank full, maximum design moment at middle of
floor is Mgq = 39.8 kNm/m. Co-existent tensile force is Ngg = 79.2 kKN/m.

M, =39.8 - 79.2 x (0.250 - 0.150) = 31.9 kN m/m

My /bd” fo, =31.9 x 10°/(1000 x 250% x 28)=0.019  z/d = 0.95 (max)

Ay=31.9 x 10°/(0.87 x 500 x 0.95 x 250) + 79.2 x 10*/(0.87 x 500)
=309 + 182 =491 mm*m (H12-150 say)

In the short span direction, with tank empty, maximum design moment at middle
of floor is Mgq = 49.0 kKNm/m.

M /b fo, = 49.0 x 10°/(1000 x 250% x 28) =0.028  z/d = 0.95 (max)
A, =49.0 x 10°/(0.87 x 500 x 0.95 x 250) = 475 mm*/m (H12-150 say)
Design for shear

In the short span direction, with tank empty, maximum design shear force at edge
of floor is Vgqy = 54.3 kN/m.

6.2.2(1) Ve = Via/by d = 54.3 x 10° /(1000 x 250) = 0.22 MPa (< vy, = 0.48 MPa)
Cracking due to loading
In the short span direction, with tank full, assuming the ratio M,/c; is the same for
ULS and SLS, and allowing for the reduction in g due to A prov > A req:
100M, /bd* @, =100 x 31.9 x 10°/(1000 x 2507 x 435 x 491/754) = 0.180
x/d=0.214 (for ot = 15) and x = 0.214 x 250 = 53 mm (= 50 mm)
7332 Stress in reinforcement, and maximum bar spacing for wy = 0.3 mm, are Provide H12-150 (EW)
Table 7.3 throughout
0, =363 x491/754 =237 MPa  Maximum bar spacing = 200 mm
Bar Marks Commentary on Bar Arrangement (Drawings 1 and 2)
01,02 Bars (shape code 21) lapping with bars 04 and 05, respectively. Lap length = 1.5 x 38 x 12 = 700 mm say.
Cover to outer bars = 50 mm (bottom), and 40 mm (top and ends).
03 Bars (shape code 21) to lap with vertical bars in walls. Projection above floor to provide a lap length above
kicker = 1.5 x 38 x 12 + 100 = 800 mm say. Cover = 55 mm, to allow for 40 mm cover to horizontal bars.
04 Straight bars curtailed 200 mm from face of wall, and lapping 700 mm with bar 01.
05 Straight bars in 6 m lengths, with 700 mm lap in floor and 1000 mm lap in walls (see comment for bar 06).
06 Bars (shape code 21) lapping with bars 05 and 09. Cover = 40 mm. Assuming poor bond conditions, lap
length = 1.5 x 54 x 12 = 1000 mm say.
07 Straight bars bearing on kicker and curtailed 150 mm below top of wall.
08 Bars (shape code 21) lapping 700 mm with bars 07.
09 Straight bars curtailed 350 mm from face of adjacent wall, and lapping 1000 mm with bar 06.
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8 Example 6: Open-Top Cylindrical Tank

Description

An open-top cylindrical tank is required to contain 600 m® of non-potable water with a minimum freeboard of 125 mm. The
bearing stratum is firm clay, with the following presumed values: 150 kN/m? allowable bearing pressure and 18 kN/m’
modulus of subgrade reaction.

Consider a tank whose internal dimensions are 11.75 m diameter x 5.875 m deep, where the thickness of the wall and the
base is 250 mm. Capacity of tank, allowing for freeboard, is (7 /4) x 11.75% x 5.75 = 620 m’.

The tank will be constructed without movement joints, so that continuity is obtained between the wall and the floor. Values
of circumferential forces, vertical moments and radial shears can be determined from the tables in Appendix C, for tank
walls that are either hinged or fixed at the bottom. In this example, where the wall and the base are continuous, the effect of
the resulting edge rotation on the forces and moments in the wall will be examined.

The following conditions will be considered: (1) tank with water at ambient temperature; (2) tank subjected to hydrostatic
and thermal actions, with ambient temperature in the range 0-20 C, and water temperature in the range 0-40 C.

Note: In the UK National Annex to Eurocode 1: Part 4, y, = 1.2 is recommended for liquid-induced loads at the ULS. In

Eurocode 2: Part 3, it is implied although not clearly stated, that it is sufficient to check for cracking under quasi-permanent
loading. In this example, the frequent loading combination will be taken, as explained in Chapter 1.

PLAN

250 11750 250
P o

5875
=6m

Iy

Lid

250

CROSS-SECTION
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Example 6 Calculation Sheet 1

Reference CALCULATIONS OUTPUT

TANK WITH WATER AT AMBIENT TEMPERATURE

Loading

The internal liquid level will be taken to the top of the wall assuming that the
liquid outlets are blocked. Vertical loading due to water in the tank can be taken as
a uniform load over the entire area of the floor, modified by an upward line load
due to the displacement of water by concrete in the perimeter wall load. Uniform
loading due to the weight of the water and the floor slab is transferred directly to
the ground, with no structural effect on the floor or the wall.

Design ultimate values of jy; = 1.35 for concrete, and y, = 1.2 for water, apply
with the maximum water depth taken as 5.875 m. Design ultimate perimeter load:

0=(135%x25-1.2x%9.81)x5.875%0.25=32.3 kN/m
For serviceability (cracking), ratios of service load/ultimate load are:

Concrete: 1.0/1.35=0.74 Liquid (frequent load): (1.0 x 0.9)/1.2 =0.75
Analysis

The floor, subjected to vertical loading from the perimeter wall, will be considered
initially as a circular slab fixed at the edge and bearing on an elastic soil. The wall,
subjected to hydrostatic loading, will be considered initially as fixed at the bottom.
The out-of-balance moment at the junction of the wall and the slab will then be
distributed according to the stiffness of the members and the resulting effects on
the wall and the slab determined.

The fixed-edge moment and rotational stiffness of the wall can be determined
from the data in Table C13, according to the value of the term ,2/2rh.

With #=0.25m, ,=6mand r=6m, [,>/2rh = 6.0%2 x 6.0 x 0.25) =12

The fixed-edge moment and rotational stiffness of the slab can be determined from
the data in Table C14, according to the radius of relative stiffness given by

n=[EN/ 12(1— v Vs 1> where v is Poisson’s ratio

With £, =32 GN/m%, 1 =0.25 m, k, = 18 kN/m® and v=10.2,
n=[32x10°%025°/(11.52 x 18 x 10°)]"*=125m  r/rn.=6.0/1.25=48

The rotational stiffness values and moment distribution factors are as follows:
Wall: K, = a Eeh’/l, = 1.108 x 32 x 10° x 0.25%/6.0 = 0.092 x 10° kN m/m
Slab: K, = aEh’r = 0.272 x 32 x 10° x 0.25%6.0 = 0.023 x 10° kN m/m .

Fixed-edge moments
Distribution factors: D,, = 0.092/(0.092 + 0.023) = 0.800, D, = 0.200

Fixed-edge moments at junction of wall and slab are as follows: M. =265
Wall: My, = a1 (1.2y),° = 0.0104 x (1.2 x 9.81) x 6.0° =26.5 kN m/m
Slab: M= a, Or=10.146 x 32.3 x 6.0 =28.3 kN m/m

Resulting moment at bottom of wall, after releasing fixed-end moments, is M, =28.3
M= M, — 0.8(M, + M) =26.5-43.8=—17.3 kN m/m

It can be seen that the moment at the bottom of the wall is of the opposite sign to
the fixed-edge moment (i.e. the joint rotation exceeds that for a hinged condition).

The circumferential tensions and vertical moments, at various levels in the wall
can now be obtained by combining the results for load cases (1) and (5) in Tables
C10 and C12, respectively.

The resulting circumferential force n and vertical moment m in the wall are given
by the following equations, in which 0.8(M,, + M;) = 43.8 kN m/m:

n= o (1.27)1, r+ aps x 0.8(M,, + M) r/l,?

=(1.2%9.81 x 6.0 X 6.0) o + (43.8 X 6.0/6.0%) s = 424ty + 7.3 s
m= i (1.27) 1 + 0ms ¥ 0.8(M,, + My)

=(1.2 X 9.81 X 6.0°) 1 + 43.8 s = 2543 iy + 43.8 s
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Example 6 Calculation Sheet 2

Reference CALCULATIONS OUTPUT

Values of n and m for the bottom half of the wall, where z is the depth from the top
of the wall, and 1,2 /2rh = 12, are shown in the following tables:

BS 8500

Circumferential Tension in Wall (kN/m)

Level Load case (1) Load case (5) Force
Z/lz O 424%] COhs 7.3 Ohys n
0.5 0.543 230.2 -0.2 -1.5 228.7
0.6 0.628 266.3 3.52 25.7 292.0
0.7 0.633 268.4 11.3 82.5 350.9
0.8 0.494 209.5 21.8 159.2 368.7
0.9 0.211 89.5 25.7 187.6 277.1
1.0 0 0 0 0 0

Vertical Moment in Wall (kN m/m)

Level Load case (1) Load case (5) Moment
zll, Ol 25430, Otms 43 8015 m
0.5 0.0003 0.8 -0.040 —-1.8 -1.0
0.6 0.0013 33 -0.064 -2.8 0.5
0.7 0.0023 5.8 —-0.049 2.1 3.7
0.8 0.0026 6.6 0.081 3.6 10.2
0.9 —-0.0005 -1.3 0.424 18.6 17.3
1.0 -0.0104 -26.5 1.0 43.8 17.3

The radial shear force at the bottom of the wall is given by the equation:
v= a1 (127)17 + ons < 0.8(My, + M),
=(1.2x9.81 x 6.0°) a1 + (43.8/6.0) s = 424 11 + 7.3 0ty

Resulting value of v, with ;= 0.145 and ¢,5s = —-6.38, is

v=424x0.145-7.3 x 6.38 = 14.9 kN/m

Radial and tangential moments at particular perimeters in the slab, can be obtained

by combining the results for load cases (1) and (2) in Table C14.

The resulting moments, m, and m,, are given by the following equations, in which

0.2(M,, + My)=11.0 kN m/m and Qr =32.3 x 6.0 = 193.8 kN/m:
my = Oy % 02(Mw +Ms)+ (275] Q}"

my= 04 X 02(MW +M5) + o Q}"

Perimeter Radial Moment (kN m/m) Tangential Moment (kN m/m)
T o (o) m (2] (2%} my
1.0 1.0 —0.146 -17.3 0.509 —0.029 0
0.8 0.789 -0.018 52 0.332 0.015 6.6
0.6 0.385 0.028 13.0 0.129 0.028 6.9
0.4 0.089 0.032 7.2 -0.011 0.027 5.1
0.2 —0.061 0.025 42 —0.083 0.022 3.4
0 —0.104 0.021 2.9 —-0.104 0.021 29

The maximum shear force at the edge of the slab is given by O = 32.3 kN/m

Durability

External and internal surfaces of the tank are likely to be exposed to cyclic wet

Concrete strength class

and dry conditions, class XC4, and moderate water saturation without de-icing
agents, class XF1 (Reynolds, Table 4.5). Concrete of minimum strength class
C28/35 will be specified, with covers ¢y, = 30 mm and ¢, = 40 mm.

C28/35 with 40 mm
cover to both faces
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Example 6 Calculation Sheet 3
Reference CALCULATIONS OUTPUT
WALL
When the tank is full, the wall is subjected to pure tension in the circumferential
direction and, ignoring the axial load, pure bending in the vertical direction.
Design for circumferential tension and vertical flexure
Maximum circumferential tension, at depth z = 0.8/,, is Ngg = 368.7 kN/m.
A= Npa/0.87f = 368.7 x 10°/(0.87 x 500) = 848 mm*/m H12-250 (EF)
Maximum vertical moment, at bottom of wall, is Mgy = 17.3 kKN m/m
Allowing for 40 mm cover and 12 mm diameter horizontal bars in the outer layers,
for the vertical bars, d =250 — (40 + 12 + 12/2) = 190 mm say.
M/bd = 17.3 x 10°/(1000 x 190* x 28) =0.017 z/d = 0.95 (max)
A,=17.3 % 10°/(0.87 x 500 x 0.95 x 190) = 221 mm*/m H12-300 say
Design for radial shear
Maximum radial shear force at bottom of wall is Vgq = 14.9 kKN/m
6.2.2 (1) Vea = Via/byd =14.9 x 10* /(1000 x 190) = 0.08 MPa (< Vi)
Cracking due to loading
Minimum area of reinforcement required in tension zone for crack control:
As,min = kc kf;t,effAct /O_s Where
k=10 for 2 <300 mm, fycqr= fom = 0.3fu>> = 2.8 MPa for general design
purposes, and o < fy = 500 MPa.
In circumferential direction (pure tension), k. = 1.0, A, = bh
Agmin= 1.0 x 1.0 x 2.8 x 1000 x 250/500 = 1400 mm®/m H12-150 (EF)
In vertical direction (pure bending), k. = 0.4, A, = bh/2
Agmin=0.4 x 1.0 x 2.8 x 1000 x 125/500 = 280 mm*/m H12-300 say
BS EN For cracks that can be expected to pass through the full thickness of the section,
1992-3 the crack width limit is given by
7.3.1 Wietim = 0.225(1 — z,,/45h) <0.2 mm  where z, is depth of water at section
Hence, for h=0.25m:  wyim = 0.225(1-z,,/11.25) < 0.2 mm from which
Witim = 0.2 mm for z,, < 1.25 m decreasing linearly to 0.11 mm at z,, = 5.75 m
BS EN For sections in tension, the crack width criterion can be met by limiting the bar
1992-3 spacing to values derived from the charts given in Reynolds, Table 4.25. The
7.33 reinforcement stress under the characteristic load is given by oy = 0.75 X (Ngq /As).
The following table shows the approximate crack width limit at each level, the
reinforcement stress for an assumed bar spacing, and the limiting bar spacing.
Level | Crack Width Nig Assumed Stress o, | Maximum Bar
z/l, Limit (mm) (kN) Bars (EF) (MPa) Spacing (mm) || Horizontal bars (EF)
0.5 0.16 2287 | HI2-150 114 300 as follows:
0.6 0.15 292.0 H12-125 121 250 H12-150 from top of
0.7 0.14 350.9 H12-100 117 200 wall to depth of 3.0 m
0.8 0.13 368.7 | HI12-100 123 150 H12-100 for depth of
0.9 0.12 277.1 H12-125 115 175 more than 3.0 m
BS EN For sections where the depth of the compression zone is at least equal to the lesser
1992-3 of 0.24 or 50 mm in all conditions, the requirements of Eurocode 2: Part 1 apply.
73.1 If vertical bars are made H16-300, 1004, /bd = 100 x 670/(1000 x 190) = 0.352
From Table A6, x/d = 0.276 (for o, = 15) and x = 0.276 x 190 = 52 mm
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Example 6 Calculation Sheet 4
Reference CALCULATIONS OUTPUT
73.3(2) The crack width criterion can be met by limiting the bar spacing to values given in
Table 7.3 Reynolds, Table 4.24. The reinforcement stress is given approximately by
Os = 075 X (As,req /As,prov) = 327 x (As,req /As,pmv)
Hence, for the section at the bottom of the wall, reinforced with H16-300:
o, =327 x 221/670 = 108 MPa Vertical bars:
From the chart in Reynolds, Table 4.25, a crack width <0.3 mm is indicated. H16-300 (EF)
Cracking due to restrained early thermal contraction
Minimum area of horizontal reinforcement, with f; . = 1.8 MPa for cracking at
age of 3 days, k. = 1.0 for tension and £ = 1.0 for 42 <300 mm, is given by
7.32(2) Agmin = kefuerrdefyn = 1.0 x 1.0 x 1.8 x 1000 x 250/500 = 900 mm?*/m
7.3.4 With ¢ =40 mm, k&, = 0.8 for high bond bars, k, = 1.0 for tension, /4. as the lesser
of 2.5(h - d) and //2, and H12-150 (EF) as minimum reinforcement:
Sr.max — 3.4c+ 0.425k1k2(Ac’eff/As) (]
=3.4x40+0.425 x 0.8 x 1.0 x (2.5 x 46 x 1000/754) x 12 =758 mm
PD 6687 With R = 0.8 for wall on a thick base, AT = 25°C for 350 kg/m3 Portland cement
2.16 concrete and 250 mm thick wall (Reynolds, Table 2.18), and a= 12 x 10 %per C:
Wi = (0.8RAAT) X Sy = 0.8 X 0.8 x 12 x 107°x 25 x 758 = 0.15 mm
Similarly, with H12-125 (EF):  §;max = 632 mm and wy = 0.12 mm
Thus, H12-150 (EF) is sufficient for values of z,, < 11.25(1 - 0.15/0.225) =3.75 m,
and H12-125 (EF) is sufficient for 3.75 <z, <5.25 m.
Lap requirements for circumferential bars
Figure 8.2 From Reynolds, Table 4.30, assuming poor bond conditions, /;qq = 54¢. From .
. - . For horizontal bars,
8.4.3 Reynolds, Table 4.31, assuming laps are staggered by at least 0.65/, in alternate .
rows, design lap length: provide 1000 mm laps
8.7.3 (1) ’ ’ with laps staggered in

lo= 06 % (54¢) = 1.4 x 54 x 12 = 1000 mm say.

alternate rows

6.2.2 (1)

FLOOR

In the radial direction, the slab is subjected to bending and shear, in combination
with direct tension equal in magnitude to the shear force at the bottom of the wall.

Design for combined flexure and tension

The maximum moment occurs at the edge of the floor, where Mgy = 17.3 kN m/m
and Ngg = 14.9 kN/m. Allowing for 50 mm cover (bottom) and 12 mm diameter
radial bars in the outer layer, d = 250 — (50 + 12/2) = 190 mm say

M, = Myg— Nig(d — 0.5h) = 17.3 — 14.9 x (0.190 — 0.125) = 16.3 kN m/m
M, /bd*fy = 16.3 x 10°/(1000 x 190% x 28) = 0.016  z/d = 0.95 (max)
Ay =M, /(0.87f.2) + N/(0.87f)

=16.3 x 10°/(0.87 x 500 x 0.95 x 190) + 14.9 x 10°/(0.87 x 500)

=208 + 34 =242 mm*m H12-300 say

For tension at the top surface, the maximum moment occurs at r, /r = 0.6, where
Mgq = 13.0 kN m/m. Allowing for 40 mm cover and 12 mm bars, dp;, = 190 mm.

M, =13.0-14.9 x 0.065 =12.0 kN m/m
A =12.0 x 10°/(0.87 x 500 x 0.95 x 190) + 34 = 187 mm*m  H12-300 say
Design for shear

Maximum shear force at the edge of the slab is Vgq =32.3 kN/m
Vea = Via/byd = 32.3 x 10°/(1000 x 190) = 0.17 MPa (< Vi)
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Example 6 Calculation Sheet 5

Reference CALCULATIONS OUTPUT

Cracking due to loading

For the section at the edge of the floor, assuming the ratio M,/c; for SLS is the
same as for ULS, increasing the reinforcement to H16-300, and allowing for the
reduction in oy due to Ay prov > A req:

100M, /bd’a, = 100 x 16.3 x 10%(1000 x 190° x 435 x 242/670) = 0.287
From Table A6, x/d = 0.264 (for &, = 15) and x = 0.262 x 190 = 50 mm
The reinforcement stress is given approximately by
733 () 0y =363 X (Asreq/As prov) = 363 x (242/670) = 132 MPa Provide H16-300
Table 7.3 From the chart in Reynolds, Table 4.25, a crack width <0.2 mm is indicated. top and bottom
Cracking due to restrained early thermal contraction
From the calculations for the wall, minimum area of reinforcement:

Agmin = 900 mm*/m H16-300 (EF) say
Anchorage and lap requirements

Figure 8.2 For tension due to loading, with H16-300, good bond conditions and allowing for
A prov > As req, from Reynolds, Table 4.30:

8.4.3(2) Lprqd = 380 %X A req! Asprov =38 % 16 x 242/670 = 220 mm
For tension due to restrained early thermal contraction, with H16-300 (EF):
8.4.2(2) o, =500 x 900/1340 = 336 MPa Jo=225frerr=2.25 x 1.8 =4.05 MPa
8.4.3(2) lbrqa = (@/4) x (0y/fy) = 16/4 x 336/4.05 = 332 mm
Allowing for all bars being lapped at the same section, required lap length
8.7.3(1) Iy=1.5 x 332 = 600 mm say Provide 600 mm laps
Bar Marks Commentary on Bar Arrangement (Drawings 1 and 2)
01,02 Bars (shape code 21) in a radial arrangement. Bars 01 to lap with vertical bars in wall. Projection above floor

to provide a lap length above kicker = 1.5 x 38 x 16 x 221/670 + 100 = 500 mm say. Cover = 50 mm (outer
face) and 40 mm (inner face), to allow for circumferential bars in wall being in layer 1 (outer face) and layer
2 (inner face). Bars 02 to lap with grid of bars in floor. Cover = 50 mm (bottom) and 40 mm (top).

03, 07 Bars supplied straight and bent to follow curvature of wall during fixing. Lap length for bars 07 = 1000 mm
(see calculation sheet 4). Lap length for bars 03 = 1.5 x 38 x 12 =700 mm.

04, 05 Straight bars arranged to form a rectangular grid. Lengths of bars 05a to 05p vary to suit dimensions of floor.
06 Straight bars bearing on kicker and curtailed 100 mm below top of wall.

08 Bars (shape code 21) lapping 300 mm say with bars 06.
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Drawing 1

Reinforcement in Tank Floor

Example 6
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Drawing 2

Reinforcement in Tank Wall

Example 6
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Example 6 Calculation Sheet 6

Reference CALCULATIONS OUTPUT

TANK SUBJECTED TO HYDROSTATIC AND THERMAL ACTIONS

For the purpose of this example, it is assumed that steady-state thermal conditions wall

apply at the surfaces of the tank, with the temperature varying linearly through the —
thickness of the concrete section. This is not strictly correct for the outer surface,
where differences can exist in the temperatures of the exposed and the buried parts Temp T

of the tank, and the temperature of the exposed part of the tank can vary around [
the circumference due to incident solar radiation.

Suppose that the concrete section is subjected to a temperature variation from 77
on the cold face to 7, on the warm face, where 75, > T;. The temperature effect can e
be divided into two components: an average temperature rise 7 = (75 —71)/2, and _
a differential temperature change T, = +(7, — 73)/2.

Analysis for average temperature rise 7y Temp

The radial deformation of the wall due to an average temperature rise is equal to i
that for a uniform pressure p = a7 E. h/r. For a wall fixed at the bottom edge, the | Ta
+

circumferential forces, vertical moments and radial shears can be determined from
the coefficients in Table C11, where:

n=(1~om)pr m= aspl;’ v=aupl,
Temp
Analysis for differential temperature change Ty T
D
If the wall is considered initially as a cylinder with the top and bottom edges fixed, T I7A
then the differential temperature change will cause a system of bending moments »

given by the following equation to occur vertically and circumferentially.

M= aTyE.1*/6(1 - v) forv=02, M=aTpE /4.8
Similarly, if the floor is considered as a circular plate fixed at the edge, a system of
bending moments given by the same equation will occur radially and tangentially.

Design conditions

(a) Ambient temperature 0°C and temperature of water 40°C

Assuming T; = 0°C and T, = 40°C for both the wall and the floor, the average
temperature rise 74 will cause a uniform expansion of the tank with no structural
effects. It remains to consider the effect of the differential temperature change 7p.

Since the wall and floor are subjected to the same differential temperature change,
and are of the same thickness, the resulting moments at the junction are of equal
value. Since the top edge of the wall should be free, an equal and opposite moment
needs to be applied at the top of the wall to restore the edge condition.

(b) Ambient temperature 20°C and temperature of water 0°C

In this case, it will be assumed that 7, = 20°C for the wall and 0°C for the floor.
Thus, for the floor, both 7y and T} are zero. For the wall, the bending moments at
the bottom due to both 7, and 7p need to be distributed according to the stiffness
of the wall and the floor. The bending moment at the top of the wall due to 7p
needs to be released as indicated in (a).

Analysis for condition (a)

For the wall, due to the differential temperature change, the horizontal moment m;,
the vertical moment m, and the circumferential force n, are given by the following
equations, where a6 and ¢ are found in Table C12, and Mp = aTp E. 1/4.8.

my, = Mp my = (1 = tme ) Mp n:-OlnsMDV/lz2
With ¢ =12 x 10 per°C, Tp==40/2=+20'C, E.=32 GPaand h=0.25 m:
Mp=12x107x20x32x10°x 0.25%/4.8 =100 kN m/m  m;, = 100 kN m/m
my=100(1 = ag) KNm/m  n=—(100 x 6.0/6.0%) a6 = —(100/6) g kN/m

Values of m, and n for the wall, where z is the depth from the top of the wall, and
1,2/2rh = 12, are shown in the following table.
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Example 6 Calculation Sheet 7
Reference CALCULATIONS OUTPUT
Level Vertical Moment (kN m/m) Circumferential Force (kN/m)
z/l, Oné my Ohe n
0 1.0 0 -81.46 1358
0.1 0.739 26.1 -8.93 149
0.2 0.348 65.2 15.16 -253
0.4 -0.022 102.2 8.80 -147
0.6 -0.031 103.1 0.23 —4
0.8 -0.004 100.4 -0.67 11
1.0 0 100 0 0

For the floor, the radial moment m, and the tangential moment m;, are both equal to
Mp =100 KNm/m.

Analysis for condition (b)

Owing to the average temperature rise and the differential temperature change in
the wall, the fixed-edge moments at the bottom of the wall are given by the
following equations, where ¢4,; is found in Table C11, and p = aTx E h/r.

My = -0 pl,} My =aTpE /4.8
With 7, =20/2=10°C, Tp =+ 10°C, [,= 6.0 m, » = 6.0 m and a,,; = —0.0123:
p=12x10°x 10 x 32 x 10° x 0.25/6.0 = 160 kN/m’
M, =-0.0123 x 160 x 6.0> =—70.8 kNm/m
Mp=-12x 107 x 10 x 32 x 10° x 0.252/4.8 = —50 kNm/m
Resulting moment at bottom of wall, after releasing fixed-end moments, is
M=-0.2(Mx + Mp) =-24.2 kNm/m

The horizontal moment my,, vertical moment m, and circumferential force n, are
given by the following equations, where o4,; and ¢,; are found in Table C11, and
Olins, Olme, Olas and o6 are found in Table C12.

my=Mp=-50kKNm/m  my = Oy pl,> = Oys x 0.8 (Mp + Mp) + (1= Ot ) Mp
n= (an3_l)pr + [anS X 08(MA + MD) - anGMD] r/lzz

Values of m, and n for the wall, where z is the depth from the top of the wall, and
1,2/2rh = 12, are shown in the following table.

Level Vertical Moment (kNm/m) Circumferential Force (kN/m)
Z/ZZ Om3 Clins Ome my O3 Ohns (2% n
0 0 0 1.0 0 0994 | 032 | —81.5 | —680
0.1 0 0 0.739 | -13.1 | 0.997 | -0.05 | -89 | -78
0.2 0 0 0.348 | -32.6 | 1.003 | 046 | 15.2 122
0.4 0 -0.016 | —0.022 | —52.7 | 1.031 | —1.15 8.8 85

0.6 0.0014 | -0.064 | —0.031 | —49.7 | 1.022 | 3.52 0.2 80

0.8 0.0022 | 0.081 | -0.044 | -31.7 | 0.652 | 21.8 0.7 11

1.0 | -0.0123 1.0 0 —24.2 0 0 0 -960

The radial shear force at the bottom of the wall is given by the equation:
V= av3plz + Otys % 08(MA + MD) /lz
=0.158 x 160 x 6.0 — 6.38 x 0.8 x 120.8/6.0 =48.9 kN/m

For the floor slab, the edge moment is M = 24.2 kNm/m, and radial and tangential
moments can be obtained from the coefficients given for load case 1 in Table C14,
as shown on calculation sheet 2.

The thermal action effects have been determined on the basis of an uncracked
section, and the calculated values can be multiplied by a factor that takes account
of the local reduction in stiffness resulting from cracking in each direction.
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Example 6 Calculation Sheet 8

Reference CALCULATIONS OUTPUT

Values of the reduction factor given in the New Zealand Standard NZS 3106 are
shown in the following chart, where the factor Kt is equal to the second moment
of area of the cracked section, including tension stiffening in the concrete, divided
by the second moment of area of the uncracked section. The presence of axial
forces has been ignored in deriving the second moment of area of the cracked
section, and the multiplier will be further reduced by axial tension.

o0 ' ! [ h = 250
E N L — =
osk L . J /122//
hJ-T,.: T ile //gir
T R e % ="
Ke g
o Av=A, % /// — s
125
0.2 /%///,/""’ff%o_
—
0.1 /
|
0 |
] 0.005 0.0 0.015 0.020
p=p = Albd

Reduction factor for effects of thermal action on cracked section

Action effects for serviceability (cracking): frequent load combination

Taking y; = 0.5 for thermal actions (leading) and y, = 0.9 (instead of 0.3) for liquid

BS EN

1991-4 loads, the forces and moments in the following tables have been obtained by multi-
Table plying those derived on sheet 2 by 0.9/1.2 = 0.75, and those derived on sheet 7 by
NA.AS 0.5Kt = 0.3, conservatively taking K1 = 0.6.

Circumferential Forces (kN/m) in Tank Wall for Frequent Load Combination

Vertical Moments (kNm/m) in Tank Wall for Frequent Load Combination

Horizontal moments in tank wall due to 0.3 x thermal action are:
(a) m, = 0.3 x 100 =30 kNm/m

(b) my =—0.3 x 50 = =15 kNm/m

Level ULS ' Thermal Combined Thermal Combined
y Hydrostatic | Action x 0.3 Actions Action x 0.3 Actions
“ |Load x 0.75 (a) (a) (b) (b)

0 0 408 408 -204 -204
0.1 31 45 76 24 7
0.2 62 -76 -14 37 99 Note: Positive values
0.4 131 —44 87 26 157 indicate tension

0.6 219 -1 218 24 243

0.8 277 3 280 3 280

1.0 0 0 0 -288 -288

Level ULS . Thermal Combined Thermal Combined
2l Hydrostatic | Action % 0.3 Actions Action x 0.3 Actions
* |Load x 0.75 (a) (a) (b) (b)
0 0 0 0 0 0
0.1 0 7.8 7.8 -3.9 -3.9 .
0.2 0 19.6 19.6 98 938 Note: Positive values
0.4 0 307 30.7 _158 _15.8 indicate tension on the
0.6 0.4 30.9 313 149 145 outside face.
0.8 7.7 30.1 37.8 -9.5 -1.8
1.0 13.0 30.0 43.0 -7.3 5.7
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Calculation Sheet 9

Reference

CALCULATIONS

OUTPUT

23.12(2)

7.33(2)
Table 7.3

BS EN
1992-3
73.3

WALL

The elastic effects of thermal actions do not normally need to be considered at the
ULS, since the effects reduce with increasing inelastic strain.

Cracking due to loading

In the horizontal direction, the section is subjected to a bending moment and a
tensile force. In the following equations, e = M/N, where the values of M and N are
those appropriate to the characteristic load combination, and o is the maximum
stress applicable to the bar spacing used. Solutions can be obtained by assuming a
value for oy, calculating 4, and choosing bars to satisty the spacing limitation.

For e < (d— 0.5 h), reinforcement is needed on both faces, and is given by
A =(0.5N/oy) [1 +e/(d—0.5h)] A1 =(0.5N/oy) [1-e/(d—0.5 h)]

For e > (d — 0.5 h), reinforcement is needed on one face only, and is given by
As=M,/(osz) + Nlo where M, =M-Nd—-0.5h)

With the bars in layer 1 for the outer ring, and layer 2 for the inner ring:
d—0.5h=200—-125 =75 mm (outer ring), and 60 mm (inner ring)

Condition (a): m;, = 30 kN m/m at all levels. Reinforcement is needed only on the
outer face of the wall for values of N < M/(d — 0.5 h) = 30/0.075 =400 kN/m.

If a crack width limit of 0.2 mm is assumed for the outer face, from Reynolds,
Table 4.24, the maximum values of o, are 200 MPa for a bar spacing of 150 mm,
220 MPa for a bar spacing of 125 mm, and 240 MPa for a bar spacing of 100 mm.

Since the value of N reduces rapidly from a maximum of 408 kN/m at the top of
the wall to 76 kN/m at a depth of 0.1/,, it is reasonable to take an average value of
N =242 kN/m for the top 600 mm of the wall. Hence, the maximum value of N is
reached at a depth of 0.8/,, where N = 280 kN/m.

M;=30-280 % 0.075 =9 kNm/m Assuming o, =220 MPa,
100M, /bd* o, = 100 x 9 x 10°/(1000 x 200* x 220) = 0.102

From Table A9, x/d = 0.165, z/d = 1 — (1/3)( x/d) = 0.945

A, =9 % 10%(220 x 0.945 x 200) + 280 x 10*/220 = 1490 mm*/m (H16-125)

Condition (b): m, = -15 kNm/m at all levels. Reinforcement is needed only on
the inner face of the wall for values of N < M/(d — 0.5 h) = 15/0.060 =250 kN/m.

The circumferential forces are compressive at the top and bottom of the wall, and
tensile within the middle four-fifths of the wall height. The maximum tensile force
is reached at a depth of 0.8/,, where N = 280 kN/m and the crack width limit for
the inner face is 0.13 mm. By interpolation from the chart in Reynolds, Table 4.25,
maximum values of oy are 130 MPa for a bar spacing of 125 mm, and 140 MPa
for a bar spacing of 100 mm. With e = M/N = (15/280) x 1000 = 54 mm,

Ay =(0.5N/oy) [1 +el(d— 0.5 h)]
=0.5 x 280 x 10%/140 x (1 + 54/60) = 1900 mm?/m (H16-100)

At a depth of 0.6/,, the crack width limit is 0.15 mm, and N = 243 kN/m (< 250). If
the chart in Reynolds, Table 4.25 is used, maximum values of oy are 150 MPa for a
bar spacing of 125 mm, and 160 MPa for a bar spacing of 100 mm.

M, =15-243 x 0.060 = 0.4 kKNm/m Assuming o; = 150 MPa,
A, =0.4 x 10%(150 x 0.95 x 190) + 243 x 10%/150 = 1635 mm*/m

It can be seen that H16-125 is almost sufficient at this depth and, for simplicity,
the following arrangement of bars will be used: H16-125 (EF) for top half of wall,
and H16-100 (EF) for bottom half of wall.

In the vertical direction, the section is subjected to pure bending, and a crack width
limit of 0.2 mm will be taken for each face.

Horizontal bars (EF)
as follows:

H16-125 from top of

wall to depth of 3.0 m
H16-100 for depth of
more than 3.0 m
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Calculation Sheet 10

Reference

CALCULATIONS

OUTPUT

For condition (a), the maximum moment occurs at the bottom of the wall, where
M =43.0 kNm/m.

At the outer face, with bars in layer 2, d = 185 mm. Assuming o, =200 MPa,
100M /bd”* 6= 100 x 43.0 x 10°/(1000 x 185% x 200) = 0.628
From Table A6, x/d =0.369, z/d =1 — (1/3)( x/d) = 0.877
Ay =43.0 x 10°/(200 x 0.877 x 185) = 1325 mm*/m (H16-150)

For condition (b), the maximum vertical moment occurs at depth z = 0.4/,, where
M =-15.8 KNm/m.

At the inner face, with bars in layer 1, d =200 mm. Assuming o, =200 MPa,
100M /bd”* 6= 100 x 15.8 x 10°/(1000 x 200* x 200) = 0.198
From Table A9, x/d = 0.224, z/d = 1 — (1/3)( x/d) = 0.925
A,=15.8 x 10%(200 x 0.925 x 200) = 427 mm*/m (H12-150)

Vertical bars:
H16-150 (outer face)
H12-150 (inner face)

FLOOR

For condition (a), with the characteristic load combination, M = 43.0 kKNm/m at the
edge of the floor and the coexisting radial force is N = 14.9 x 0.75 =11.2 kN/m.

M;=43.0-11.2 x 0.065=42.3 kNm/m Assuming o, =200 MPa,
100M, /bd* 6, =100 x 42.3 x 10°/(1000 x 190* x 200) = 0.586

From Table A9, x/d = 0.358, z/d = 1 — (1/3)( x/d) = 0.881

A, =423 x 10%(200 x 0.881 x 190) + 11.2 x 10*/200 = 1320 mm*/m (H16-150)

Since the moments due to thermal action are dominant, H16-150 will be provided
in both directions at the bottom surface throughout the floor.

For condition (b), N =14.9 x 0.75 + 48.9 x 0.3 =25.9 kN/m. For tension at the top
surface of the floor, the maximum moments occur at r, /r = 0.6, where the radial
moment is M= 13.0 x 0.75 + 0.385 x (24.2 x 0.3) = 12.6 kNm/m

M;=12.6-25.9 x0.065=10.9 kNm/m Assuming o; =200 MPa,
100M, /bd” 6, =100 x 10.9 x 10°/(1000 x 190* x 200) = 0.151

From Table A9, x/d = 0.197, z/d = 1 — (1/3)( x/d) = 0.934

A,=10.9 x 10%/(200 x 0.934 x 190) + 25.9 x 10*/200 = 4377 mm*/m (H12-150)

Bars in each direction:
H16-150 (bottom)
H12-150 (top)

ARRANGEMENT OF REINFORCEMENT AT BOTTOM OF WALL

H16-100
H16-100

H16-150 H12-150

— H16-150
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Table Al Design Formulaefor Rectangular Beams

Appendix A

The following equations, based on the simplest stress—strain relationships specified for concrete and reinforcement, apply for
values of f¢ < 50 MPa and fy = 500 MPa. The condition z/d < 0.95, although not in Eurocode 2, is normal in UK practice.
Singly reinforced sections

For values of K < K, compression reinforcement is not required and the following equations apply:

A;=M/(0.87fz) where z/id=(0.5+ {0.25-0.882K)< 0.95. Hence, z/d = 0.95 for K < 0.054.

Values of Ay /(bdfy ), x/d = 2.5(1 — z/d) and z/d, according to the value of K, may be obtained from the table below.

Doubly reinforced sections

For values of K > K, compression reinforcement is required and the following equations apply:

Ag = (K-K)bdfu)/[0.87fyld — dy)] and Ay = Ag + K'bd*fy /(0.87f52) where z/d=(0.5+ J0.25-0.882K")

For d,/x > 0.375, A, should be replaced by 1.6(1 — d, /x) Ay, in the above equations.

Values of K and K’

In the above equations: K =M /(bdzfck) and for linear elastic analysis with no redistribution of moment, K" = 0.210.

For values of §< 1.0, K’ = 0.65-0.1852= 0.21, where &= redistributed moment/elastic moment at section considered.
M| Afw | x z M A | x z M| ASe | x z
bd? fy bdf d d bd? fy bdf,, d d bd? fy bdf d d

0.110 0.142 | 0.272 | 0.891 0.170 0.240 | 0.459 | 0.816
0.112 0.145 | 0.278 | 0.889 0.172 0.243 | 0.466 | 0.814
<0.054 1.21K | 0.125 | 0.950 0.114 0.148 | 0.284 | 0.887 0.174 0.247 | 0473 | 0.811

0.056 0.068 | 0.130 | 0.948 0.116 0.151 | 0.289 | 0.884 0.176 0.251 | 0.480 | 0.808
0.058 0.071 | 0.135 | 0.946 0.118 0.154 | 0.295 | 0.882 0.178 0.255 | 0.488 | 0.805
0.060 0.073 | 0.140 | 0.944 0.120 0.157 | 0.301 | 0.880 0.180 0.258 | 0.495 | 0.802
0.062 0.076 | 0.145 | 0.942 0.122 0.160 | 0.307 | 0.877 0.182 0.262 | 0.502 | 0.799
0.064 0.079 | 0.150 | 0.940 0.124 0.163 | 0.313 | 0.875 0.184 0.266 | 0.510 | 0.796
0.066 0.081 | 0.155 | 0.938 0.126 0.166 | 0.319 | 0.873 0.186 0.270 | 0.517 | 0.793
0.068 0.084 | 0.160 | 0.936 0.128 0.169 | 0.324 | 0.870 0.188 0.274 | 0.525 | 0.790
0.070 0.086 | 0.165 | 0.934 0.130 0.173 | 0.330 | 0.868 0.190 0.278 | 0.532 | 0.787
0.072 0.089 | 0.170 | 0.932 0.132 0.176 | 0.336 | 0.865 0.192 0.282 | 0.540 | 0.784
0.074 0.092 | 0.176 | 0.930 0.134 0.179 | 0.343 | 0.863 0.194 0.286 | 0.548 | 0.781
0.076 0.094 | 0.181 | 0.928 0.136 0.182 | 0.349 | 0.861 0.196 0.290 | 0.556 | 0.778
0.078 0.097 | 0.186 | 0.926 0.138 0.185 | 0.355 | 0.858 0.198 0.294 | 0.564 | 0.775
0.080 0.100 | 0.191 | 0.924 0.140 0.188 | 0.361 | 0.856 0.200 0.298 | 0.572 | 0.771
0.082 0.103 | 0.196 | 0.921 0.142 0.192 | 0.367 | 0.853 0.202 0.303 | 0.580 | 0.768
0.084 0.105 | 0.202 | 0.919 0.144 0.195 | 0.373 | 0.851 0.204 0.307 | 0.588 | 0.765
0.086 0.108 | 0.207 | 0.917 0.146 0.198 | 0.380 | 0.848 0.206 0.311 | 0.597 | 0.761
0.088 0.111 | 0.212 | 0.915 0.148 0.201 | 0.386 | 0.846 0.208 0.316 | 0.605 | 0.758
0.090 0.114 | 0.217 | 0.913 0.150 0.205 | 0.393 | 0.843 0.210 0.320 | 0.614 | 0.754
0.092 0.117 | 0.223 | 0911 0.152 0.208 | 0.399 | 0.840
0.094 0.119 | 0.228 | 0.909 0.154 0.212 | 0.405 | 0.838
0.096 0.122 | 0.234 | 0.907 0.156 0.215 | 0.412 | 0.835
0.098 0.125 | 0.239 | 0.904 0.158 0.218 | 0.419 | 0.833
0.100 0.128 | 0.245 | 0.902 0.160 0.222 | 0.425 | 0.830
0.102 0.131 | 0.250 | 0.900 0.162 0.226 | 0.432 | 0.827
0.104 0.133 | 0.256 | 0.898 0.164 0.229 | 0.439 | 0.824
0.106 0.136 | 0.261 | 0.896 0.166 0.233 | 0.446 | 0.822
0.108 0.139 | 0.267 | 0.893 0.168 0.236 | 0.452 | 0.819

Limiting K values according to % moment redistribution for singly-reinforced sections
% Redistribution 0 5 10 15 20 25 30
K =M/(bd* f) 0.207 0.194 0.181 0.167 0.152 0.136 0.120
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Table A2 Design Chart for Rectangular Columns — 1
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Table A3 Design Chart for Rectangular Columns — 2
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Table A4 Design Chart for Circular Columns —1
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Table A5 Design Chart for Circular Columns — 2
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Table A6 Elastic Properties of Cracked Rectangular Sections in Flexure

Elastic properties of singly reinforced rectangular sections subjected to bending (or combined bending and tension)

1004, 100M x 1004, 100M x 1004, 100M x
bd o,bd* d bd o,bd? d bd o,bd* d
0.10 0.095 0.159 0.80 0.697 0.384 1.50 1.259 0.483
0.12 0.113 0.173 0.82 0.714 0.388 1.52 1.274 0.485
0.14 0.131 0.185 0.84 0.730 0.392 1.54 1.290 0.487
0.16 0.150 0.196 0.86 0.747 0.395 1.56 1.306 0.489
0.18 0.168 0.207 0.88 0.763 0.398 1.58 1321 0.491
0.20 0.186 0.217 0.90 0.779 0.402 1.60 1337 0.493
0.22 0.203 0.226 0.92 0.796 0.405 1.62 1.353 0.495
0.24 0.221 0.235 0.94 0.812 0.408 1.64 1.368 0.497
0.26 0.239 0.243 0.96 0.828 0.412 1.66 1.384 0.499
0.28 0.257 0.251 0.98 0.845 0.415 1.68 1.399 0.501
0.30 0.274 0.258 1.00 0.861 0.418 1.70 1.415 0.503
0.32 0.292 0.266 1.02 0.877 0.421 1.72 1.430 0.505
0.34 0.309 0.272 1.04 0.893 0.424 1.74 1.446 0.507
0.36 0.327 0.279 1.06 0.909 0.427 1.76 1.461 0.509
0.38 0.344 0.286 1.08 0.925 0.430 1.78 1.477 0.511
0.40 0.361 0.292 1.10 0.941 0.433 1.80 1.492 0.513
0.42 0.378 0.298 1.12 0.957 0.436 1.82 1.508 0.515
0.44 0.396 0.303 1.14 0.973 0.438 1.84 1.523 0.517
0.46 0.413 0.309 1.16 0.989 0.441 1.86 1.539 0.518
0.48 0.430 0.314 1.18 1.005 0.444 1.88 1.554 0.520
0.50 0.447 0.319 1.20 1.021 0.446 1.90 1.569 0.522
0.52 0.464 0.325 1.22 1.037 0.449 1.92 1.585 0.524
0.54 0.481 0.330 1.24 1.053 0.452 1.94 1.600 0.526
0.56 0.498 0.334 1.26 1.069 0.454 1.96 1.616 0.527
0.58 0.514 0.339 1.28 1.085 0.457 1.98 1.631 0.529
0.60 0.531 0.344 1.30 1.101 0.459 2.00 1.646 0.531
0.62 0.548 0.348 1.32 1.117 0.462

0.64 0.565 0.353 1.34 1.133 0.464

0.66 0.581 0.357 1.36 1.149 0.467

0.68 0.598 0.361 1.38 1.164 0.469

0.70 0.615 0.365 1.40 1.180 0.471

0.72 0.631 0.369 1.42 1.196 0.474

0.74 0.648 0.373 1.44 1212 0.476

0.76 0.665 0.377 1.46 1.227 0.478

0.78 0.681 0.381 1.48 1.243 0.480

The values in the above table are derived from the following equations:

(1-

'x - —
bd bd o, bd 2 bd 3d ) E

x_ faa L 204, oA, 100M _ 1004,
d bd

For a section subjected to combined bending and tension, where M/N > (d - 0.5h), the value of M in these equations
should be replaced by M; = M- N (d-0.5h), and the total area of reinforcement is given by 45 + N/a;. For a section
containing a given area of reinforcement, analysis involves an iterative process to determine the values of x and ax.

A, is the area of tension reinforcement to resist M or M, b is the breadth of section

M is the bending moment due to design service loading d is the effective depth of tension reinforcement
N is the direct tension due to design service loading h is the overall depth of section

E, is the modulus of elasticity of concrete X is the neutral axis depth

E, is the modulus of elasticity of reinforcement  is the stress in tension reinforcement

For a section where M/N <(d - 0.5h), tension reinforcement is required on both faces where the areas, for a particular
reinforcement stress, are given by the following equations:

MIN
d-0.5h,

05N _ 05N

Mj . .
Ag = —[1 + IN ] on the face in tension due to M Ap= —(1 - on the other face

o, d-0.5h o,
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Table A7 Early Thermal Cracking in End Restrained Panels

Appendix A

For a concrete element restrained at its ends, the mean tensile strain contributing to cracking, with k. = 1.0 (pure tension),
may be calculated from the expression (&m— &m) = 0.5 kfererr (1 + e Ag /A V(A /A )Es.

With k& = 0.8 (high bond bars) and &, = 1.0 (pure tension), the maximum crack spacing sy max = 3.4[c + 0.1(Ac e /45)).

With e, = 6, the design crack width wy = 1.7k (1 + 64,/Ac)[ ¢ + 0.1(Acete/A)P) feretr (A /Act )Es.

Maximum values of f;; .¢r for w, = 0.2 mm are given below. For other values of wy, multiply values of fo s by Swy.
Thickness of | Bar size Maximum values of f .« (MPa) according to bar spacing (mm) for wy = 0.2 mm
section (mm) | (EF) 300 250 225 200 175 150 125 100 75

200 H12 1.70 2.72

H16 1.41 1.83 2.47 3.53 545

H20 1.38 1.65 2.02 2.52 3.23 4.30 6.00 8.98

250 H16 1.76 2.55 4.05

H20 1.38 1.73 2.25 3.03 4.30 6.59

é H25 1.69 2.03 2.47 3.07 3.93 5.20 7.21 10.7
= 300 H16 1.49 2.15 3.40
I H20 1.46 1.90 2.57 3.66 5.65
§ H25 1.38 1.65 2.02 2.52 3.23 431 6.02 9.03
3 350 H16 193 | 3.06
H20 1.71 2.31 3.30 5.12

H25 1.48 1.81 2.27 2.92 3.90 5.48 8.26

400 H16 1.77 2.81

H20 1.56 2.12 3.04 4.72

H25 1.36 1.66 2.08 2.69 3.60 5.07 7.68

200 H12 1.60 2.51

H16 1.34 1.72 2.31 3.26 495

H20 1.31 1.57 1.90 2.36 3.01 3.96 5.47 8.06

250 H16 1.61 2.31 3.59

H20 1.31 1.64 2.11 2.82 3.97 5.98

é H25 1.61 1.92 2.33 2.88 3.66 4.80 6.58 9.59
2 300 H16 1.22 1.76 2.78
I H20 1.57 2.11 3.01 4.63
§ H25 1.42 1.73 2.15 2.76 3.66 5.09 7.58
3 350 HI6 158 | 250
H20 1.41 1.90 2.72 4.20

H25 1.51 1.88 2.42 3.22 4.52 6.79

400 H20 1.74 2.50 3.87

H25 1.38 1.73 2.22 2.97 4.18 6.31

H32 1.73 2.06 2.50 3.10 3.93 5.16 7.09 10.3

200 HI12 1.50 2.33

H16 1.63 2.16 3.02 4.54

H20 1.49 1.80 2.22 2.81 3.68 5.03 7.31

250 H16 1.52 2.16 3.32

H20 1.56 2.00 2.65 3.68 5.48

é H25 1.54 1.83 2.20 2.71 3.42 4.45 6.05 8.70
2 300 H16 1.63 2.54
I H20 1.49 2.00 2.81 4.27
§ H25 1.36 1.65 2.04 2.60 3.42 4.72 6.94
S 350 H20 1.62 | 230 | 3.55
H25 1.65 2.11 2.81 3.92 5.87

H32 1.72 2.05 2.47 3.04 3.84 4.99 6.77 9.73

400 H20 1.48 2.12 3.28

H25 1.48 1.90 2.53 3.55 5.35

H32 1.49 1.77 2.15 2.66 3.37 4.41 6.04 8.79
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Table A8 Early Thermal Cracking in Edge Restrained Panels

For a long concrete panel restrained along an edge, the mean tensile strain contributing to cracking may be taken as Ry £gee-
With k; = 0.8 (high bond bars) and &, = 1.0 (pure tension), the maximum crack spacing S, max = 3.4 [c + 0.1(Ac e /As) .
The design crack width wy =3.4[ ¢ + 0.1(Acerr/As)P] Rax Epree-

Maximum values of R,y &g for wi = 0.2 mm are given below. For other values of wy, multiply values of R,y &xee by Swi.
Thickness of Bar size Maximum values of R,y &fee (><10'6) according to bar spacing (mm) for wy = 0.2 mm
section (mm) (EF) 300 | 250 | 225 200 175 150 125 100 75

200 HI10 139 164 180 200 224 255 295 351 434
H12 164 192 211 233 260 295 341 402 492
g HI16 211 246 268 295 328 369 422 492 590
=) H20 254 295 321 351 388 434 492 567 670
& 250 H12 145 170 187 207 232 264 305 363 447
2 Hl16 180 211 231 254 284 321 369 434 527
3 H20 211 246 268 295 328 369 422 492 590
300 H25 244 284 309 338 375 419 476 550 652
H32 284 328 356 388 428 476 536 614 719

Note: Values of R, &xee given for section thickness 4 = 250 mm apply for 4 = 230 mm (H12), /# = 240 mm (H16) and

h =250 mm (H20). Values of R,y &xee given for 2 =300 mm apply for 2 = 262.5 mm (H25) and / = 280 mm (H32).

200 HI10 136 159 175 193 216 244 281 331 404
HI12 160 186 204 224 249 281 322 377 454
H16 203 236 257 281 311 347 393 454 536
H20 244 281 304 332 364 404 454 517 602
g 250 HI12 131 154 169 186 208 236 272 322 393
g H16 169 197 215 236 262 295 337 393 472
2 H20 204 236 257 281 311 347 393 454 536
1'_ 300 HI12 119 139 153 169 190 215 249 296 364
% H16 148 174 190 209 233 263 303 356 431
&} H20 175 204 222 244 271 304 347 404 484
350 H25 204 236 257 281 311 347 393 454 536
H32 238 275 297 324 357 396 445 508 592

Note: Values of R, &ee given for section thickness 4 = 300 mm apply for 4 = 280 mm (H12), # = 290 mm (H16) and

h =300 mm (H20). Values of R,y &xee given for 4 =350 mm apply for 2 = 312.5 mm (H25) and / = 330 mm (H32).

200 HI10 133 155 170 187 208 234 268 314 378
HI12 155 181 197 216 239 268 305 354 421
HI16 197 227 246 268 295 328 369 421 491
H20 234 268 289 314 343 378 421 476 546
250 HI12 128 150 164 181 201 227 260 305 369
H16 164 190 207 227 251 281 319 369 437
H20 197 227 246 268 295 328 369 421 491
é 300 H12 109 128 141 155 174 197 227 268 328

py Hl16 141 164 179 197 219 246 281 328 393

‘l‘r H20 170 197 214 234 259 289 328 378 447
§ 350 H12 100 118 130 143 160 182 211 250 307

3 H16 126 148 161 178 198 224 257 301 364

H20 149 174 189 208 231 259 295 343 410
H25 180 208 226 247 272 304 343 394 464
H32 219 251 271 295 323 358 400 454 524
400 H25 174 202 220 240 265 296 335 386 455
H32 205 236 255 278 306 339 381 434 504
Note: Values of R, &ee given for section thickness 7 = 350 mm apply for 2 = 330 mm (H12), /& = 340 mm (H16) and
h =350 mm (H20). Values of R,y &xee given for # =400 mm apply for 4 = 362.5 mm (H25) and / = 380 mm (H32).
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Table A9 Cross-Sectional Areas of Reinforcing Bars and Fabric

Appendix A

Number Cross-sectional area of number of bars (mm?) for size of bars (mm)
of bars 6 8 10 12 16 20 25 32 40
g 1 28 50 78 113 201 314 491 804 1257
JED 2 57 101 157 226 402 628 982 1608 2513
E 3 85 151 236 339 603 942 1473 2413 3770
9 4 113 201 314 452 804 1257 1963 3217 5027
% 5 141 251 393 565 1005 1571 2454 4021 6283
§ 6 170 302 471 679 1206 1885 2945 4825 7540
£ 7 198 352 550 792 1407 2199 3436 5630 8796
g 8 226 402 628 905 1608 2513 3927 6434 10050
" 9 254 452 707 1018 1810 2827 4418 7238 11310
10 283 503 785 1131 2011 3142 4909 8042 12570
11 311 553 864 1244 2212 3456 5400 8847 13820
12 339 603 942 1357 2413 3770 5890 9651 15080
Sp;al():ing Cross-sectional area of bars per unit width (mm?/m) for size of bars (mm)
of bars
(mm) 6 8 10 12 16 20 25 32 40
75 377 670 1047 1508 2681 4189 6545 10720 -
%D 100 283 503 785 1131 2011 3142 4909 8042 12570
2 125 226 402 628 905 1608 2513 3927 6434 10053
2‘ 150 188 335 524 754 1340 2094 3272 5362 8378
g.% 175 162 287 449 646 1149 1795 2805 4596 7181
3 200 141 251 393 565 1005 1571 2454 4021 6283
% 225 - 223 349 503 894 1396 2182 3574 5585
s 250 - 201 314 452 804 1257 1963 3217 5027
-
R 300 - 168 262 377 670 1047 1636 2681 4189
400 - - 196 283 503 785 1227 2011 3142
500 - - - 226 402 628 982 1608 2513
600 - - - - 335 524 818 1340 2094
* 6 mm is a non-preferred size.
Standard fabric types to BS 4483
Fabric Longitudinal bars Cross bars Mass per
reference Nominal Pitch of Area of bars Nominal Pitch of Area of bars unit area
bar size bars per unit width bar size bars per unit width
mm (mm) (mm?/m) (mm) (mm) (mm?*/m) (kg/m’)
A393 10 200 393 10 200 393 6.16
A252 8 200 252 8 200 252 3.95
A193 7 200 193 7 200 193 3.02
2 Al142 6 200 142 6 200 142 222
% B1131 12 100 1131 8 200 252 10.90
i B785 10 100 785 8 200 252 8.14
5 B503 8 100 503 8 200 252 5.93
g B385 7 100 383 7 200 193 4.53
73 B283 6 100 283 7 200 193 3.73
C785 10 100 785 6 400 71 6.72
C636 9 100 636 6 400 71 5.55
C503 8 100 503 6 400 71 4.51
C385 7 100 385 6 400 71 3.58
C283 6 100 283 6 400 71 2.78
D98 5 200 98 5 200 98 1.54
D49 2.5 100 49 2.5 100 49 0.77
Notes: Bars used for fabric are in accordance with BS 4449 except for D98 and D49, where wire to BS 4442 may be
used. Stock sheet size is 4.8 m (longitudinal bars) x 2.4 m (cross bars).
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Appendix B

Table B1 Load Cases and Modulus of Subgrade Reaction

The information given in Tables Bl to B10 is derived from the formulae developed by Hetenyi for a beam of finite
length on an elastic foundation. Values are given for five load cases as shown below, where the symbols used are as follows:

B Width of beam (m) a Distance from end of beam to application of load (m)
F  Total load on beam (kN) ¢ Halflength of a distributed load (m)

L Length of beam (m) k, Modulus of subgrade reaction (kN/m®)

M  Moment at distance x from end of beam (kNm) g Bearing pressure (kN/m?)

M, Moment applied at both ends of beam (kNm) x  Distance from end of beam to position considered (m)
V' Shear force at distance x from end of beam (kN) A, Slope at end of beam (rad)

i e

Mo Mo
Wl
(N\iﬂ 1)

&
~—] =S
x X
J—-—'——*x L J‘———-——-—‘L—‘—* [ ‘{_'_"'_'_'+ L ’
A £
Concentrated moments at both ends Concentrated moment at LH end Centrally placed distributed load
(Tables B2 and B3) (Tables B2 and B3) (Tables B2 and B3)
0.5F 0.5F F In Tables B2 to B10, the factor

a
! ! f AL = (Bk,L*/AE.)"*

w L/QV| _ (3kSL4/ECh3)”4

X where

T J E. is modulus of elasticity of concrete

2
Two symmetrically placed loads Concentrated load at any point (kN/m’)
(Tables B2, BS and B6) (Tables B2, and B7 to B10) h is overall depth of beam (m)

The information given in Table B11 is derived from the formulae developed by Hetenyi for a concentrated load on a slab of
infinite dimensions on an elastic foundation, with Poisson’s ratio taken as 0.2.

In principle, the value of &, used in design should be related to the range of influence of the load, but it is normal practice to
base k; on a loaded area of diameter 750 mm. To this end, it is strongly recommended that the value of 4 is determined from
a BS plate—loading test, using a 750 mm diameter plate and a fixed settlement of 1.25 mm. If a smaller plate is used, or a
value of ks appropriate to a particular area is required, the following approximate relationship may be assumed:

ks=0.5(1 + 0.3/D)2k0_75, where D is the diameter of the loaded area, and kg ;5 is a value for D = 0.75 m.

This gives values of ky/kq 75 for particular values of D as follows:

D (m) 0.3 0.5 0.75 1.5 3.0 o0
k/kons 2.0 1.28 1.0 0.72 0.6 0.5

In the absence of more accurate information, the values given below (refer. Bowles J E, Foundation Analysis and Design)
may be used as a guide:

. Values of ks (MN/m”®)
Soil Type
Lower Upper
Loose sand 5 16
Medium dense sand 10 80
Dense sand 64 128
Clayey medium dense sand 32 80
Silty medium dense sand 24 48
Clayey soil:
¢y <100 kN/m® 12 24
100 < ¢, <200 kN/m’ 24 48
Cu > 400 KN/m? - >48
(cy 1s undrained shear strength)
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Table B2 End Slope Coefficients for Different Load Cases

END SLOPE COEFFICIENTS FOR CONCENTRATED MOMENTS AT ONE OR BOTH ENDS

0o/(Mo/kBL?) for Clockwise B/(My/k,BL?) for Anti-Clockwise 60/(My/kBL?) for Moments M,
AL Moment M, at LH End (x/L = 0) Moment M, at RH End (x/L = 1.0) at Both Ends
x/IL=0 1.0 0 1.0 0 1.0
1.0 13.48 11.49 -11.49 —13.48 1.99 -1.99
2.0 34.44 4.96 -4.96 —34.44 29.48 -29.48
3.0 108.4 -9.2 9.2 -108.4 117.6 -117.6
4.0 256.5 -13.3 13.3 -256.5 269.8 —269.8
5.0 500.1 -4.6 4.6 -500.1 504.7 -504.7
6.0 864 2.9 -29 -864 861.1 -861.1
7.0 1372 3.5 -3.5 -1372 1368 —1368
8.0 2048 1.2 -1.2 —2048 2047 —2047
END SLOPE COEFFICIENTS FOR SYMMETRICALLY PLACED LOADS
00/ (F/k;BL?) for Two Symmetrically Placed O0/(F/kBL?) for a Centrally Placed
AL Loads 0.5F at Distance a from Each End Distributed Load F' of Length 2¢
alL=0 0.1 0.2 0.3 0.4 ¢/L=0.1 0.2 0.3 0.4
1.0 —-0.166 -0.076 -0.007 0.043 0.073 0.079 0.070 0.053 0.030
2.0 -2.396 -1.082 —-0.081 0.620 1.034 1.125 0.987 0.756 0.428
3.0 -8.750 -3.672 -0.092 2.216 3.487 3.757 3.343 2.615 1.520
4.0 -16.91 -5.922 0.658 4.072 5.552 5.818 5.374 4.440 2.752
5.0 —25.66 —6.453 2.674 5.642 5.954 5.869 5.887 5.428 3.769
6.0 -36.10 -5.393 5.841 6.932 5.057 4.400 5.217 5.771 4.691
7.0 —-48.88 -2.997 9.589 7.769 3.517 2.334 3.950 5.715 5.591
8.0 —63.92 0.616 13.20 7.865 1.879 0.464 2.542 5.373 6.433
Negative/positive signs indicate anticlockwise/clockwise at LH end, and clockwise/anticlockwise at RH end.
END SLOPE COEFFICIENTS FOR A CONCENTRATED LOAD AT ANY POINT
60/(F/k,BL*) for Load F at Distance a from LH End (a/L = 0)
AL alL=0 0.1 0.2 0.3 0.4 0.5
x/L=0 1.0 0 1.0 0 1.0 0 1.0 0 1.0 0 1.0
1.0 | -6.208 | 5.877 | —4.880 | 4.728 | -3.591 | 3.578 | —2.337 | 2.423 | -1.114 | 1.260 | 0.083 | 0.083
2.0 | -9.073 | 4.280 | —5.947 | 3.783 | -3.432 | 3.270 | —-1.466 | 2.706 | 0.036 | 2.031 1.170 1.170
3.0 | -18.01 | 0.507 | -8.765 | 1.421 | -2.501 | 2.318 1.297 | 3.136 | 3.236 | 3.739 | 3.891 3.891
4.0 | -32.05 | -1.776 | —11.40 | —0.445 | 0.358 | 0.958 | 5.609 | 2.535 | 6.819 | 4.285 5.946 | 5.946
5.0 | -50.02 | -1.293 | —-12.08 | —0.825 | 5.546 | —0.198 | 10.36 | 0.922 | 9.015 | 2.894 | 5.814 | 5.814
6.0 | =72.00 | —0.200 | —-10.30 | —0.486 | 12.36 | —0.674 | 14.30 | —0.432 | 9.230 | 0.885 | 4.053 | 4.053
7.0 | -98.00 | 0.235 | -5.870 | —0.125 | 19.71 | —-0.530 | 16.42 | —0.882 | 7.611 | —0.577 | 1.728 1.728
8.0 | —128.0 | 0.170 1.188 | 0.044 | 26.59 | —0.195 | 16.41 | —0.676 | 4.905 | —1.147 | —0.243 | —0.243
60/(F/k,BL?) for Load F at Distance a from LH End (a/L = 0)
AL alL=0.5 0.6 0.7 0.8 0.9 1.0
x/L=0 1.0 0 1.0 0 1.0 0 1.0 0 1.0 0 1.0
1.0 | 0.083 0.083 1.260 | —-1.114 | 2.423 | —2.337 | 3.578 | -3.591 | 4.728 | —4.880 | 5.877 | —6.208
2.0 | 1.170 1.170 | 2.031 0.036 | 2.706 | —1.466 | 3.270 | —3.432 | 3.783 | -5.947 | 4.280 | -9.073
3.0 | 3.891 3.891 3.739 | 3.236 | 3.136 1.297 | 2318 | -2.501 | 1.421 | -8.765 | 0.507 | —18.01
4.0 | 5946 | 5946 | 4.285 | 6.819 | 2.535 5.609 | 0958 | 0.358 | —0.445 | —11.40 | —1.776 | —-32.05
50| 5.814 | 5.814 | 2.894 | 9.015 | 0.922 10.36 | —0.198 | 5.546 | —0.825 | —12.08 | —1.293 | —50.02
6.0 | 4.053 | 4.053 0.885 | 9.230 | -0.432 | 1430 | -0.674 | 12.36 | —0.486 | —10.30 | —0.200 | —72.00
7.0 | 1.728 1.728 | -0.577 | 7.611 | —-0.882 | 16.42 | —-0.530 | 19.71 | —0.125 | -5.870 | 0.235 | —-98.00
8.0 | —0.243 | —0.243 | —1.147 | 4.905 | —0.676 | 16.41 | —0.195 | 26.59 | 0.044 1.188 | 0.170 | —128.0

For definitions of symbols, see Table B1.
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Table B3 Bearing, Bending and Shear Coefficients for Moments at One or Both Ends

BEARING, BENDING AND SHEAR COEFFICIENTS FOR CONCENTRATED MOMENT M, AT LH END (x/L =0)

WL q/(My/BL?) for Values of AL M/(M,) for Values of AL V/(M,/L) for Values of AL
1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

0 —6.208 | -9.073 | —18.01 | —32.05 1.0 1.0 1.0 1.0 0 0 0 0
0.1 —4.880 | —5.947 | -8.765 | —11.40 | 0.971 0.960 | 0.927 | 0.878 | —0.554 | —0.746 | —1.312 | -2.091
0.2 —3.591 | -3.432 | -2.501 | 0.357 0.894 | 0.860 | 0.763 0.635 | —-0.977 | —-1.210 | —1.853 | —2.578
0.3 —2.337 | -1.466 | 1.297 | 5.609 | 0.780 | 0.726 | 0.573 | 0.390 | —-1.274 | —1.451 | —1.895 | —2.236
0.4 —1.115 | 0.036 | 3.236 | 6.819 | 0.643 | 0.576 | 0.394 | 0.198 | —1.446 | —1.519 | —1.655 | —1.590
0.5 0.083 1.170 | 3.891 5.946 | 0.495 | 0.426 | 0.246 | 0.072 | —-1.497 | —1.456 | —1.290 | —0.941
0.6 1.260 | 2.031 3.739 | 4.285 0.348 0.288 0.136 0.005 | —1.430 | —1.294 | —0.904 | —0.426
0.7 2.423 | 2.706 | 3.136 | 2.535 | 0.213 | 0.170 | 0.064 | —0.019 | —1.246 | —1.056 | —0.557 | —0.086
0.8 3.578 | 3.271 2.318 | 0958 | 0.102 | 0.079 | 0.022 | —0.018 | —0.946 | —0.756 | —0.284 | 0.087
0.9 4.728 3.783 1.421 | —-0.445 | 0.028 0.021 0.004 | —0.007 | —0.530 | —0.403 | —0.096 | 0.111
1.0 5.877 | 4.281 0.507 | -1.776 0 0 0 0 0 0 0 0
YL q/(My/BL?) for Values of AL M/(M,) for Values of AL V/(M,/L) for Values of AL

5.0 6.0 7.0 8.0 5.0 6.0 7.0 8.0 5.0 6.0 7.0 8.0

0 -50.02 | =72.00 | -98.00 | —128.0 1.0 1.0 1.0 1.0 0 0 0 0
0.1 -12.08 | -10.30 | -5.870 | 1.188 | 0.823 | 0.763 | 0.700 | 0.635 | —2.909 | -3.719 | —4.479 | -5.157
0.2 5.546 12.36 19.71 26.59 0.508 0.390 | 0.285 0.196 | -3.097 | -3.369 | —3.402 | -3.229
0.3 10.36 14.30 16.42 16.41 0.238 | 0.124 | 0.044 | —0.006 | —2.226 | —1.932 | —1.480 | —0.981
0.4 9.015 | 9.229 | 7.611 4.905 | 0.067 | —0.006 | —0.037 | —0.043 | —1.227 | —0.735 | —0.285 | 0.038
0.5 5.814 | 4.053 1.728 | -0.243 | —0.016 | —0.042 | —0.039 | —0.026 | —0.482 | —0.084 | 0.148 0.222
0.6 2.894 | 0.885 | —0.577 | -1.146 | —0.040 | —0.037 | —0.021 | —0.008 | —0.053 | 0.145 0.182 0.131
0.7 0.922 | -0.432 | —0.882 | —0.676 | —0.035 | —0.020 | —0.006 | 0.001 0.130 | 0.155 | 0.099 | 0.036
0.8 —0.198 | -0.674 | —0.530 | —0.195 | —0.020 | —0.008 0 0.002 | 0.160 | 0.094 | 0.027 | —0.005
0.9 —0.825 | —0.486 | —0.125 | 0.044 | —0.006 | —0.002 0 0.001 0.106 | 0.035 | —0.006 | —0.011
1.0 -1.293 | -0.200 | 0.235 | 0.170 0 0 0 0 0 0 0 0

BEARING, BENDING AND SHEAR COEFFICIENTS FOR CONCENTRATED MOMENTS M, AT BOTH ENDS

L q/(My/BL?) for Values of AL M/(My) for Values of AL VI/(My/L) for Values of AL
1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0
0 —0.331 | 4.793 | -17.50 | —33.83 1.0 1.0 1.0 1.0 0 0 0 0
0.1 —0.152 | -2.164 | —7.344 | —11.85 | 0.999 | 0.981 0.931 0.872 | —0.024 | —0.343 | —1.216 | —2.202
0.2 | -0.013 | -0.162 | —0.184 | 1.315 | 0.996 | 0.939 | 0.786 | 0.617 | —0.032 | —0.454 | —1.569 | —2.664
0.3 0.086 | 1.240 | 4.433 | 8.143 | 0.993 | 0.896 | 0.637 | 0.371 | -0.028 | —0.395 | —1.337 | -2.150
0.4 0.146 | 2.067 6.975 11.10 | 0.991 0.864 | 0.530 0.203 | —0.016 | —0.225 | —0.751 | —1.164
0.5 0.166 | 2.340 | 7.782 | 11.89 | 0.990 | 0.853 | 0.492 | 0.144 0 0 0 0
YL q/(My/BL?) for Values of AL M/(My) for Values of AL VI(My/L) for Values of AL
5.0 6.0 7.0 8.0 5.0 6.0 7.0 8.0 5.0 6.0 7.0 8.0
0 -51.31 | =72.20 | -97.77 | —127.8 1.0 1.0 1.0 1.0 0 0 0 0
0.1 -12.91 | -10.79 | -5.995 | 1.232 0.817 0.761 0.700 0.636 | —-3.015 | -3.753 | —4.473 | -5.146
0.2 5.348 11.68 19.18 26.39 0.489 | 0.382 | 0.285 0.198 | —3.257 | —-3.463 | —3.429 | -3.224
0.3 11.28 | 13.86 | 1554 | 1573 | 0.203 | 0.103 | 0.038 | —0.005 | —2.355 | -2.087 | —1.579 | -1.017
0.4 11.91 | 10.12 | 7.034 | 3.758 | 0.026 | —0.042 | —-0.057 | —0.051 | —1.174 | —0.880 | —0.467 | —0.093
0.5 11.63 8.106 3.455 | —0.486 | —0.032 | —0.084 | —0.078 | —0.052 0 0 0 0

Negative signs indicate upward pressure for ¢, hogging moment for M and downward force for V.

For definitions of symbols, see Table B1.
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Table B4 Bearing, Bending and Shear Coefficients for Centrally Placed Distributed Load

BEARING, BENDING AND SHEAR COEFFICIENTS FOR A CENTRALLY PLACED DISTRIBUTED LOAD

A L q/(F/BL) for Values of ¢/L MI(FL) for Values of ¢/L VIF for Values of ¢/L
L 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
1.0 0 | 0982 | 0986 | 0.989 | 0.994 0 0 0 0 0 0 0 0
0.1 0990 | 0.992 | 0.994 | 0.997 | 0.005 | 0.005 | 0.005 | 0.005 | 0.099 | 0.099 | 0.099 | 0.100
0.2 | 0.998 | 0.998 | 0.999 1.000 | 0.020 | 0.020 | 0.020 | 0.014 | 0.198 | 0.199 | 0.199 | 0.075
0.3 | 1.005 | 1.004 | 1.003 | 1.002 | 0.045 | 0.045 | 0.037 | 0.020 | 0.298 | 0.299 | 0.132 | 0.050
0.4 | 1.010 | 1.008 | 1.006 | 1.003 | 0.080 | 0.067 | 0.047 | 0.024 | 0.399 | 0.149 | 0.066 | 0.025
0.5| 1.012 | 1.010 | 1.007 | 1.004 | 0.100 | 0.075 | 0.050 | 0.025 0 0 0 0
20| 0 | 0.747 | 0.781 | 0.837 | 0.911 0 0 0 0 0 0 0 0
0.1 | 0.859 | 0.880 | 0.912 | 0.953 | 0.004 | 0.004 | 0.005 | 0.005 | 0.081 | 0.083 | 0.088 | 0.093
0.2 0968 | 0.975 | 0.984 | 0.993 | 0.017 | 0.017 | 0.018 | 0.013 | 0.172 | 0.176 | 0.182 | 0.066
0.3 | 1.067 1.059 1.045 1.025 | 0.039 | 0.040 | 0.033 | 0.018 | 0.274 | 0.278 | 0.117 | 0.042
0.4 | 1.140 | 1.118 | 1.085 | 1.045 | 0.072 | 0.060 | 0.041 | 0.021 | 0.385 | 0.137 | 0.057 | 0.020
0.5 | 1.168 | 1.139 | 1.099 | 1.052 | 0.091 | 0.067 | 0.044 | 0.022 0 0 0 0
301 0 0.136 | 0.248 | 0.434 | 0.688 0 0 0 0 0 0 0 0
0.1 | 0.511 | 0.582 | 0.695 | 0.839 | 0.001 | 0.002 | 0.003 | 0.004 | 0.033 | 0.042 | 0.057 | 0.076
0.2 | 0.881 | 0.909 | 0.945 | 0.977 | 0.008 | 0.010 | 0.013 | 0.010 | 0.102 | 0.116 | 0.139 | 0.042
03| 1.224 | 1.202 | 1.156 | 1.086 | 0.024 | 0.027 | 0.023 | 0.013 | 0.207 | 0.222 | 0.077 | 0.020
0.4 | 1.488 1.412 1.295 1.154 | 0.051 | 0.043 | 0.028 | 0.015 | 0.346 | 0.105 | 0.035 | 0.008
0.5 ] 1.593 1.487 1.343 1.177 | 0.068 | 0.048 | 0.030 | 0.015 0 0 0 0
40| 0 | -0.419 | -0.254 | 0.033 | 0.452 0 0 0 0 0 0 0 0
0.1 | 0.196 | 0.284 | 0.477 | 0.725 | —-0.001 0 0.001 | 0.003 | —0.011 | 0.002 | 0.026 | 0.059
0.2 | 0.780 | 0.824 | 0.907 | 0.970 0 0.003 | 0.007 | 0.007 | 0.038 | 0.057 | 0.095 | 0.019
03| 1.359 | 1.335 | 1.269 | 1.151 | 0.009 | 0.014 | 0.014 | 0.007 | 0.145 | 0.165 | 0.037 0
0.4 | 1.841 | 1.714 | 1.503 | 1.258 | 0.029 | 0.025 | 0.015 | 0.007 | 0.305 | 0.067 | 0.012 | —0.003
0.5| 2.067 | 1.852 | 1.583 | 1.294 | 0.044 | 0.028 | 0.016 | 0.007 0 0 0 0
50| 0 |-0.628 | —0.485 | —-0.197 | 0.289 0 0 0 0 0 0 0 0
0.1 | —0.036 | 0.108 | 0.347 | 0.662 | —0.002 | —0.001 0 0.002 | —0.028 | —-0.014 | 0.008 | 0.048
0.2 | 0.611 | 0.734 | 0.886 | 0.983 | —0.004 | —0.002 | 0.004 | 0.005 0 0.028 | 0.069 | 0.008
0.3 | 1.361 1.390 1.340 1.197 0 0.006 | 0.008 | 0.005 | 0.099 | 0.134 | 0.014 | —0.008
0.4 | 2.106 | 1910 | 1.622 | 1.310 | 0.016 | 0.014 | 0.008 | 0.004 | 0.272 | 0.049 0 -0.008
0.5 | 2.447 | 2.103 | 1.716 | 1.345 | 0.030 | 0.016 | 0.008 | 0.003 0 0 0 0
60| 0 |-0.581|-0.513|-0.302 | 0.171 0 0 0 0 0 0 0 0
0.1 | -0.131 | 0.018 | 0.279 | 0.634 | —0.002 | —0.002 0 0.002 | —0.036 | —0.025 | —0.001 | 0.040
0.2 | 0.438 | 0.635 | 0.876 | 1.013 | —0.005 | —0.003 | 0.002 | 0.004 | —-0.020 | 0.008 | 0.057 | —0.002
03| 1.275 1.387 1.384 | 1.231 | —0.003 | 0.003 | 0.005 | 0.003 | 0.066 | 0.109 | 0.003 | —-0.011
0.4 | 2.280 | 2.035 1.679 1.324 | 0.010 | 0.008 | 0.004 | 0.001 | 0.247 | 0.034 | —0.006 | —0.008
0.5| 2785 | 2.277 | 1.771 | 1.347 | 0.022 | 0.010 | 0.004 | 0.001 0 0 0 0
70| 0 |-0417 | —0.440 | -0.343 | 0.073 0 0 0 0 0 0 0 0
0.1 | =0.169 | —0.031 | 0.237 | 0.625 | —0.002 | —0.002 | —0.001 | 0.001 | —0.029 | —0.024 | —0.005 | 0.035
0.2 | 0.256 | 0.528 | 0.872 | 1.053 | —0.005 | —0.003 | 0.002 | 0.003 | —0.025 | 0.002 | 0.050 | —0.006
03| 1.130 | 1.357 | 1.417 | 1.258 | —0.004 | 0.002 | 0.004 | 0.002 | 0.045 | 0.096 | —0.002 | —0.011
0.4 | 2.415 | 2.127 | 1.705 | 1.318 | 0.005 | 0.005 | 0.003 0 0.223 | 0.023 | —0.008 | —0.007
0.5 | 3.116 | 2.413 1.787 1.327 | 0.016 | 0.006 | 0.002 0 0 0 0 0
80| 0 | —0.236 | -0.333 | —0.348 | —0.011 0 0 0 0 0 0 0 0
0.1 | -0.174 | -0.060 | 0.206 | 0.624 | —0.001 | —0.001 | —0.001 | 0.001 | —0.021 | —0.020 | —0.007 | 0.031
0.2 | 0.091 0.423 | 0.868 1.094 | —0.004 | —0.003 | 0.001 | 0.003 | —0.025 | —0.002 | 0.047 | —0.009
03] 0959 | 1.321 | 1.448 | 1.278 | —0.004 | 0.001 | 0.003 | 0.002 | 0.028 | 0.086 | —0.004 | —0.010
0.4 | 2.520 | 2.201 | 1.717 | 1.306 | 0.003 | 0.003 | 0.002 0 0.202 | 0.014 | —0.008 | —0.005
0.5| 3.438 | 2.519 | 1.782 | 1.300 | 0.013 | 0.004 | 0.001 0 0 0 0 0

Negative signs indicate upward pressure for ¢, hogging moment for M and downward force for V.
For definitions of symbols, see Table B1.
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Table BS Bearing, Bending and Shear Coefficients for Two Symmetrical Loads —1

BEARING, BENDING AND SHEAR COEFFICIENTS FOR TWO SYMMETRICALLY PLACED LOADS

AL | L alL=0 a/L=0.1 a/L=10.2
q/(F/BL) | MI/(FL) VIF q/(F/IBL) | M/(FL) VIF q/(F/BL) | MI/(FL) VIF

1.0 0 1.033 0 0/-0.5 1.017 0 0 1.003 0 0
0.1 1.017 -0.045 | —-0.398 1.009 0.005 | 0.101/-0.399 1.002 0.005 0.100
0.2 1.002 -0.080 | —0.297 1.002 -0.030 —0.298 1.001 0.020 0.200/-0.300
0.3 0.991 -0.104 | —-0.197 0.995 —-0.055 0.198 1.000 -0.005 -0.200
04 0.984 -0.119 | —0.098 0.991 -0.070 -0.099 0.998 -0.020 -0.100
0.5 0.982 -0.124 0 0.990 -0.075 0 0.998 -0.025 0

201 0 1.475 0 0/-0.5 1.241 0 0 1.033 0 0
0.1 1.241 -0.043 | -0.364 1.132 0.006 0.119/-0.381 1.025 0.005 0.103
0.2 1.033 -0.074 | -0.251 1.025 -0.027 -0.274 1.012 0.021 0.205/~0.295
0.3 0.872 -0.094 | -0.156 0.933 -0.049 -0.176 0.992 -0.004 -0.195
0.4 0.770 -0.105 | —-0.075 0.873 -0.062 —-0.086 0.973 -0.019 -0.097
0.5 0.735 -0.109 0 0.852 —0.066 0 0.966 -0.024 0

3.0 0 2.681 0 0/-0.5 1.829 0 0 1.096 0 0
0.1 1.829 -0.038 | —0.275 1.460 0.009 0.164/-0.336 1.086 0.006 0.109
0.2 1.096 -0.058 | -0.130 1.086 -0.018 —0.208 1.054 0.022 0.216/-0.284
0.3 0.547 -0.066 | —0.050 0.768 -0.034 -0.117 0.977 -0.002 -0.182
0.4 0.211 -0.069 | -0.014 0.559 —0.043 -0.051 0.901 -0.015 —0.088
0.5 0.098 -0.070 0 0.974 —0.045 0 0.871 -0.019 0

40| 0 4.018 0 0/-0.5 2.397 0 0 1.089 0 0
0.1 2.397 -0.033 | -0.181 1.795 0.011 0.210/~0.290 1.150 0.006 0.112
0.2 1.089 -0.041 | —0.010 1.150 -0.010 —0.143 1.145 0.023 0.228/~0.272
0.3 0.194 -0.038 0.051 0.600 -0.020 —0.057 0.984 0.001 -0.165
04| 0311 -0.033 0.042 0.245 -0.023 -0.017 0.806 -0.011 -0.076
0.5 -0.472 -0.031 0 0.124 -0.024 0 0.733 -0.015 0

5.0 0 5.085 0 0/-0.5 2.681 0 0 0.938 0 0
0.1 2.681 -0.029 | -0.116 2.009 0.012 0.235/~0.265 1.196 0.005 0.107
0.2 0.938 -0.030 0.059 1.196 —0.006 -0.104 1.299 0.022 0.234/-0.266
0.3 | —-0.070 -0.022 | 0.097 0.494 -0.011 -0.022 1.032 0.002 -0.147
0.4 —0.540 -0.013 0.063 0.060 -0.012 0.004 0.701 -0.009 -0.061
0.5 | -0.671 -0.010 0 -0.084 0.012 0 0.565 -0.012 0

60| 0 6.037 0 0/-0.5 2.744 0 0 0.661 0 0
0.1 2.744 -0.026 | —0.068 2.148 0.013 0.246/-0.254 1.228 0.004 0.095
0.2 0.661 -0.023 0.091 1.228 -0.003 -0.084 1.521 0.021 0.237/-0.263
03| -0.271 -0.013 0.103 0.425 -0.007 -0.004 1.113 0.002 -0.127
04 -0.551 -0.004 0.058 -0.035 -0.006 0.013 0.581 -0.007 -0.044
0.5 | -0.594 -0.001 0 -0.178 —-0.005 0 0.365 -0.009 0

701 0 7.001 0 0/-0.5 2.672 0 0 0.314 0 0
0.1 2.672 -0.023 | -0.029 2.267 0.013 0.250/~0.250 1.253 0.003 0.079
0.2 0.314 -0.017 | 0.103 1.253 -0.002 -0.071 1.788 0.019 0.238/~0.262
03| -0.423 -0.007 | 0.088 0.365 -0.005 0.006 1.202 0.001 -0.106
04 | -0.452 -0.001 0.042 -0.085 -0.004 0.017 0.449 -0.005 -0.026
0.5 -0.396 0.002 0 -0.209 -0.003 0 0.157 -0.006 0

8.0 0 7.994 0 0/-0.5 2.507 0 0 -0.034 0 0
0.1 2.507 -0.020 | 0.005 2.397 0.013 0.250/~0.250 1.271 0.002 0.063
0.2 -0.034 -0.013 0.105 1.271 -0.002 -0.062 2.070 0.017 0.240/-0.260
03| -0.512 -0.004 | 0.067 0.299 -0.004 0.012 1.271 0 -0.085
04 | -0.320 0.001 0.024 -0.113 -0.002 0.018 0.319 -0.004 -0.009
0.5 | -0.192 0.002 0 -0.202 -0.001 0 -0.024 -0.004 0

Negative signs indicate upward pressure for ¢, hogging moment for M and downward force for V.
For values of a/L = 0.3 to 0.5, see Table B6.

For definitions of symbols, see Table B1.
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Table B6 Bearing, Bending and Shear Coefficients for Two Symmetrical Loads — 2

BEARING, BENDING AND SHEAR COEFFICIENTS FOR TWO SYMMETRICALLY PLACED LOADS

| a/L=10.3 a/L=0.4 a/L=10.5
g/(FIBL) | MI(FL) VIF g/(FIBL) | MI(FL) VIF g/(FIBL) | MIFL) | VIF
1.0 0 0.991 0 0 0.984 0 0 0.982 0 0
0.1 0.995 0.005 0.099 0.991 0.005 0.099 0.990 0.005 0.099
0.2 1.000 0.020 0.199 0.998 0.020 0.198 0.998 0.020 0.198
0.3 1.003 0.045 0.299/-0.201 1.004 0.045 0.298 1.005 0.045 0.298
0.4 1.004 0.030 -0.101 1.009 0.080 0.399/-0.101 1.010 0.080 0.399
0.5 1.005 0.025 0 1.010 0.075 0 1.013 0.125 0.5/-0.5
2.0 0 0.872 0 0 0.770 0 0 0.735 0 0
0.1 0.933 0.005 0.090 0.873 0.004 0.082 0.852 0.004 0.079
0.2 0.992 0.018 0.187 0.973 0.017 0.175 0.966 0.016 0.170
0.3 1.038 0.042 0.288/-0.212 1.062 0.039 0.277 1.069 0.038 0.272
0.4 1.062 0.026 -0.107 1.125 0.072 0.386/-0.114 1.147 0.071 0.383
0.5 1.069 0.021 0 1.147 0.067 0 1.179 0.115 | 0.5/-0.5
301 0 0.547 0 0 0.211 0 0 0.098 0 0
0.1 0.768 0.003 0.066 0.559 0.002 0.039 0.487 0.001 0.029
0.2 0.977 0.014 0.153 0.901 0.009 0.112 0.871 0.007 0.097
0.3 1.138 0.034 0.260/-0.240 1.211 0.025 0.218 1.229 0.022 0.203
0.4 1.211 0.016 -0.122 1.437 0.053 0.351/-0.149 1.514 0.049 0.341
0.5 1.229 0.010 0 1.514 0.046 0 1.636 0.091 0.5/-0.5
40| 0 0.194 0 0 -0.311 0 0 -0.472 0 0
0.1 0.600 0.002 0.040 0.245 -0.001 -0.003 0.124 -0.001 -0.018
0.2 0.984 0.009 0.119 0.806 0.001 0.049 0.733 -0.002 0.025
0.3 1.264 0.027 0.233/-0.267 1.347 0.011 0.157 1.351 0.006 0.130
0.4 1.347 0.007 -0.135 1.763 0.034 0.315/-0.185 1.899 0.027 0.293
0.5 1.351 0 0 1.899 0.025 0 2.160 0.066 0.5/-0.5
5.0 0 -0.070 0 0 —0.540 0 0 -0.671 0 0
0.1 0.494 0.001 0.021 0.060 -0.002 -0.024 -0.084 -0.003 | —0.038
0.2 1.032 0.006 0.098 0.701 -0.003 0.013 0.565 -0.006 -0.015
0.3 1.397 0.022 0.222/-0.278 1.397 0.003 0.118 1.340 -0.003 0.080
0.4 1.397 0.001 -0.136 1.984 0.023 0.290/-0.210 2.162 0.013 0.255
0.5 1.340 -0.006 0 2.162 0.013 0 2.611 0.051 0.5/-0.5
60| 0 -0.271 0 0 -0.551 0 0 -0.594 0 0
0.1 0.425 0 0.008 -0.035 -0.002 -0.030 -0.178 -0.002 -0.039
0.2 1.113 0.004 0.085 0.581 -0.004 -0.004 0.365 -0.006 | —-0.032
0.3 1.553 0.019 0.223/-0.277 1.383 0 0.093 1.216 -0.006 0.045
0.4 1.383 -0.001 -0.128 2.140 0.017 0.272/-0.228 2.340 0.006 0.222
0.5 1.216 -0.008 0 2.340 0.006 0 3.048 0.042 0.5/-0.5
7.0 0 -0.423 0 0 —0.452 0 0 -0.396 0 0
0.1 0.365 -0.001 -0.003 -0.085 -0.002 -0.027 -0.209 -0.002 | -0.031
0.2 1.202 0.002 0.075 0.449 -0.004 -0.012 0.157 -0.005 -0.036
0.3 1.742 0.017 0.229/~0.271 1.335 -0.002 0.075 1.019 -0.007 0.018
0.4 1.335 -0.002 -0.113 2.272 0.014 0.259/-0.241 2.466 0.002 0.185
0.5 1.019 —-0.008 0 2.466 0.002 0 3.514 0.036 | 0.5/-0.5
80| O -0.512 0 0 -0.320 0 0 -0.192 0 0
0.1 0.299 -0.001 -0.011 -0.113 —0.001 -0.022 -0.203 -0.001 | —0.020
0.2 1.271 0.001 0.066 0.319 -0.004 -0.015 -0.024 -0.004 -0.035
0.3 1.961 0.015 0.236/-0.264 1.277 —0.002 0.060 0.789 -0.007 | —0.004
0.4 1.277 -0.002 -0.096 2.400 0.012 0.248/-0252 2.545 0 0.156
0.5 0.789 -0.007 0 2.545 0 0 4.002 0.031 0.5/-0.5

Negative signs indicate upward pressure for ¢, hogging moment for M and downward force for V.

Values for a/L = 0.5 apply to a single load F at the centre of the beam.

For definitions of symbols, see Table B1.
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Table B7 Bearing, Bending and Shear Coefficients for a L.oad at any Point - 1

BEARING, BENDING AND SHEAR COEFFICIENTS FOR A CONCENTRATED LOAD AT ANY POINT

L | x a/L=0 alL=0.1 a/L=10.2
g/(FIBL) | MIFL) | VIF | g/(FIBL) | MI(FL) VIF g/(FIBL) | MI(FL) VIF
1.0 0 4.038 0 0/-1.0 3418 0 0 2.800 0 0
0.1 3.418 -0.081 | -0.627 2.930 0.016 0.317/-0.683 2.441 0.014 0.262
0.2 2.800 -0.128 | -0.316 2.441 -0.038 -0.414 2.082 0.051 0.488/-0.512
0.3 2.188 -0.146 | -0.067 1.955 -0.068 -0.194 1.720 0.010 -0.322
0.4 1.582 -0.143 0.122 1.471 -0.079 -0.023 1.359 -0.014 -0.168
0.5 0.982 —0.124 | 0.250 0.990 —0.075 0.100 0.998 —0.025 —0.050
0.6 0.386 -0.095 0.318 0.512 -0.060 0.175 0.638 -0.026 0.032
0.7 | -0.206 -0.062 | 0.327 0.036 —0.041 0.202 0.278 —0.020 0.078
0.8 | -0.796 -0.032 | 0.277 -0.438 -0.021 0.182 -0.080 -0.011 0.088
0.9 | -1.384 —0.009 | 0.168 -0.911 —0.006 0.115 —0.438 —0.004 0.062
1.0 -1.972 0 0 -1.384 0 0 -0.796 0 0
2.0 0 4.550 0 0/~1.0 3.653 0 0 2.803 0 0
0.1 3.653 -0.079 | —0.590 3.057 0.017 0.335/-0.665 2.459 0.014 0.263
0.2 2.803 -0.121 | -0.268 2.459 -0.035 —0.389 2.105 0.052 0.492/-0.508
0.3 2.030 -0.135 | —0.027 1.883 —0.063 —0.172 1.728 0.011 -0.317
0.4 1.342 -0.129 0.141 1.345 -0.071 -0.011 1.343 -0.013 —0.163
0.5 0.735 -0.109 | 0.244 0.852 —0.066 0.099 0.966 -0.023 —0.048
0.6 0.198 —0.082 0.290 0.401 —0.053 0.161 0.603 -0.024 0.031
0.7 | -0.287 -0.053 0.286 -0.016 -0.036 0.180 0.255 -0.019 0.073
0.8 —0.738 -0.026 0.234 -0.410 -0.018 0.158 -0.081 -0.011 0.082
0.9 | -1.171 -0.007 | 0.139 -0.793 -0.005 0.098 -0.410 -0.003 0.058
1.0 —1.600 0 0 -1.171 0 0 -0.738 0 0
3.0 0 6.040 0 0/~1.0 4.285 0 0 2.755 0 0
0.1 4.285 -0.073 | —0.485 3.403 0.020 0.385/-0.615 2.501 0.014 0.263
0.2 2.755 -0.103 | -0.135 2.501 -0.026 -0.320 2.197 0.052 0.499/-0.501
0.3 1.550 -0.105 0.077 1.677 -0.047 -0.113 1.774 0.012 -0.302
0.4 0.678 -0.091 0.186 1.001 -0.051 0.020 1.308 -0.010 -0.148
0.5 0.098 -0.070 | 0.222 0.487 —-0.045 0.093 0.871 -0.019 —-0.039
0.6 | —0.256 —0.048 | 0.213 0.118 —0.034 0.122 0.494 —0.020 0.028
0.7 | -0.455 -0.028 | 0.176 -0.141 -0.022 0.120 0.179 -0.015 0.061
0.8 | —0.563 -0.013 0.125 -0.330 —0.011 0.096 —0.089 —0.008 0.066
0.9 -0.627 -0.003 0.065 -0.484 -0.003 0.056 -0.033 -0.003 0.045
1.0 | —0.678 0 0 —0.627 0 0 -0.563 0 0
40| 0 8.006 0 0/-1.0 4.941 0 0 2.501 0 0
0.1 4.941 -0.065 | -0.356 3.781 0.023 0.437/-0.563 2.526 0.013 0.252
0.2 2.501 —0.081 0.010 2.526 -0.017 —0.248 2.401 0.050 0.500/-0.500
0.3 0.864 -0.070 0.171 1.420 -0.031 —0.053 1911 0.012 —0.282
0.4 | -0.063 —-0.051 0.206 0.619 —0.031 0.046 1.287 -0.008 -0.122
0.5 -0.472 -0.031 0.176 0.124 -0.024 0.081 0.733 -0.015 -0.022
0.6 | —0.559 -0.016 | 0.122 -0.129 -0.016 0.079 0.325 -0.014 0.030
0.7 —-0.476 -0.007 0.070 -0.221 -0.009 0.061 0.056 -0.010 0.048
0.8 | -0.322 -0.002 | 0.029 -0.225 -0.004 0.038 -0.111 -0.005 0.044
0.9 -0.147 0 0.006 -0.191 -0.001 0.017 -0.225 —0.002 0.027
1.0 0.031 0 0 -0.147 0 0 -0.322 0 0

Negative signs indicate upward pressure for ¢, hogging moment for M and downward force for V.

For definitions of symbols, see Table B1.

For AL = 5.0 to 8.0, see Table BS; for values of a/L = 0.3 to 0.5, see Table B9.
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Table B8 Bearing, Bending and Shear Coefficients for a Load at any Point — 2

BEARING, BENDING AND SHEAR COEFFICIENTS FOR A CONCENTRATED LOAD AT ANY POINT

| L alL=0 a/L=0.1 a/L=0.2
g/(FIBL) | MI(FL) | VIF | g/(F/BL) | M/FL) VIF g/(FIBL) | MI(FL) VIF
501 0 10.00 0 0/-1.0 5.324 0 0 1.987 0 0
0.1 5.324 —-0.058 | —0.241 4.063 0.025 0.471/-0.529 2.520 0.011 0.226
0.2 1.987 —0.062 | 0.111 2.520 -0.011 -0.199 2.729 0.047 0.494/-0.506
0.3 0.154 —0.045 0.207 1.187 -0.020 -0.018 2.132 0.009 —0.258
04 | -0.571 -0.025 | 0.179 0.335 -0.018 0.055 1.267 -0.008 -0.088
0.5 -0.671 -0.010 0.113 —0.084 -0.012 0.064 0.565 -0.012 0.001
0.6 | -0.509 -0.002 | 0.053 -0.215 —-0.006 0.048 0.135 -0.009 0.034
0.7 -0.295 0.002 0.013 -0.200 -0.002 0.026 —0.068 -0.006 0.036
0.8 | -0.110 0.002 | -0.007 | -0.129 0 0.009 -0.130 -0.003 0.025
0.9 0.037 0.001 -0.010 —0.046 0 0.001 -0.129 -0.001 0.012
1.0 0.168 0 0 0.037 0 0 -0.110 0 0
60| 0 12.00 0 0/-1.0 5.436 0 0 1.310 0 0
0.1 5.436 —0.052 0.143 4.293 0.026 0.490/-0.510 2.512 0.009 0.192
0.2 1.310 -0.047 | -0.172 2.512 -0.007 -0.168 3.160 0.042 0.485/-0.515
0.3 -0.451 -0.027 | -0.199 0.982 -0.014 0.002 2.366 0.006 -0.230
04 | -0.804 -0.010 | —0.128 0.133 -0.011 0.052 1.191 -0.008 -0.053
0.5 | —0.594 —0.001 | —0.056 | —0.178 —0.006 0.047 0.365 —0.009 0.021
0.6 -0.298 0.002 -0.012 -0.203 -0.002 0.026 -0.031 -0.006 0.035
0.7 | —0.091 0.002 0.007 —0.132 0 0.009 -0.140 —0.003 0.025
0.8 0.011 0.001 0.010 -0.056 0 0 -0.118 -0.001 0.011
0.9 0.052 0.001 0.006 0.003 0 —0.003 -0.056 0 0.002
1.0 0.074 0 0 0.052 0 0 0.011 0 0
7.0 0 14.00 0 0/~1.0 5.317 0 0 0.587 0 0
0.1 5.317 —0.046 | 0.060 4.523 0.026 0.498/-0.502 2.519 0.006 0.157
0.2 0.587 —-0.035 | -0.201 2.518 —0.005 —0.145 3.654 0.037 0.480/-0.520
03| —0.866 -0.015 | —0.168 0.798 -0.010 0.014 2.549 0.002 -0.197
0.4 —0.802 —-0.003 | -0.078 -0.015 -0.007 0.046 1.035 -0.008 -0.021
0.5 | -0.396 0.002 | -0.018 | -0.209 -0.003 0.032 0.157 -0.006 0.032
0.6 -0.102 0.002 0.006 —0.156 0 0.013 -0.138 -0.003 0.030
0.7 0.021 0.001 0.009 -0.068 0.001 0.002 -0.146 —-0.001 0.014
0.8 0.042 0.001 0.005 -0.013 0 —0.002 -0.077 0 0.003
0.9 0.026 0 0.002 0.012 0 -0.002 -0.013 0 0.002
1.0 0.003 0 0 0.026 0 0 0.042 0 0
8.0 0 16.00 0 0 5.009 0 0 -0.095 0 0
0.1 5.009 —-0.040 | —0.009 4.785 0.025 0.500/-0.500 2.535 0.004 0.123
0.2 -0.095 -0.025 | -0.208 2.535 -0.004 -0.125 4.173 0.033 0.478//-0.522
03| -1.070 -0.008 | —0.128 0.621 -0.008 0.023 2.651 0 -0.163
04 | -0.651 0 —0.038 | —-0.123 —0.004 0.040 0.818 —0.007 0.003
0.5 -0.192 0.002 0.002 -0.203 -0.001 0.020 -0.024 -0.004 0.035
0.6 0.012 0.001 0.009 —0.102 0 0.005 -0.181 —0.001 0.021
0.7 0.047 0 0.005 -0.023 0.001 -0.001 -0.110 0 0.006
0.8 0.028 0 0.001 0.007 0 —0.002 -0.033 0 —0.001
0.9 0.006 0 0 0.010 0 -0.001 0.007 0 -0.002
1.0 | —0.012 0 0 0.006 0 0 0.028 0 0

Negative signs indicate upward pressure for ¢, hogging moment for M and downward force for V.

For AL = 1.0 to 4.0, see Table B7; for values of a/L = 0.3 to 0.5, see Table B10.

For definitions of symbols, see Table B1.
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Table B9 Bearing, Bending and Shear Coefficients for a Load at any Point — 3

BEARING, BENDING AND SHEAR COEFFICIENTS FOR A CONCENTRATED LOAD AT ANY POINT

AL | x a/L=10.3 a/L=0.4 a/L=10.5
g/(FIBL) | MI(FL) VIF ¢/(FIBL) | M/(FL) VIF ¢/(FIBL) | M/(FL) VIF
1.0 0 2.189 0 0 1.582 0 0 0.981 0 0
0.1 1.955 0.011 0.207 1.471 0.008 0.153 0.990 0.005 0.099
0.2 1.720 0.041 0.391 1.359 0.030 0.294 0.998 0.020 0.198
0.3 1.485 0.088 0.551/-0.449 1.246 0.066 0.424 1.005 0.045 0.298
0.4 1.246 0.050 -0.312 1.130 0.115 | 0.543/-0.457 1.010 0.080 0.399
0.5 1.005 0.025 —0.200 1.010 0.075 -0.350 1.012 0.124 | 0.500/-0.500
0.6 0.763 0.010 -0.111 0.888 0.044 -0.255 1.010 0.080 -0.399
0.7 0.521 0.002 -0.047 0.763 0.023 -0.172 1.005 0.045 —0.298
0.8 0.278 —-0.001 -0.007 0.638 0.010 -0.102 0.998 0.020 —0.198
0.9 0.036 -0.001 0.009 0.512 0.002 —0.045 0.990 0.005 —0.099
1.0 | -0.206 0 0 0.386 0 0 0.981 0 0
20| 0 2.030 0 0 1.342 0 0 0.735 0 0
0.1 1.883 0.010 0.196 1.345 0.007 0.134 0.852 0.004 0.079
0.2 1.728 0.039 0.376 1.343 0.027 0.269 0.966 0.016 0.170
0.3 1.548 0.085 0.540/-0.460 1.324 0.061 0.402 1.069 0.038 0.272
0.4 1.324 0.046 -0.316 1.265 0.107 | 0.532/-0.468 1.147 0.071 0.383
0.5 1.069 0.021 —0.196 1.147 0.067 —0.347 1.179 0.115 | 0.500/—0.500
0.6 0.801 0.006 -0.102 0.986 0.038 -0.240 1.147 0.071 —0.383
0.7 0.528 —0.001 —0.036 0.801 0.018 —0.150 1.069 0.038 -0.272
0.8 0.255 -0.002 0.003 0.603 0.007 —0.080 0.966 0.016 -0.170
0.9 | -0.016 | —0.001 0.015 0.401 0.001 —0.030 0.852 0.004 -0.079
1.0 | -0.287 0 0 0.198 0 0 0.735 0 0
30| 0 1.550 0 0 0.678 0 0 0.098 0 0
0.1 1.677 0.008 0.161 1.001 0.004 0.084 0.487 0.001 0.029
0.2 1.774 0.033 0.334 1.308 0.018 0.200 0.871 0.007 0.097
0.3 1.761 0.075 | 0.513/-0.487 1.554 0.045 0.344 1.229 0.022 0.203
0.4 1.554 0.035 -0.320 1.650 0.087 0.505/-0.495 1.514 0.049 0.341
0.5 1.230 0.010 -0.181 1.514 0.046 -0.335 1.636 0.091 | 0.500/-0.500
0.6 0.869 -0.003 -0.076 1.225 0.020 -0.197 1.514 0.049 —0.341
0.7 0.515 —-0.006 -0.007 0.869 0.006 -0.092 1.230 0.022 -0.203
0.8 0.179 -0.005 0.028 0.494 0 -0.024 0.871 0.007 -0.097
0.9 | -0.141 | -0.002 0.030 0.118 -0.001 0.007 0.487 0.001 -0.029
1.0 | —0.455 0 0 -0.256 0 0 0.098 0 0
40| O 0.864 0 0 —0.063 0 0 -0.472 0 0
0.1 1.420 0.005 0.114 0.619 0.001 0.028 0.124 -0.001 -0.017
0.2 1.911 0.025 0.282 1.287 0.008 0.123 0.733 -0.002 0.025
0.3 2.133 0.063 | 0.488/-0.512 1.864 0.028 0.282 1.351 0.006 0.130
0.4 1.864 0.022 —0.309 2.142 0.066 | 0.486/—0.514 1.899 0.027 0.293
0.5 1.351 0 -0.147 1.899 0.025 —0.308 2.160 0.066 | 0.500/-0.500
0.6 0.830 —0.009 —0.039 1.385 0.003 —0.143 1.899 0.027 —0.293
0.7 0.396 -0.010 0.022 0.830 -0.006 -0.032 1.351 0.006 —-0.130
0.8 0.056 —0.006 0.043 0.325 —0.006 0.025 0.733 —0.002 -0.025
09| -0.221 -0.002 0.035 -0.129 -0.002 0.034 0.124 -0.001 0.017
1.0 | —0.476 0 0 —0.559 0 0 —0.472 0 0

Negative signs indicate upward pressure for ¢, hogging moment for M and downward force for V.

For definitions of symbols, see Table B1.

For AL =5.0 to 8.0, see Table B10; for values of a/L = 0 to 0.2, see Table B7.
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Table B10 Bearing, Bending and Shear Coefficients for a Load at any Point — 4

BEARING, BENDING AND SHEAR COEFFICIENTS FOR A CONCENTRATED LOAD AT ANY POINT

| alL=023 allL=0.4 alL=0.5
q/(FIBL) | MI(FL) VIF q/(FIBL) | MI/(FL) VIF q/(FIBL) | MI(FL) VIF
50| 0 | 0.154 0 0 -0.571 0 0 ~0.671 0 0
0.1 | 1.187 | 0.003 0.067 0.335 | —0.002 ~0.012 -0.084 | —0.003 ~0.038
02| 2132 | 0017 0.235 1267 | 0.001 0.068 0.565 | —0.006 -0.015
03| 2614 | 0052 | 0.479/-0.521 | 2.156 | 0.015 0.240 1340 | -0.003 0.080
04| 2156 | 0.013 -0.277 2.618 | 0.051 | 0.485-0.515| 2.162 | 0.013 0.255
05| 1340 | -0.006 ~0.102 2162 | 0.013 -0.270 2611 | 0.051 | 0.500/~0.500
0.6 | 0.638 | -0.011 ~0.005 1351 | -0.005 ~0.094 2.162 | 0.013 -0.255
0.7 0.181 | —0.009 0.035 0.638 | —0.009 0.004 1340 | -0.003 ~0.080
0.8 | -0.068 | —0.005 0.039 0.135 | —0.006 0.041 0.565 | —0.006 0.015
0.9 | —0.200 | —0.001 0.025 —0.215 | —0.002 0.037 ~0.084 | —0.003 0.038
1.0 | —0.295 0 0 ~0.509 0 0 ~0.671 0 0
60| 0 | —0.451 0 0 ~0.804 0 0 ~0.594 0 0
0.1 0982 0 0.027 0.133 | —0.003 ~0.034 ~0.178 | —0.002 ~0.039
02| 2366 | 0.010 0.196 1.191 | —0.004 0.031 0.365 | —0.006 -0.032
03| 3.127 | 0.043 | 0.480/-0.520 | 2.381 | 0.008 0.210 1216 | —0.006 0.045
04| 2381 | 0.006 -0.235 3.080 | 0.042 | 0.492/-0.508 | 2.340 | 0.006 0.222
05| 1216 | —0.008 -0.056 2340 | 0.006 -0.228 3.048 | 0.042 | 0.500/~0.500
0.6 | 0384 | -0.009 0.020 1.199 | —0.007 ~0.052 2.340 | 0.006 ~0.222
0.7 | —0.021 | —0.006 0.035 0.384 | —0.008 0.023 1216 | —0.006 -0.045
0.8 | —0.140 | —0.003 0.026 ~0.031 | -0.005 0.038 0.365 | —0.006 0.032
09 | —0.132 | -0.001 0.011 ~0.203 | —0.001 0.025 ~0.178 | —0.002 0.039
1.0 | —0.091 0 0 ~0.298 0 0 ~0.594 0 0
70| 0 | —0.866 0 0 ~0.802 0 0 ~0.396 0 0
0.1 0.798 | —0.002 ~0.004 ~0.015 | —0.003 ~0.042 ~0.209 | —0.002 ~0.031
02| 2549 | 0.005 0.164 1.035 | —0.006 0.006 0.157 | —0.005 -0.036
03| 3.625 | 0.037 | 0.486/-0.514 | 2.520 | 0.003 0.181 1.019 | —0.007 0.018
04| 2520 | 0.002 ~0.194 3.545 | 0.036 | 0.497/-0.503 | 2.466 | 0.002 0.189
05| 1.019 | -0.008 -0.021 2.466 | 0.002 ~0.190 3.513 | 0.036 | 0.500/~0.500
0.6 | 0.151 | —0.006 0.032 1.000 | —0.007 ~0.020 2466 | 0.002 ~0.189
0.7 | -0.141 | -0.003 0.029 0.151 | —0.006 0.032 1.019 | —0.007 ~0.018
0.8 | —0.146 | —0.001 0.013 ~0.138 | —0.003 0.029 0.157 | —0.005 0.036
09| -0.-68 0 0.002 ~0.156 | —0.001 0.013 ~0.209 | —0.002 0.031
1.0 | 0.021 0 0 ~0.102 0 0 -0.396 0 0
80| 0 | —1.071 0 0 ~0.651 0 0 ~0.192 0 0
0.1 | 0.621 |-0.003 ~0.024 ~0.123 | -0.003 ~0.040 ~0.203 | -0.001 ~0.020
02| 2651 | 0.002 0.137 0.818 | —0.006 ~0.011 ~0.024 | —0.004 -0.035
03| 4102 | 0.032 | 0.492/-0.508 | 2.583 0 0.153 0.789 | —0.007 ~0.004
04| 2583 | -0.001 ~0.158 4020 | 0.031 | 0.499-0.501 | 2.545 0 0.156
05| 0.789 | —0.007 0.004 2.545 | —0.001 ~0.156 4.002 | 0.031 | 0.500/-0.500
0.6 | —0.023 | —0.004 0.034 0.781 | —0.007 ~0.003 2.545 0 ~0.156
0.7 | —0.181 | —0.001 0.020 ~0.029 | —0.004 ~0.033 0.789 | —0.007 0.004
0.8 | —0.110 0 0.005 —0.181 | —0.001 ~0.020 —0.024 | —0.004 0.035
09 | -0.023 0 ~0.001 ~0.102 0 -0.005 ~0.203 | —0.001 0.020
1.0 | 0.047 0 0 0.012 0 0 -0.192 0 0

Negative signs indicate upward pressure for g, hogging moment for M and downward force for V.

For AL = 1.0 to 4.0, see Table BY; for values of a/L = 0 to 0.2, see Table BS.

For definitions of symbols, see Table B1.
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Appendix B

Table B11 Coefficients for a Concentrated Load on a Slab on an Elastic Foundation

BEARING, BENDING AND SHEAR COEFFICIENTS FOR A CONCENTRATED LOAD ON AN INFINITE SLAB

/Py g/(FInd) m/F m/F VI(E/r) e lry g/(Find) m,/F my/F VI(EIR)
0 0.125 © © —
0.1 0.124 0.200 0.263 —1.585 2.1 0.029 —0.021 0.011 —0.013
0.2 0.121 0.134 0.197 —0.784 22 0.026 —0.020 | 0.009 —0.010
0.3 0.117 0.096 0.159 —0.513 23 0.023 —0.020 | 0.008 —0.007
0.4 0.112 0.071 0.132 —0.375 2.4 0.020 —0.019 | 0.007 —0.005
0.5 0.107 0.052 0.112 —0.290 25 0.018 —0.019 | 0.006 —0.003
0.6 0.102 0.037 0.096 —0.232 2.6 0.016 —0.018 | 0.005 —0.001
0.7 0.096 0.025 0.083 —0.190 2.7 0.014 —0.017 | 0.004 0.001
0.8 0.090 0.015 0.072 —0.157 2.8 0.012 —0.017 | 0.003 0.002
0.9 0.085 0.007 0.062 —0.132 29 0.010 —0.016 | 0.002 0.003
1.0 0.079 0.001 0.054 —0.111 3.0 0.008 —0.015 | 0.002 0.004
1.1 0.073 —0.005 0.047 —0.093 3.1 0.007 —0.014 | 0.002 0.004
1.2 0.068 —0.009 0.041 —0.079 3.2 0.006 —0.013 | 0.001 0.005
1.3 0.063 —0.012 0.036 —0.067 3.3 0.005 —0.012 | 0.001 0.005
1.4 0.058 —0.015 0.031 —0.056 3.4 0.004 —0.011 0.001 0.005
1.5 0.053 —0.017 0.027 —0.047 3.5 0.003 —0.010 | 0.001 0.005
1.6 0.048 —0.018 0.023 —0.039 3.6 0.002 —0.010 0 0.005
1.7 0.044 —0.019 0.020 —0.032 3.7 0.001 —0.009 0 0.005
1.8 0.040 —0.020 0.017 —0.027 3.8 0.005 —0.008 0 0.005
1.9 0.036 —0.021 0.015 —0.022 3.9 0 —0.007 0 0.005
2.0 0.032 —0.021 0.013 —0.017 4.0 0 —0.007 0 0.005

1. Moments in terms of rectangular coordinates, where @ is the angle between the radius and the x axis, are given by

2 .2 .2 2
my = m,cos” @+ msin"@ and my = m,sin"@+ m cos @

2. When the range of influence of one load overlaps with that of another load, the principle of superposition can be applied.
. When the edge of the slab is within the range of influence of the load, edge moments and shears of opposite sign to those

corresponding to the value of 7, /r should be applied. This approach has been used to obtain the bending coefficients for a
concentrated load at the centre of a circular slab of radius 7 (see below), where the corrections due to the release of the edge
moments and shears were derived from the coefficients in Table C12.

BENDING COEFFICIENTS FOR A CONCENTRATED LOAD AT THE CENTRE OF A CIRCULAR SLAB

; m,/F for Values of ry /r m¢/F for Values of r,/r
rir
‘ 0.1 0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.4 0.6 0.8 1.0
0.5 0.326 | 0.259 | 0.179 | 0.118 | 0.060 0 0.392 | 0324 | 0.251 | 0.202 | 0.158 | 0.117
1 0.242 | 0.176 | 0.108 | 0.065 | 0.030 0 0.306 | 0.240 | 0.172 | 0.132 | 0.102 | 0.075
1.5 0.192 | 0.127 | 0.067 | 0.034 | 0.014 0 0.257 | 0.190 | 0.126 | 0.092 | 0.068 | 0.052
2 0.155 | 0.092 | 0.037 | 0.014 | 0.005 0 0.218 | 0.153 | 0.094 | 0.063 | 0.045 | 0.035
2.5 0.123 | 0.063 | 0.014 | —0.001 | —0.002 0 0.186 | 0.123 | 0.066 | 0.040 | 0.028 | 0.022
3 0.100 | 0.042 |—-0.002 | —0.010 | —0.006 0 0.163 | 0.100 | 0.046 | 0.024 | 0.016 | 0.012
3.5 0.084 | 0.027 |—-0.012 | —0.015 | —0.009 0 0.146 | 0.084 | 0.033 | 0.014 | 0.008 | 0.007
4 0.071 | 0.015 |—-0.018 | —0.019 | —0.013 0 0.132 | 0.072 | 0.024 | 0.009 | 0.004 | 0.003
Symbols
E  Modulus of elasticity of concrete (kN/m?) g Bearing pressure (kN/m?)
F Concentrated load on slab (kN) 7 Radius of circular slab (m)
h Overall thickness of slab (m) 7« Radius of relative stiffness (m)
k Modulus of subgrade reaction (kN/m") 7« Radial distance from load to position considered (m)
m, Radial moment at distance r, from load (kNm/m) v Shear force at distance r, from load (kN/m)
m, Tangential moment at distance 7, from load (kNm/m) v Poisson’s ratio (taken as 0.2 for uncracked concrete)

The radius of relative stiffness is given by the equation: r = [E. 2*/{12(1 - ) k;}]"



Appendix C: Rectangular and Cylindrical
Tanks

Notes

1. The coefficients given in Tables C2 to C9 have been taken from Rectangular Concrete Tanks: Revised Fifth
Edition, published by the Portland Cement Association 1998. The publication provides a complete map of
moment values at intervals of one-tenth of the height and length of each panel. Values were derived by finite
element analysis with a Poisson’s ratio of 0.2.

2. The coefficients given in Tables C10 to C13 have been taken from Circular Concrete Tanks without Pre-
stressing, published by the Portland Cement Association. The coefficients given in Table C14 have been
determined from those given in the paper by Lightfoot and Michael, The Analysis of Ground-Supported Open
Circular Concrete Tanks, published in the Civil Engineering and Public Works Review, September 1965.
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Table C1 Rectangular Tanks: General Data

The values given in Tables C2 and C4 enable the maximum values of bending moments and shearing forces on vertical and
horizontal strips of unit width to be determined, for panels of different aspect ratios and edge conditions. For each moment
shown, a corresponding moment of one-fifth the value occurs in the perpendicular direction. Maximum values for negative
moments at the bottom edge, and shear forces at the bottom and top edges, occur midway along the panel. Maximum values
for negative moments and shear forces at the side edges, and positive moments in the spans, occur at a height z above the
bottom of the panel where values of z//, are given in Tables C3 and C5. The moments obtained for an individual panel apply
directly to a square tank. For rectangular tanks, a further distribution of the unequal negative moments at the sides is needed
and the resulting coefficients are given in Tables C6 to C9.

The values given in the tables below enable the panel stiffness on vertical and horizontal strips of unit width to be determined
for panels of different aspect ratios and edge conditions. These values have been derived, at positions midway along the edge,
by dividing the fixed edge moment (FEM) by the rotation that occurs in the hinged condition.The rotation has been determined
from the deflection equations given in Theory of Plates and Shells by Timoshenko and Woinowski-Krieger.

Rectangular Panel with Top Edge Hinged or Free, and Other Edges Fixed

Stiffness Coefficient ¢4, for Values of /, /1,
Restraint at Top Edge
0.5 0.75 1.0 1.25 1.5 2.0 2.5 3.0 4.0 o0
Top hinged Oy, 16 11 8.3 6.5 5.4 4.2 3.6 33 3.1 3.0
Top free Oly, 16 11 8.3 6.5 5.2 3.7 2.8 2.0 1.2 0

Value of panel stiffness per unit width, at middle of panel length, is given by the following relationship, where / is the panel
length and 7, the panel height. Flexural rigidity D = E, h*/12(1 — v?), where E. is the modulus of elasticity of concrete, & the
section thickness and v is Poisson’s ratio (taken as 0.2 for uncracked concrete).

Stiffness for span /,: K, = o4, D/L,

Rectangular Panel with All Edges Fixed

Stiffness Coefficient o for Values of /, /1,
Direction of Span

0.5 0.75 1.0 1.25 1.5 2.0 2.5 3.0 4.0 0

Span [, Olix 5.0 4.3 3.8 34 3.1 3.0 2.9 2.8 2.8 2.8
Span /, Ol 6.0 4.4 3.8 34 3.0 2.5 2.2 2.1 2.0 2.0

Values of panel stiffness per unit width, at middle of panel length or height, are given by the following relationships, where
I, is the panel length, and /, the panel height (or width). Flexural rigidity D = E, h*/12(1 — V), where E, is the modulus of
elasticity of concrete, / the section thickness and v is Poisson’s ratio (taken as 0.2 for uncracked concrete).

Stiffness for span Ii: Ky = 04 D/1, Stiffness for span /,: K, = o, D/,




Appendix C

Table C2 Rectangular Panels: Triangular Load - 1

Rectangular Panels with Provision for Torsion at Corners

Horizontal span: m, = O,y 1} L, V= 00 12

Vertical span: m, = Otmz}llf, Vx = Oy, Y 12

Type of Panel with Moments and Shears Coefficients for Values of /, /1,
Considered 05 [ 075 | 10 | 125 | 15 | 20 | 25 | 30 | 40
1. Top hinged, bottom fixed
Negative moment at side edge Oy | 0.012 | 0.022 | 0.029 | 0.033 | 0.036 | 0.037 | 0.037 | 0.037 | 0.037
Positive moment for span /y O | 0006 | 0.010 | 0.012 | 0.013 | 0.012 | 0.010 | 0.009 | 0.009 | 0.009
Shear force at side edge (maximum) Oy | 0.17 | 022 | 024 | 025 | 026 | 027 | 026 | 0.26 | 0.26
Shear force at side edge (mid-height) Oy | 0.13 | 0.19 | 023 | 025 | 026 | 0.26 | 0.26 | 0.26 | 0.26
Negative moment at bottom edge o, | 0.011 | 0.023 | 0.035 | 0.045 | 0.053 | 0.062 | 0.065 | 0.066 | 0.067
Positive moment for span 7, a,, | 0.003 | 0.007 | 0.011 | 0.016 | 0.021 | 0.026 | 0.028 | 0.029 | 0.029
Shear force at bottom edge o, | 0.20 0.26 0.32 0.36 0.38 0.40 0.40 0.40 0.40
Shear force at top edge o, | 0.03 | 0.05 | 007 | 0.09 | 0.11 | 0.11 | 0.11 | 0.11 | 0.10
2. Top free, bottom fixed
Negative moment at side edge Omx | 0.012 | 0.022 | 0.030 | 0.037 | 0.044 | 0.066 | 0.082 | 0.091 | 0.099
Positive moment for span /x COmx | 0.002 | 0.010 | 0.013 | 0.016 | 0.021 | 0.028 | 0.028 | 0.024 | 0.017
Shear force at side edge (maximum) Qy | 0.17 | 022 | 024 | 025 | 026 | 0.27 | 033 | 037 | 0.38
Shear force at side edge (mid-height) Oy | 0.13 | 0.19 | 023 | 025 | 0.26 | 0.26 | 025 | 0.24 | 0.23
Negative moment at bottom edge Oy, | 0.011 | 0.023 | 0.035 | 0.048 | 0.061 | 0.086 | 0.109 | 0.127 | 0.149
Positive moment for span 7, Omz | 0.003 | 0.007 | 0.010 | 0.013 | 0.015 | 0.016 | 0.014 | 0.011 | 0.007
Shear force at bottom edge o, | 0.19 | 026 | 032 | 036 | 040 | 045 | 048 | 0.50 | 0.50
3. Top hinged, bottom hinged
Negative moment at side edge Oy | 0.014 | 0.026 | 0.038 | 0.047 | 0.054 | 0.061 | 0.063 | 0.064 | 0.064
Positive moment for span I, O | 0.007 | 0.012 | 0.017 | 0.019 | 0.021 | 0.020 | 0.018 | 0.017 | 0.017
Shear force at side edge (maximum) oy | 020 | 026 | 032 | 035 | 038 | 040 | 041 0.41 0.41
Shear force at side edge (mid-height) | 0.13 | 020 | 0.26 | 0.30 | 0.33 | 036 | 0.37 | 0.37 | 0.37
Positive moment for span /, Oy, | 0.004 | 0.009 | 0.015 | 0.023 | 0.031 | 0.045 | 0.054 | 0.059 | 0.063
Shear force at bottom edge o, | 0.11 0.16 0.20 0.23 0.26 0.30 0.32 0.33 0.33
Shear force at top edge o, | 0.01 0.03 | 0.05 | 0.07 | 0.10 | 0.13 | 0.15 | 0.16 | 0.17
4. Top free, bottom hinged
Negative moment at side edge Omy | 0.014 | 0.026 | 0.038 | 0.050 | 0.063 | 0.098 | 0.150 | 0.205 | 0.317
Positive moment for span /, Oy | 0.007 | 0.012 | 0.017 | 0.022 | 0.028 | 0.046 | 0.062 | 0.074 | 0.089
Shear force at side edge (maximum) Oy | 020 | 026 | 031 | 035 | 037 | 041 | 0.58 | 0.76 | 1.14
Shear force at side edge (mid-height) Oy | 0.13 | 0.19 | 025 | 030 | 034 | 039 | 043 | 045 | 0.51
Positive moment for span /, Omz | 0.004 | 0.009 | 0.014 | 0.021 | 0.027 | 0.037 | 0.045 | 0.051 | 0.058
Shear force at bottom edge Oy | 011 | 015 | 0.19 | 023 | 026 | 031 | 033 | 036 | 0.39
peaiosoy
Y. X . v evYw.
Hinged [ /1 Free s ] Hinged L y Free L

y AR A 7 4

/LI A I 2 B L I AL

V [/ /] L /1 L /] P

A [, /| 7z /] L/ /] L/

/] Fixed L /] Fixed 3 ] Hinged £ 4 Hinged L

LTI CTTT T A A e a A s ™

Panel 1 Panel 2 Panel 3 Panel 4

Note: Maximum values of moment per unit width and shear force per unit width are given by the following relationships,
where /s is the panel length, /, the panel height and ¥ the unit weight of liquid. For details of the positions at which the
maximum values occur, see Table C3.
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Table C3 Rectangular Panels: Triangular Load — 2

Appendix C

Height at which Maximum Values of Coefficients Occur in Table C2
Value of z/[, for Values of [, /1,
Tgp ¢ (l)f Coefficient

ane 0.5 0.75 1.0 1.25 1.5 2.0 2.5 3.0 4.0

Oy (negative) and ot 0.3 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5

1 Ol (pOSitive) 0.3 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Oty (positive) 0.3 0.3 0.4 0.5 0.5 0.5 0.5 0.5 0.5

Ol (negative) and Ot 0.3 0.4 0.5 0.6 0.8 0.9 0.9 0.9 1.0

2 Olmx (pOsitive) 0.4 0.5 0.6 0.8 1.0 1.0 1.0 1.0 1.0

Oy, (pOSitive) 0.3 0.3 0.4 0.4 0.5 0.6 0.6 0.7 0.7

Oy (negative) and Oty 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4

3 Ol (positive) 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4

Ol (pOSitive) 0.2 0.2 0.3 0.3 0.3 0.4 0.4 0.4 0.4

Oy (negative) and o, 0.2 0.3 0.4 0.5 0.5 0.9 0.9 0.9 0.9

4 Ol (positive) 0.3 0.4 0.5 0.6 0.6 1.0 1.0 1.0 1.0

Oy, (pOSitive) 0.1 0.2 0.2 0.3 0.3 0.4 0.4 0.4 0.4

Rectangular Panel with Triangular Load
Deflection Coefficient ¢ty for Values of /, /1,
Edge Conditions

0.5 0.75 1.0 1.25 1.5 2.0 2.5 3.0 4.0
Top edge hinged, other edges fixed | 0.0001 | 0.0003 | 0.0007 | 0.0012 | 0.0016 | 0.0020 | 0.0022 | 0.0023 | 0.0024
Top and bottom edges hinged 0.0001 | 0.0004 | 0.0010 | 0.0018 | 0.0027 | 0.0042 | 0.0052 | 0.0058 | 0.0063
Top edge free, other edges fixed 0.0001 | 0.0003 | 0.0008 | 0.0016 | 0.0031 | 0.0077 | 0.0132 | 0.0184 | 0.0258
Top edge free, bottom edge hinged | 0.0001 | 0.0004 | 0.0010 | 0.0021 | 0.0039 | 0.0122 | 0.0269 | 0.0487 | 0.1132
The maximum deflection is given by the following relationship, where / is the panel length, /, the panel height and ¥ the
unit weight of the liquid. Flexural rigidity D = E, 4 /12(1 — v?), where E, is the modulus of elasticity of concrete, 4 the

section thickness and v is Poisson’s ratio (taken as 0.2 for uncracked concrete).
Deflection: a= oy 1,°/D




Appendix C

Table C4 Rectangular Panels: Uniform Load - 1

Rectangular Panels with Provision for Torsion at Corners

Horizontal span: m, = O plzz, V= O pl,

Vertical span: m, = 0, plzz, vy = Oy, pl,

Type of Panel with Moments and Shears Coefficients for Values of /, /1,
Considered 05 | 075 | 1.0 | 125 | 15 | 20 | 25 | 30 | 40
1. Top hinged, bottom fixed
Negative moment at side edge Omx | 0.021 | 0.042 | 0.061 | 0.072 | 0.080 | 0.081 | 0.081 | 0.081 | 0.081
Positive moment for span /, Oy | 0.010 | 0.020 | 0.027 | 0.029 | 0.025 | 0.023 | 0.021 | 0.021 | 0.020
Shear force at side edge (maximum) oy | 026 | 039 | 048 | 0.53 | 0.56 | 0.56 | 0.56 | 0.56 | 0.55
Shear force at side edge (mid-height) Oy | 026 | 038 | 047 | 0.52 | 0.54 | 054 | 0.54 | 0.54 | 0.53
Negative moment at bottom edge o, | 0.014 | 0.032 | 0.055 | 0.077 | 0.107 | 0.115 | 0.122 | 0.124 | 0.125
Positive moment for span /, Oy | 0.004 | 0.011 | 0.022 | 0.036 | 0.055 | 0.061 | 0.067 | 0.069 | 0.070
Shear force at bottom edge o, | 022 | 034 | 045 | 0.53 | 0.58 | 0.62 | 0.63 | 0.62 | 0.62
Shear force at top edge o, | 018 | 025 | 032 | 035 | 039 | 040 | 039 | 0.39 | 0.39
2. Top free, bottom fixed
Negative moment at side edge Omx | 0.021 | 0.049 | 0.087 | 0.133 | 0.181 | 0.275 | 0.334 | 0.379 | 0.404
Positive moment for span /, Oy | 0.011 | 0.025 | 0.043 | 0.063 | 0.081 | 0.102 | 0.102 | 0.089 | 0.064
Shear force at side edge (maximum) Gy | 025 | 0.40 | 0.58 | 0.77 | 0.95 1.26 | 147 | 1.59 | 1.68
Shear force at side edge (mid-height) o, | 025 | 037 | 046 | 0.51 0.54 | 0.53 | 0.50 | 0.47 | 0.45
Negative moment at bottom edge Oy, | 0.014 | 0.032 | 0.056 | 0.087 | 0.124 | 0.206 | 0.286 | 0.351 | 0.433
Positive moment for span /, Oz | 0.004 | 0.008 | 0.014 | 0.020 | 0.025 | 0.028 | 0.024 | 0.018 | 0.009
Shear force at bottom edge o, | 022 | 033 | 045 | 0.56 | 0.66 | 0.85 | 095 | 1.01 1.03
3. Top hinged, bottom hinged
Negative moment at side edge Omx | 0.021 | 0.045 | 0.070 | 0.090 | 0.105 | 0.119 | 0.123 | 0.125 | 0.125
Positive moment for span /; Oimx | 0.010 | 0.022 | 0.032 | 0.038 | 0.041 | 0.039 | 0.035 | 0.034 | 0.034
Shear force at side edge (maximum) Ow | 026 | 040 | 0.52 | 0.60 | 0.67 | 0.72 | 0.74 | 0.74 | 0.74
Shear force at side edge (mid-height) Oy | 026 | 040 | 0.52 | 0.60 | 0.67 | 0.72 | 0.74 | 0.74 | 0.74
Positive moment for span /, Oz | 0.004 | 0.010 | 0.022 | 0.038 | 0.055 | 0.085 | 0.103 | 0.114 | 0.122
Shear force at bottom edge Oy | 0.12 | 0.18 | 024 | 031 | 036 | 0.43 | 047 | 048 | 0.50
Shear force at top edge Ov | 012 | 0.18 | 0.24 | 0.31 | 0.36 | 043 | 047 | 048 | 0.50
4. Top free, bottom hinged
Negative moment at side edge Omx | 0.021 | 0.049 | 0.088 | 0.139 | 0.200 | 0.340 | 0.496 | 0.660 | 0.995
Positive moment for span /y Omx | 0,011 | 0.025 | 0.044 | 0.068 | 0.093 | 0.144 | 0.188 | 0.188 | 0.266
Shear force at side edge (maximum) O | 026 | 040 | 0.58 | 0.78 | 1.00 | 1.45 | 2.10 | 2.61 | 3.74
Shear force at side edge (mid-height) Oy | 025 | 038 | 0.50 | 0.60 | 0.69 | 0.83 | 0.94 1.02 1.17
Positive moment for span /, U, | 0.004 | 0.010 | 0.017 | 0.026 | 0.036 | 0.055 | 0.072 | 0.087 | 0.106
Shear force at bottom edge Oy | 0.12 | 0.18 | 024 | 030 | 0.35 | 045 | 0.52 | 0.61 | 0.68
I ;
NV FNy " A A A v Ay

/| Hinged [ / Free - 7/ Hinged L Free

/ F e 4 A 5

1% AL Ak AL AL

/ i Tl 2 qe (s ,/’ y = (i ; A o (e

L, / 7 A L /] %
/] Fixed 7 /] Fixed L ] Hinged L /] Hinged s
77 T 7777777 e oy 7 sy o o v el
J.i) Panel 1 Panel 2 Panel 3 Panel 4

Note: Maximum values of moment per unit width and shear force per unit width are given by the following relationships,
where /, is the panel length, /, the panel height and p the unit pressure. For details of the positions at which the maximum
values occur, see Table C5.
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Table C5 Rectangular Panels: Uniform Load -2

Appendix C

Height at which Maximum Values of Coefficients Occur in Table C4

Value of z/I, for Values of I, /1,
Tgp N (l)f Coefficient

ane 0.5 0.75 1.0 1.25 1.5 2.0 2.5 3.0 4.0

Oy (negative) and o6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

1 Ol (positive) 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

oy, (positive) 0.8 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Oy (negative) and o 0.7 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0

2 Oy (positive) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Oy, (positive) 0.3 0.4 0.5 0.6 0.6 0.7 0.8 0.8 0.9

Oy (negative) and o6, 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

3 Oy (positive) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Oy (negative) and o, 0.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

4 Ol (positive) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

oy, (positive) 0.2 0.2 0.3 0.4 0.4 0.5 0.5 0.5 0.5

Rectangular Panels with Uniform Load
Deflection Coefficient ¢y for Values of , /1,
Edge Conditions

0.5 0.75 1.0 1.25 1.5 2.0 2.5 3.0 4.0
All edges fixed 0.0002 | 0.0006 | 0.0013 | 0.0018 | 0.0022 | 0.0026 | 0.0026 | 0.0026 | 0.0026
Top edge hinged, other edges fixed | 0.0002 | 0.0007 | 0.0016 | 0.0026 | 0.0035 | 0.0046 | 0.0051 | 0.0053 | 0.0054
Top and bottom edges hinged 0.0002 | 0.0007 | 0.0019 | 0.0035 | 0.0053 | 0.0084 | 0.0105 | 0.0117 | 0.0127
All edges hinged 0.0006 | 0.0021 | 0.0041 | 0.0060 | 0.0077 | 0.0101 | 0.0115 | 0.0122 | 0.0128
Top edge free, other edges fixed 0.0002 | 0.0009 | 0.0028 | 0.0066 | 0.0124 | 0.0296 | 0.0500 | 0.0690 | 0.0965
Top edge free, bottom edge hinged 0.0002 | 0.0009 | 0.0028 | 0.0069 | 0.0139 | 0.0398 | 0.0845 | 0.1498 | 0.3434

v is Poisson’s ratio (taken as 0.2 for uncracked concrete).

Deflection: a = oy plz4/D

Maximum deflection is given by the following relationship, where /; is the panel length, /, the panel height and p the unit
pressure. Flexural rigidity D = E, #*/12(1 — v%), where E, is the modulus of elasticity of concrete, 4 the section thickness,and

Rectangular Panels with Uniform Load

Moment Coefficient &, for Values of /, /1,

Edge Conditions and Moments

1.0 1.25 1.5 2.0 2.5 3.0 4.0 0

All edges fixed

Edge moment for span /; Oy | 0.052 0.056 0.057 0.057 0.057 0.057 0.057 0.057
Mid-span moment for span /y 4, | 0.023 0.022 0.020 0.016 0.015 0.014 0.013 0.013
Edge moment for span /, Gy | 0.052 0.067 0.076 0.083 0.083 0.083 0.083 0.083
Mid-span moment for span /, ¢, | 0.023 0.031 0.037 0.042 0.042 0.042 0.042 0.042
All edges hinged

Mid-span moment for span [y 4, | 0.044 0.045 0.043 0.037 0.032 0.029 0.026 0.025
Mid-span moment for span /, Om, | 0.044 0.063 0.078 0.100 0.112 0.118 0.123 0.125
Edge shear for span /, Oy 0.34 0.36 0.36 0.37 0.37 0.37 0.37 0.37
Edge shear for span /, o, 0.34 0.39 0.42 0.46 0.48 0.49 0.50 0.50

Span I my= Oty pl, , v = Gl pl,

Span l; m, =y pl,? , v,= Oy pl,

Maximum values of moment per unit width and shear force per unit width are given by the following relationships, where /;
is the panel length, /, the panel height (or width), and p the unit pressure.
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Table C6 Rectangular Tanks: Triangular Load -1

(1) Top Hinged, Bottom Fixed (2) Top Free, Bottom Fixed

Span Ratios and Moments Considered | Coefficients for Short Span Ratio /, /I, | Coefficients for Short Span Ratio /, /I,
0.5 1.0 1.5 2.0 3.0 0.5 1.0 1.5 2.0 3.0

Long span ratio /,/l,= 4.0
Negative moments at corners Oy | 0.022 | 0.032 | 0.036 | 0.037 | 0.037 | 0.057 | 0.056 | 0.069 | 0.081 | 0.095
Positive moment for span /, Oy | 0.009 | 0.009 | 0.009 | 0.009 | 0.009 | 0.016 | 0.017 | 0.017 | 0.017 | 0.017
Positive moment for span /, Oy | 0.003 | 0.012 | 0.012 | 0.010 | 0.009 | 0.001 | 0.007 | 0.017 | 0.027 | 0.024
Negative moments at bottom sy | 0.067 | 0.067 | 0.067 | 0.067 | 0.067 | 0.152 | 0.152 | 0.151 | 0.150 | 0.149

Oy | 0.005 | 0.033 | 0.053 | 0.062 | 0.066 0 0.019 | 0.050 | 0.081 | 0.126
Positive moment for span /, s | 0.029 | 0.029 | 0.029 | 0.029 | 0.029 | 0.007 | 0.007 | 0.006 | 0.006 | 0.007
Positive moment for span /, Olzy | 0.003 | 0.011 | 0.021 | 0.026 | 0.029 | 0.007 | 0.012 | 0.016 | 0.016 | 0.011

Long span ratio /I, = 3.0

Negative moments at corners Oy | 0.022 | 0.032 | 0.036 | 0.037 0.054 | 0.053 | 0.066 | 0.078
Positive moment for span /y Oy | 0.009 | 0.009 | 0.009 | 0.009 0.022 | 0.022 | 0.023 | 0.024
Positive moment for span /, Oy | 0.003 | 0.012 | 0.012 | 0.010 0.001 | 0.007 | 0.017 | 0.027
Negative moments at bottom Opmox | 0.067 | 0.066 | 0.066 | 0.066 0.134 | 0.133 | 0.131 | 0.129
Oy | 0.005 | 0.033 | 0.053 | 0.062 0 0.020 | 0.051 | 0.082
Positive moment for span /, Oy | 0.029 | 0.029 | 0.029 | 0.029 0.009 | 0.009 | 0.010 | 0.010
Positive moment for span /,, Olzy | 0.003 | 0.011 | 0.021 | 0.026 0.006 | 0.012 | 0.016 | 0.016
Long span ratio /I, =2.0
Negative moments at corners Oy | 0.022 | 0.032 | 0.036 0.041 | 0.042 | 0.054
Positive moment for span / Oy | 0.010 | 0.010 | 0.010 0.029 | 0.029 | 0.028
Positive moment for span /, Oy | 0.003 | 0.012 | 0.012 0.001 | 0.009 | 0.019
Negative moments at bottom Omzx | 0.063 | 0.063 | 0.062 0.097 | 0.095 | 0.090
Olyzy | 0.005 | 0.033 | 0.053 0 0.023 | 0.056
Positive moment for span /, Omzx | 0.027 | 0.026 | 0.026 0.015 | 0.015 | 0.016
Positive moment for span /,, Oy | 0.003 | 0.011 | 0.021 0.006 | 0.011 | 0.016
Long span ratio /,/,= 1.5
Negative moments at corners O | 0.022 | 0.032 0.028 | 0.036
Positive moment for span /, Oy | 0.012 | 0.012 0.025 | 0.024
Positive moment for span /, Oy | 0.003 | 0.012 0.001 | 0.010
Negative moments at bottom Qx| 0.056 | 0.054 0.071 | 0.067
Oy | 0.005 | 0.033 0.001 | 0.028
Positive moment for span /, O,y | 0.022 | 0.021 0.016 | 0.015
Positive moment for span /,, Oy | 0.003 | 0.011 0.005 | 0.010
Long span ratio /,/l,=1.0
Negative moments at corners Oy | 0.020 0.021
Positive moment for span /y Oy | 0.013 0.016
Positive moment for span /, Oy | 0.003 0.003
Negative moments at bottom x| 0.039 0.041
Olzy | 0.006 0.005
Positive moment for span /, Oz | 0.013 0.011
Positive moment for span /,, Oy | 0.003 0.003

For details of tank dimensions and notes, see Table C7.
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Table C7 Rectangular Tanks: Triangular Load -2

Appendix C

Span Ratios and Moments Considered

(3) Top Hinged, Bottom Hinged

(4) Top Free, Bottom Hinged

Coefficients for Short Span Ratio /, /I,

Coefficients for Short Span Ratio /, /I,

_fy
r
-~

T 7

Dimensions of tank

Maximum values of shear per unit width may be determined for
each wall, according to the value of /; /I, or [, /l,, from Table C2.

Horizontal (long span): i, = Oy 1,
Horizontal (short span): my = Otmy}/lz3
Vertical (long wall): m, x = Oy, x }’lz3

Vertical (short wall): m,y = O,y }’123

0.5 1.0 1.5 2.0 3.0 0.5 1.0 1.5 2.0 3.0
Long span ratio /I, = 4.0
Negative moments at corners Oy | 0.037 | 0.050 | 0.059 | 0.062 | 0.064 | 0.216 | 0.187 | 0.191 | 0.209 | 0.261
Positive moment for span /x Oy | 0017 | 0.017 | 0.017 | 0.017 | 0.017 | 0.091 | 0.092 | 0.092 | 0.091 | 0.090
Positive moment for span / Olpy 0 0.014 | 0.021 | 0.020 | 0.017 0 0 0.004 | 0.024 | 0.070
Positive moment for span /, x| 0.063 | 0.063 | 0.063 | 0.063 | 0.063 | 0.059 | 0.059 | 0.059 | 0.059 | 0.058
Positive moment for span /, Oy | 0.001 | 0.013 | 0.030 | 0.044 | 0.059 0 0.006 | 0.018 | 0.031 | 0.049
Long span ratio /,//,=3.0
Negative moments at corners Oy | 0.037 | 0.050 | 0.059 | 0.062 0.142 | 0.124 | 0.132 | 0.152
Positive moment for span /, Oy | 0.017 | 0.017 | 0.017 | 0.017 0.080 | 0.081 | 0.080 | 0.078
Positive moment for span /, Oty 0 0.015 | 0.021 | 0.020 0 0 0.012 | 0.034
Positive moment for span /, Qx| 0.060 | 0.059 | 0.059 | 0.059 0.053 | 0.053 | 0.053 | 0.052
Positive moment for span /, Oy | 0.001 | 0.013 | 0.030 | 0.044 0 0.008 | 0.021 | 0.034
Long span ratio /,/I,=2.0
Negative moments at corners Oy | 0.036 | 0.049 | 0.058 0.071 | 0.065 | 0.078
Positive moment for span /, Oy | 0.019 | 0.019 | 0.020 0.055 | 0.055 | 0.051
Positive moment for span / Oy 0 0.015 | 0.021 0 0.005 | 0.022
Positive moment for span /, Oy | 0.048 | 0.046 | 0.045 0.040 | 0.040 | 0.038
Positive moment for span /, Oy | 0.001 | 0.013 | 0.030 0.001 | 0.011 | 0.025
Long span ratio /,/I,= 1.5
Negative moments at corners Oy | 0.033 | 0.046 0.042 | 0.050
Positive moment for span /, O | 0.021 | 0.021 0.037 | 0.035
Positive moment for span /, Olpny 0 0.015 0 0.011
Positive moment for span /, Oy | 0.035 | 0.032 0.030 | 0.029
Positive moment for span /,, Oy | 0.002 | 0.013 0.001 | 0.013
Long span ratio /,/I,=1.0
Negative moments at corners O | 0.025 0.027
Positive moment for span /x Oy | 0.018 0.021
Positive moment for span / Oy | 0.002 0.001
Positive moment for span /, O,x | 0.018 0.017
Positive moment for span 7, Oy | 0.002 0.002
Note: Maximum values of moment per unit width are given by the
z L following relationships, where /y, /, and /, are length, breadth and
4 + height, respectively, of the tank, and ¥ is unit weight of liquid.
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Table C8 Rectangular Tanks: Uniform Load - 1
(1) Top Hinged, Bottom Fixed (2) Top Free, Bottom Fixed

Span Ratios and Moments Considered | Coefficients for Short Span Ratio /, /I, | Coefficients for Short Span Ratio /, /I,

0.5 1.0 1.5 2.0 3.0 0.5 1.0 1.5 2.0 3.0

Long span ratio /I, = 4.0
Negative moments at corners Ox | 0.048 | 0.070 | 0.079 | 0.081 | 0.081 | 0.225 | 0.227 | 0.276 | 0.323 | 0.373

Positive moment for span /x Oy | 0.020 | 0.020 | 0.020 | 0.020 | 0.020 | 0.061 | 0.061 | 0.062 | 0.063 | 0.064
Positive moment for span /, Oy | 0.002 | 0.026 | 0.027 | 0.023 | 0.021 0 0.008 | 0.065 | 0.100 | 0.089
Negative moments at bottom Oy | 0.125 1 0.125 | 0.125 | 0.125 | 0.125 | 0.445 | 0.444 | 0.440 | 0.437 | 0.433

Oy 0 0.051 | 0.094 | 0.115 | 0.124 0 0 0.086 | 0.188 | 0.349

Positive moment for span /, Oz | 0.070 | 0.070 | 0.070 | 0.070 | 0.070 | 0.008 | 0.008 | 0.008 | 0.008 | 0.009
Positive moment for span /, O,y | 0.005 | 0.020 | 0.047 | 0.061 | 0.069 | 0.030 | 0.022 | 0.025 | 0.029 | 0.018

Long span ratio /I, = 3.0

Negative moments at corners Omx | 0.048 | 0.071 | 0.080 | 0.081 0.213 | 0.216 | 0.264 | 0.311
Positive moment for span /, Oy | 0.022 | 0.021 | 0.021 | 0.021 0.081 | 0.082 | 0.085 | 0.087
Positive moment for span /, Oty | 0.002 | 0.026 | 0.027 | 0.023 0.006 | 0.008 | 0.066 | 0.100
Negative moments at bottom O,y | 0.125 ] 0.125 | 0.124 | 0.124 0.377 | 0.375 | 0.366 | 0.359
Oy 0 0.051 | 0.094 | 0.115 0 0.002 | 0.090 | 0.192
Positive moment for span /, x| 0.069 | 0.069 | 0.069 | 0.069 0.015 | 0.015 | 0.016 | 0.017
Positive moment for span /, Olzy | 0.005 | 0.020 | 0.047 | 0.061 0.029 | 0.021 | 0.024 | 0.028
Long span ratio /,/I,=2.0
Negative moments at corners Oy | 0.048 | 0.070 | 0.079 0.167 | 0.176 | 0.223
Positive moment for span /; Oy | 0.023 | 0.023 | 0.023 0.106 | 0.106 | 0.103
Positive moment for span /, Oy | 0.002 | 0.026 | 0.027 0.004 | 0.012 | 0.073
Negative moments at bottom Ozx | 0.117 | 0.115 | 0.115 0.245 | 0.238 | 0.221
Oy 0 0.051 | 0.094 0 0.017 | 0.106
Positive moment for span /, Omzx | 0.063 | 0.062 | 0.061 0.027 | 0.027 | 0.027
Positive moment for span /,, Olzy | 0.005 | 0.020 | 0.047 0.022 | 0.017 | 0.023
Long span ratio /,/,= 1.5
Negative moments at corners O | 0.047 | 0.069 0.119 | 0.135
Positive moment for span /, Oy | 0.026 | 0.027 0.095 | 0.090
Positive moment for span /, Oy | 0.002 | 0.026 0.003 | 0.021
Negative moments at bottom Olmzx | 0.101 | 0.096 0.158 | 0.146
Oy 0 0.052 0 0.033
Positive moment for span /, x| 0.051 | 0.048 0.027 | 0.026
Positive moment for span /,, Olzy | 0.005 | 0.020 0.014 | 0.014
Long span ratio /,/,= 1.0
Negative moments at corners Oy | 0.040 0.062
Positive moment for span /, Oy | 0.028 0.058
Positive moment for span /, Oy | 0.003 0.002
Negative moments at bottom O,y | 0.064 0.075
Oy | 0.004 0
Positive moment for span /, O,y | 0.028 0.017
Positive moment for span /, Clnzy | 0.004 0.006

For details of tank dimensions and notes, see Table C9.




238

Table C9 Rectangular Tanks: Uniform Load -2

Appendix C

Dimensions of tank

Maximum values of shear per unit width may be determined for
each wall, according to value of s /I, or [, /I, from Table C4.

Vertical (short wall): m,y = Oty p 12

(3) Top Hinged, Bottom Hinged (4) Top Free, Bottom Hinged
Span Ratios and Moments Considered | Coefficients for Short Span Ratio /, /I, | Coefficients for Short Span Ratio /, /I,
0.5 1.0 1.5 2.0 3.0 0.5 1.0 1.5 2.0 3.0
Long span ratio /, /I, = 4.0
Negative moments at corners Oy | 0.070 | 0.095 | 0.114 | 0.122 | 0.125 | 0.675 | 0.598 | 0.615 | 0.672 | 0.827
Positive moment for span /x Oy | 0.033 ] 0.034 | 0.034 | 0.034 | 0.034 | 0.274 | 0.276 | 0.276 | 0.274 | 0.270
Positive moment for span /, Oty 0 0.027 | 0.041 | 0.039 | 0.034 0 0 0 0.073 | 0.210
Positive moment for span /, Om.x | 0.123 | 0.122°| 0.122 | 0.122 | 0.122 | 0.110 | 0.111 | 0.111 | 0.110 | 0.108
Positive moment for span /, Oy 0 0.014 | 0.053 | 0.084 | 0.114 0 0 0.011 | 0.035 | 0.082
Long span ratio /, /I, = 3.0
Negative moments at corners O | 0.070 | 0.095 | 0.114 | 0.122 0.453 | 0.410 | 0.440 | 0.502
Positive moment for span /y Oy | 0.033 ] 0.034 | 0.034 | 0.034 0.240 | 0.243 | 0.240 | 0.235
Positive moment for span /, Oy 0 0.027 | 0.041 | 0.039 0 0 0.015 | 0.109
Positive moment for span /, Ozx | 0.116 | 0.115 | 0.114 | 0.114 0.094 | 0.095 | 0.094 | 0.092
Positive moment for span /,, Oy 0 0.015 | 0.053 | 0.084 0 0 0.019 | 0.043
Long span ratio /;/I,=2.0
Negative moments at corners Oy | 0.068 | 0.093 | 0.112 0.238 | 0.229 | 0.272
Positive moment for span / Oy | 0.038 | 0.039 | 0.039 0.171 | 0.171 | 0.160
Positive moment for span /, Oy 0 0.028 | 0.041 0 0 0.066
Positive moment for span /, Olzx | 0.091 | 0.088 | 0.085 0.064 | 0.064 | 0.060
Positive moment for span /,, Oy 0 0.015 | 0.054 0 0.008 | 0.030
Long span ratio /s /I,=1.5
Negative moments at corners Oy | 0.062 | 0.087 0.142 | 0.149
Positive moment for span / Oy | 0.042 | 0.041 0.120 | 0.114
Positive moment for span /, Oy 0 0.029 0 0.014
Positive moment for span /,« Omrx | 0.064 | 0.059 0.044 | 0.042
Positive moment for span /,, Oy 0 0.017 0 0.012
Long span ratio /I, = 1.0
Negative moments at corners Oy | 0.046 0.064
Positive moment for span / A | 0.036 0.062
Positive moment for span /, Oy | 0.001 0
Positive moment for span /, Oz | 0.029 0.022
Positive moment for span /,, Oy | 0.002 0.002
Note: Maximum values of moment per unit width are given by the
z i following relationships, where I, /y and /, are length, breadth and
1 ye g + height, respectively, of the tank, and p is unit pressure.
by
j I Horizontal (long span): my = Oy p 1
Horizontal (short span): my = Gy pl}?
y
PR g Vertical (long wall): n,, = Gy pl,
= - X
p
—
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Table C10 Cylindrical Tanks: Elastic Analysis — 1

Coefficients for Circumferential Forces, Vertical Moments and Radial Shears in Wall of Constant Thickness

Triangular load
(fixed base)

Triangular load
(hinged base)

7l

f_

The hoop forces, vertical moments and radial shears, at depths denoted by z/L,,
are given by the following equations, where /, is the height of the wall, » the
radius to the centre of the wall, z the depth from the top of the wall and ¥ the

unit weight of the liquid.
Hoop force: n=0, Yyl r (per unit height)
Vertical moment: m = 04, Y1, (per unit length)

Radial shear: v=0o, ¥l (per unit length)
g

Load o 2, Values of Coefficient ¢ for Values of lZ2 [2rh
Case 2 3 4 5 6 8 10 12 16
) 0 0.234 0.134 0.067 0.025 0.018 -0.011 -0.011 -0.005 0.000
0.1 0.251 0.203 0.164 0.137 0.119 0.104 0.098 0.097 0.099
0.2 0.273 0.267 0.256 0.245 0.234 0.218 0.208 0.202 0.199
_ 0.3 0.285 0.322 0.339 0.346 0.344 0.335 0.323 0.312 0.304
& 0.4 0.285 0.357 0.403 0.428 0.441 0.443 0.437 0.429 0.412
g 0.5 0.274 0.362 0.429 0.477 0.504 0.534 0.542 0.543 0.531
& 0.6 0.232 0.330 0.409 0.469 0.514 0.575 0.608 0.628 0.641
g 0.7 0.172 0.262 0.334 0.398 0.447 0.530 0.589 0.633 0.687
© 0.8 0.104 0.157 0.210 0.259 0.301 0.381 0.440 0.494 0.582
'§ 0.9 0.031 0.052 0.073 0.092 0.112 0.151 0.179 0.211 0.265
S’ O | 0.1 0.0010 0.0006 0.0003 0.0002 0.0001 0.0000 0.0000 0.0000 0.0000
s 0.2 | 0.0035 0.0024 0.0015 0.0008 0.0003 0.0001 0.0000 | —0.0001 | 0.0000
E 0.3 0.0068 0.0047 0.0028 0.0016 0.0008 0.0002 0.0001 0.0001 | —0.0001
?ﬂ 0.4 | 0.0099 0.0071 0.0047 0.0029 0.0019 0.0008 0.0004 0.0002 | —0.0002
g 0.5 0.0120 0.0090 0.0066 0.0046 0.0032 0.0016 0.0007 0.0003 | —0.0001
= 0.6 | 0.0115 0.0097 0.0077 0.0059 0.0046 0.0028 0.0019 0.0013 0.0004
~ 0.7 | 0.0075 0.0077 0.0069 0.0059 0.0051 0.0038 0.0029 0.0023 0.0013
~ 0.8 | —0.0021 0.0012 0.0023 0.0028 0.0029 0.0029 0.0028 0.0026 0.0019
0.9 | -0.0185 | -0.0119 | —0.0080 | —0.0058 | —0.0041 | —0.0022 | —0.0012 | —0.0005 | 0.0001
1.0 | —0.0436 | —0.0333 | —0.0268 | —0.0222 | —0.0187 | —0.0146 | —0.0122 | —0.0104 | —0.0079
oy 1.0 0.299 0.262 0.236 0.213 0.197 0.174 0.158 0.145 0.127
O 0 0.205 0.074 0.017 —-0.008 -0.011 -0.015 |-0.008 -0.002 0.002
0.1 0.260 0.179 0.137 0.114 0.103 0.096 0.095 0.097 0.100
0.2 0.321 0.281 0.253 0.235 0.223 0.208 0.200 0.197 0.198
- 0.3 0.373 0.375 0.367 0.356 0.343 0.324 0.311 0.302 0.299
g‘ 0.4 0.411 0.449 0.469 0.469 0.463 0.443 0.428 0.417 0.403
3 0.5 0.434 0.506 0.545 0.562 0.566 0.564 0.552 0.541 0.521
& 0.6 0.419 0.519 0.579 0.617 0.639 0.661 0.666 0.664 0.650
% 0.7 0.369 0.479 0.553 0.606 0.643 0.697 0.730 0.750 0.764
g 0.8 0.280 0.375 0.447 0.503 0.547 0.621 0.678 0.720 0.776
oA 0.9 0.151 0.210 0.256 0.294 0.327 0.386 0.433 0.477 0.536
é O | 0.1 0.0009 0.0004 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
= 0.2 0.0033 0.0018 0.0007 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000
< 0.3 0.0073 0.0040 0.0016 0.0006 0.0002 | —0.0002 | —0.0002 | —0.0001 | 0.0000
5 0.4 | 0.0114 0.0063 0.0033 0.0016 0.0008 0.0000 | —0.0001 | —0.0002 | —0.0001
En 0.5 0.0158 0.0092 0.0057 0.0034 0.0019 0.0007 0.0002 0.0000 | —0.0002
g 0.6 | 0.0199 0.0127 0.0083 0.0057 0.0039 0.0020 0.0011 0.0005 | —0.0004
= 0.7 | 0.0219 0.0152 0.0109 0.0080 0.0062 0.0038 0.0025 0.0017 0.0008
D 0.8 0.0205 0.0153 0.0118 0.0094 0.0078 0.0057 0.0043 0.0032 0.0022
0.9 | 0.0145 0.0111 0.0092 0.0078 0.0068 0.0054 0.0045 0.0039 0.0029
1.0 0 0 0 0 0 0 0 0 0
oy 1.0 0.189 0.158 0.137 0.121 0.110 0.096 0.087 0.079 0.068
(1) (2)

For « values shown in tables, positive signs indicate for: (¢,) tension, (¢,) tension in outside face, () force acting inward.
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Table C11 Cylindrical Tanks: Elastic Analysis — 2

Coefficients for Circumferential Forces, Vertical Moments and Radial Shears in Wall of Constant Thickness

Load o 2l Values of Coefficient o for Values of ,>/2rh

Case 2 3 4 5 6 8 10 12 16

s | 0 | 1253 | 1160 | 1.085 | 1.037 | 1010 | 0989 | 0989 | 0994 | 1.000
01 | 1114 | 1112 | 1.073 | 1.044 | 1.024 | 1.005 | 0998 | 0997 | 0.999
02 | 1.041 1.061 1057 | 1.047 | 1.038 | 1.022 | 1010 | 1.003 | 0.999
03 | 0929 | 0998 | 1.029 | 1.042 | 1.045 | 1.036 | 1.023 | 1.014 | 1.003
04 | 0806 | 0912 | 0977 | 1015 | 1.034 | 1.044 | 1.039 | 1.031 1.015
05 | 0667 | 0796 | 0887 | 0949 | 098 | 1.026 | 1.040 | 1.043 | 1.032
06 | 0514 | 0646 | 0746 | 0825 | 0879 | 0953 | 099 | 1.022 | 1.040
07 | 0345 | 0459 | 0553 | 0629 | 069 | 0788 | 0.859 | 0911 | 0975
08 | 0.18 | 0258 | 0332 | 0379 | 0430 | 0519 | 0592 | 0652 | 0750
09 | 0055 | 0081 | 0.105 | 0128 | 0.149 | 0189 | 0226 | 0262 | 0321

O3 | 0.1 0.0010 0.0007 0.0004 0.0002 0.0001 0.0000 0.0000 0.0000 0.0000
0.2 | 0.0036 0.0026 0.0015 0.0008 0.0004 0.0001 | —-0.0001 | 0.0000 0.0000
0.3 | 0.0066 0.0051 0.0033 0.0019 0.0011 0.0003 0.0000 | —0.0001 | 0.0000
0.4 | 0.0088 0.0074 0.0052 0.0035 0.0022 0.0008 0.0002 0.0000 | —0.0001
0.5 | 0.0089 0.0091 0.0068 0.0051 0.0036 0.0018 0.0009 0.0004 0.0001

0.6 | 0.0059 0.0083 0.0075 0.0061 0.0049 0.0031 0.0021 0.0014 0.0006
0.7 | -0.0019 | 0.0042 0.0053 0.0052 0.0048 0.0038 0.0030 0.0024 0.0012
0.8 | -0.0167 | —0.0053 | —0.0013 | 0.0007 0.0017 0.0024 0.0026 0.0022 0.0020
0.9 | —-0.0389 | —-0.0223 | —0.0145 | -0.0101 | —0.0073 | —0.0040 | —0.0022 | —0.0012 | —0.0005
1.0 | —0.0719 | —0.0483 | —0.0365 | —0.0293 | —0.0242 | —0.0184 | —0.0147 | —0.0123 | —0.0091

Oy 1.0 0.370 0.310 0.271 0.243 0.222 0.193 0.172 0.158 0.137

Olyg 0 1.205 1.074 1.017 0.992 0.989 0.985 0.992 0.998 1.002
0.1 1.160 1.079 1.037 1.014 1.033 0.996 0.995 0.997 1.000
0.2 1.121 1.081 1.053 1.035 1.023 1.008 1.000 0.997 0.998
0.3 1.073 1.075 1.067 1.056 1.043 1.024 1.011 1.002 0.999
0.4 1.011 1.049 1.069 1.069 1.063 1.043 1.028 1.017 1.003
0.5 0.934 1.006 1.045 1.062 1.066 1.064 1.052 1.041 1.021
0.6 0.819 0.919 0.979 1.017 1.039 1.061 1.066 1.064 1.050
0.7 0.669 0.779 0.853 0.906 0.943 0.997 1.030 1.050 1.064
0.8 0.480 0.575 0.647 0.703 0.747 0.821 0.878 0.920 0.976
0.9 0.251 0.310 0.356 0.394 0.427 0.486 0.533 0.577 0.636

Oms | 0.1 0.0009 0.0004 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.2 | 0.0033 0.0018 0.0007 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000
0.3 0.0073 0.0040 0.0016 0.0006 0.0002 | —0.0002 | —0.0002 | —0.0001 | 0.0000
04 | 0.0114 0.0063 0.0033 0.0016 0.0008 0.0000 | —0.0001 | —0.0002 | —0.0001
0.5 | 0.0158 0.0092 0.0057 0.0034 0.0019 0.0007 0.0002 0.0000 | —0.0002
0.6 | 0.0199 0.0127 0.0083 0.0057 0.0039 0.0020 0.0011 0.0005 | —0.0004
0.7 | 0.0219 0.0152 0.0109 0.0080 0.0062 0.0038 0.0025 0.0017 0.0008
0.8 | 0.0205 0.0153 0.0118 0.0094 0.0078 0.0057 0.0043 0.0032 0.0022
0.9 | 0.0145 0.0111 0.0092 0.0078 0.0068 0.0054 0.0045 0.0039 0.0029
1.0 0 0 0 0 0 0 0 0 0

Oy | 1.0 0.189 0.158 0.137 0.121 0.110 0.096 0.087 0.079 0.068

(3) Uniform load (fixed base, free top)

(4) Uniform load (hinged base, free top)

3) “)

Uniform load Uniform load The hoop forces, vertical moments and radial shears, at depths denoted by z//.,
(fixed base) (hinged base) are given by the following equations, where /, is the height of the wall,  the
radius to the centre of the wall and p the uniform pressure.

Hoop force: n=o,pr (per unit height)
Vertical moment: m = o, pl,> (per unit length)

Radial shear: v=o,pl, (per unitlength)

For oz values shown in tables, positive signs indicate for: (o) tension, (¢4,) tension in outside face, (¢z,) force acting inward.
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Table C12 Cylindrical Tanks: Elastic Analysis — 3

Coefficients for Circumferential Forces and Vertical Moments in Wall of Constant Thickness

Load | | L Values of Coefficient ¢ for Values of 1,>/2rh
Case 2 3 4 5 6 8 10 12 16
as | 0 | —068 | -1.78 | -1.87 | —154 | —1.04 | —024 021 0.32 0.22
01 | 022 071 | -1.00 | -1.03 | -086 | 053 | —023 | -0.05 0.07
02 | 1.10 0.43 008 | -042 | -059 | —073 | —064 | 046 | -0.08
03 | 2.02 1.60 1.04 0.45 005 | -067 | -094 | -096 | -0.64
04 | 290 2.95 2.47 1.86 1.21 2002 | -073 | -1.15 | -1.28
05 | 3.69 429 431 3.93 3.34 2.05 0.82 018 | -1.30
06 | 430 5.66 6.34 6.60 6.54 5.87 4.79 3.52 112
07 | 4.54 6.58 8.19 9.41 10.3 113 11.6 113 9.67
08 | 4.08 6.55 8.82 11.0 13.1 16.5 19.5 218 24.5
09 | 275 473 6.81 9.02 11.4 16.1 20.9 25.7 34.7

Oys | 0.1 —0.002 —0.007 —0.008 —0.007 —0.005 —0.001 0.000 0.000 0.000
0.2 | -0.002 —0.022 —0.026 —0.024 —0.018 -0.009 —-0.002 0.000 0.000
0.3 0.012 —-0.030 —0.044 —0.045 —0.040 —-0.022 —-0.009 —-0.003 0.002
0.4 0.034 —0.029 —-0.051 —-0.061 —0.058 —0.044 —0.028 -0.016 —0.003
0.5 0.096 0.010 -0.034 —0.057 —0.065 —0.068 —0.053 —0.040 —0.021
0.6 0.193 0.087 0.023 —0.015 —0.037 —0.062 —0.067 —0.064 —0.051
0.7 0.340 0.227 0.150 0.095 0.057 0.002 —0.031 —0.049 —0.066
0.8 0.519 0.426 0.354 0.296 0.252 0.178 0.123 0.081 0.025
0.9 0.748 0.692 0.645 0.606 0.572 0.515 0.467 0.424 0.354

(5) Moment at base (hinged base, free top)

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
os | 1.0 -2.57 -3.18 -3.68 —4.10 —4.49 -5.18 -5.81 —6.38 —-7.36
Ol 0 -13.73 -20.37 -27.20 -33.99 —40.77 -54.32 | —67.88 -81.46 | -108.6

0.1 —7.52 -9.36 -10.74 —-11.60 12.04 -11.92 -10.80 -8.93 -3.56

0.2 -3.04 -2.14 —0.80 0.86 2.76 6.88 11.10 15.16 22.35

0.3 —-0.04 2.03 4.15 6.18 8.07 11.31 13.72 15.35 16.66

0.4 1.79 3.97 5.79 7.18 8.18 9.23 9.34 8.80 6.69

0.5 2.73 4.42 5.52 6.05 6.14 5.55 4.43 3.18 0.92

0.6 3.06 4.00 4.35 4.20 3.75 2.47 1.22 0.23 -0.89

0.7 3.02 3.13 2.88 2.37 1.76 0.58 -0.26 -0.71 —0.86

0.8 2.77 2.07 1.40 0.80 0.30 -0.36 —0.65 —0.67 —0.41

0.9 2.44 0.96 —0.03 —0.56 -0.79 —0.78 —0.56 —0.33 —0.04

1.0 2.08 —0.17 -1.41 -1.83 -1.75 -1.04 —-0.35 —0.06 0.24
Ol 0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0.1 0.943 0.918 0.895 0.872 0.851 0.811 0.774 0.739 0.676
0.2 0.809 0.740 0.676 0.620 0.570 0.483 0.410 0.348 0.250
0.3 0.643 0.537 0.446 0.370 0.308 0.211 0.141 0.089 0.023
0.4 0.476 0.353 0.254 0.179 0.122 0.047 0.004 —0.022 —0.042
0.5 0.325 0.208 0.118 0.057 0.017 —0.026 | -0.041 —0.043 —0.035
0.6 0.202 0.106 0.037 —0.005 -0.028 —0.042 —-0.039 —-0.031 -0.015
0.7 0.109 0.043 —-0.001 —-0.024 —-0.034 —-0.033 —-0.024 -0.014 —-0.003
0.8 0.046 0.012 —0.010 —0.020 —0.022 —0.017 -0.010 —0.004 0.001

(6) Moment at top (any base, free top)

0.9 0.011 0.001 —-0.005 —-0.007 —-0.007 -0.005 —0.002 —-0.001 0.001
1.0 0 0 0 0 0 0 0 0 0
(5) (6) The hoop forces, vertical moments and radial shears, at depths denoted by z/L., are
Moment at base Moment at top given by the following equations, where /, is the height of the wall, r the radius to
(hinged base) (any base) the centre of the wall and M the edge moment per unit length.
M TN Hoop force: n= 0, Mril,> (per unit height)

Vertical moment: m=o, M (per unit length)
Radial shear: v=o,M/l, (per unitlength)

Values given for load case (6) are for a semi-infinite cylinder, but may be used for
ot M any base with errors that are small for /7/2rh > 2, and negligible for /2/2rh> 8.

For o values shown in tables, positive signs indicate for: (ct,) tension, (0y,) tension in outside face, (ct,) force acting inward.
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Table C13 Cylindrical Tanks: Elastic Analysis — 4
Coefficients for Circumferential Tensions and Vertical Moments in Wall of Constant Thickness
Load o 2/l Values of Coefficient ¢ for Values of ,>/2rh
Case 2 3 4 5 6 8 10 12 16
Oy 0 5.12 6.32 7.34 8.22 9.02 10.42 11.67 12.76 14.74
0.1 3.83 4.37 4.73 4.99 5.17 5.36 5.43 5.41 5.22
0.2 2.68 2.70 2.60 2.45 2.27 1.85 1.43 1.03 0.33
- 0.3 1.74 1.43 1.10 0.79 0.50 0.02 -0.36 -0.63 -0.96
§‘ 0.4 1.02 0.58 0.19 -0.11 -0.34 -0.63 -0.78 -0.83 -0.76
9 0.5 0.52 0.02 -0.26 -0.47 -0.59 -0.66 -0.62 -0.52 -0.32
= 0.6 0.21 -0.15 -0.38 -0.50 -0.53 -0.46 -0.33 -0.21 —-0.05
% 0.7 0.05 -0.19 -0.33 -0.37 -0.35 -0.24 -0.12 -0.04 0.04
S 0.8 -0.01 -0.13 -0.19 -0.20 -0.17 -0.09 -0.02 0.02 0.05
E) 0.9 -0.01 -0.04 —-0.06 —-0.06 —-0.01 -0.01 0.00 0.00 0.02
b; Oy | 0.1 -0.077 -0.072 -0.068 -0.064 -0.062 -0.057 —-0.053 —-0.049 -0.044
2 0.2 -0.115 -0.100 -0.088 -0.078 -0.070 —0.058 -0.049 -0.042 -0.031
s 0.3 -0.126 -0.100 -0.081 -0.067 -0.056 -0.041 -0.029 -0.022 -0.012
§ 04 | -0.119 -0.086 -0.063 -0.047 -0.036 -0.021 -0.012 -0.007 —-0.001
& 0.5 -0.103 -0.066 —-0.043 -0.028 -0.018 -0.007 —-0.002 0.000 0.002
£ 0.6 —-0.080 -0.044 -0.025 -0.013 -0.006 0.000 0.002 0.002 0.002
0.7 —-0.056 —-0.025 -0.010 —-0.003 0.000 0.002 0.002 0.002 0.001
0.8 -0.031 -0.006 0.001 0.003 0.003 0.003 0.002 0.001 0.000
0.9 -0.006 0.010 0.010 0.007 0.005 0.002 0.001 0.000 0.000
1.0 0.019 0.024 0.019 0.011 0.006 0.001 0.000 0.000 0.000
(N ) . . .
Shear at top The hoop forces and vertical moments, at depths denoted by z//,, are given by the following equations,
(fixed base) where /, is the height of the wall, r the radius to the centre of the wall and ¥ the outward edge force
v per unit length.
Hoop force: n =0, Vr/l, (per unit height)
Vertical moment: m = &,,, VI, (per unit length)
For o values shown in tables, positive signs indicate for: (¢,) tension, (¢,) tension in the outside face.
Coefficients for rotational stiffness of wall and FEM for load cases (1), (3) and (7)
L2/ 2rh 2 3 4 5 6 8 10 12 16
Stiffness o, | 0.445 0.548 0.635 0.713 0.783 0.903 1.010 1.108 1.281
FEM Oy | 0.0436 0.0333 0.0268 0.0222 0.0187 0.0146 0.0122 0.0104 0.0079
Oy | 0.0719 0.0483 0.0365 0.0293 0.0242 0.0184 0.0147 0.0123 0.0091
o, | —0.019 -0.024 -0.019 -0.011 -0.006 -0.001 0 0 0
Rotational stiffness and FEMs are given by the following equations:
Rotational stiffness of wall (hinged base and free top): K, = 0, E¢ i /1, where E, is the modulus of elasticity of concrete.
FEMs: load case (1) My, = Oty }/lz3, load case (3) My, = 0tys }/123, load case (7) My, = tty7 V1,.
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Table C14 Cylindrical Tanks: Elastic Analysis - 5

Coefficients for Bending Moments in a Uniform Circular Slab on an Elastic Foundation

Load o Radial Coefficient ¢, for Values of ry/r Tangential Coefficient ¢ for Values of r /7
k
Case 1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 0.2 0
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
. 1 1.0 0.998 0.993 0.988 0.984 0.982 0.993 0.991 0.988 0.984 0.983 0.982
g ‘é’ 2 1.0 0.977 0.906 0.828 0.770 0.749 0.908 0.876 0.832 0.789 0.759 0.749
g s 3 1.0 0.923 0.707 0.481 0.323 0.266 0.723 0.627 0.495 0.375 0.295 0.266
g E 4 1.0 0.855 0.513 0.207 0.017 | -0.046 | 0.576 0.426 0.236 0.081 -0.015 | -0.046
15 = 5 1.0 0.773 0.353 0.059 | —-0.081 | —0.118 | 0.492 0.308 0.102 | —-0.034 | —0.100 | —0.118
-%DE 6 1.0 0.680 0.215 | -0.018 | —0.078 | —0.083 | 0.441 0.232 0.035 | -0.057 | —0.081 | —0.083
E «@ 7 1.0 0.583 0.105 | —0.051 | —0.049 | —-0.034 | 0.405 0.175 0.001 -0.049 | -0.042 | -0.034
Z é 8 1.0 0.488 0.028 | —0.055 | —0.023 | —0.005 | 0.378 0.132 | -0.020 | —0.034 | —0.014 | —0.005
9 1.0 0.400 | —0.020 | —0.045 | —0.007 | 0.006 0.358 0.098 | -0.025 | —0.020 0 0.006
10 1.0 0.319 | -0.044 | —0.029 | 0.001 0.006 0.341 0.072 | -0.025 | —=0.010 | 0.004 0.006

0 —0.250 | -0.106 | 0.006 | 0.086 | 0.134 | 0.150 | —0.050 | 0.022 | 0.078 | 0.118 | 0.142 | 0.150
1 —0.249 | -0.105 | 0.006 | 0.086 | 0.133 0.149 | —0.050 | 0.022 | 0.078 | 0.117 | 0.141 0.149
— ’g 2 —0.240 | —0.098 | 0.009 | 0.081 0.123 0.137 | —0.048 | 0.021 0.073 0.109 | 0.130 | 0.137
E = 3 -0.211 | -0.072 | 0.017 | 0.066 | 0.090 | 0.097 | —0.042 | 0.019 | 0.059 | 0.082 | 0.094 | 0.097
2 4 —0.172 | -0.039 | 0.025 | 0.046 | 0.048 | 0.047 | —0.034 | 0.017 | 0.040 | 0.047 | 0.047 | 0.047
Eo 5 5 -0.139 | -0.013 | 0.029 | 0.029 | 0.019 | 0.014 | —0.028 | 0.014 | 0.025 | 0.022 | 0.016 | 0.014
m = 6 —-0.116 | 0.002 | 0.027 | 0.017 | 0.005 0 -0.023 | 0.012 | 0.016 | 0.009 | 0.003 0
Q g 7 —0.100 | 0.010 | 0.021 0.009 0 —0.003 | —0.020 | 0.010 | 0.010 | 0.003 0.002 | —0.003
C) 8 —0.088 | 0.013 0.016 | 0.003 | —0.001 | —0.002 | —0.018 | 0.009 | 0.006 0 —0.002 | —-0.002
9 —0.078 | 0.015 0.011 0.001 | -0.001 | —0.001 | —0.016 | 0.007 | 0.003 0 —-0.001 | —0.001
10 —-0.071 | 0.015 | 0.007 0 —0.001 0 —-0.014 | 0.006 | 0.002 0 0 0

Note: Radial and tangential moments per unit width, at positions denoted by r,/r, are given by the following equations,
where r is the radius of the slab and r, the distance from the centre of the slab. For ¢ values shown above, positive signs
indicate tension at the top, compression at the bottom.

Radial moment Tangential moment
Load case (1), where M is edge moment per unit length (rotation inward) m,= 0, M m= oM
Load case (2), where Q is edge load per unit length (deflection downward) m,=0o,Or my=0,Or

The radius of relative stiffness 7 is given by the following equation, where E. is the modulus of elasticity of concrete, / the
slab thickness and &, the modulus of subgrade reaction (see Table B1 for further information):

= [Ec /12 (1= 0*) ks 1** where v is Poisson’s ratio. For v=0.2, n.=[E. " /11.52k]*%

Coefficients for Rotational Stiffness of Slab and FEM for Load Case (2)

rirg 0 1 2 3 4 5 6 7 8 9 10
Stiffness o | 0.104 | 0.105 0.118 0.159 | 0.222 | 0.285 0.346 | 0.407 0.468 0.529 0.590
FEM Og | 0250 | 0.249 0.240 | 0.211 0.172 | 0.139 0.116 | 0.100 0.088 0.078 0.071

Rotational stiffness and FEMs are given by the following equations:
Rotational stiffness of the slab: K= 0,E. I’Ylr where E, is the modulus of elasticity of concrete

FEM for load case (2): M=o, Qr where Q is the edge load per unit length acting downward
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