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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The aim of this document is to provide rules for the design and construction of prestressed concrete
water tanks to be built in less-developed areas of the world. The design rules are based on simplified
worldwide-accepted strength models. This document is self-contained; therefore actions (loads) and
simplified analysis procedures are included, as well as minimum acceptable construction practice
guidelines.

A great effort was made to include self-explanatory tables, graphics and design aids to simplify the
use of thls document and prov1de procedures Notw1thstand1ng, the economic 1mp11cat10ns of the
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a sphere. The wall is a vertical cylinder that forms a container forywater in combi

ressed concrete, while the roof and base slab are made withXreinforced concrete.
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INTERNATIONAL STANDARD ISO 18407:2018(E)

Simplified design of prestressed concrete tanks for
potable water

1 Scope

This document provides guidelines for the planning, design and construction of a cylindrical tank
consfructed o tire grourd withr prestressed concrete { Py for use withr potable water tamk

This|document is applicable to PC tanks for potable water with a capacity of 30 000 m3 or(less and the
dianteter-to-height ratio (D/H) from 1,0 to 3,0.

NOTH When designing and constructing a tank not covered by this document (reinforced copcrete tanks,

undefground tanks, elevated tanks, etc.), a designer can refer to this document or’common elenents where
possiple.

2 Normative references

The following documents are referred to in the text in suchyaway that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited |applies. For
unddted references, the latest edition of the referenced deciiment (including any amendments) applies.

ISO 1920-3, Testing of concrete — Part 3: Making and-¢uring test specimens

ISO 1920-4, Testing of concrete — Part 4: Strengthoof hardened concrete

[SO §934-1, Steel for the prestressing of concrete — Part 1: General requirements

ISO 6934-2, Steel for the prestressing of.concrete — Part 2: Cold-drawn wire

ISO §934-3, Steel for the prestressing of concrete — Part 3: Quenched and tempered wire
ISO §934-4, Steel for the prestressing of concrete — Part 4: Strand

[SO 64934-5, Steel for the ptestressing of concrete — Part 5: Hot-rolled steel bars with or without subsequent
processing

ISO §935-1, Steel forthe reinforcement of concrete — Part 1: Plain bars
ISO §935-2, Steel for the reinforcement of concrete — Part 2: Ribbed bars
ISO §935-3;Steel for the reinforcement of concrete — Part 3: Welded fabric

ISO 12439, Miying wnl'prfnr concrete

ISO 14654, Epoxy-coated steel for the reinforcement of concrete

ISO 14824-3, Grout for prestressing tendons — Part 3: Test methods

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and [EC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

© ISO 2018 - All rights reserved 1
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bending analysis
method for determining the membrane force and bending moment in consideration of the boundary
conditions at the base of the dome

3.2
clearance

distance between the designed high-water level and the upper edge of the tank wall

3.3

convective pressure

water pressprept odteed b_y osetiatiorofthe-watet

34

cylindrical|prestressed concrete tank

concrete tapk comprising the roof, cylindrical wall and base slab, for which prestressing steel is
provided atJeast in the circumferential direction to apply prestress

3.5

disc part

part other than the ring plate of the base slab that resists bending moments

3.6

dome ring

circular beam provided along the base of the roof of a spherical ot other shape of the dome to control
radial displacement at the base of the roof

3.7

dynamic water pressure

water presspire due to the effect of an earthquake

3.8

embedded fystem

system of ppplying prestress, whereby (Circumferential prestressing steel is provided wijithin
concrete m¢mbers

3.9

fixed support

wall-botton] connection whereby_the rotation or horizontal displacement of the wall with respdct to
the bottom 1s not allowed

3.10

foundation|slab

reinforced qoncreteley prestressed concrete slab provided in contact with the bottom surface df the
base slab

3.11

freely sliding support

wall-bottom connection, whereby the rotation and horizontal displacement of the wall with respect to
the bottom are allowed

3.12

hinged support
wall-bottom connection, whereby the rotation of the wall with respect to the bottom is allowed

3.13

hoop tension
circumferential axial tensile force generated by such loads as water pressure

© ISO 2018 - All rights reserved
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3.14
horizontal thrust
horizontal component of the axial force in the meridian direction of the dome at the base of the dome

3.15
Housner method
conventional approximate analysis method for liquid vibration proposed by G. W. Housner

3.16
imposed load
load of portions not included in the design calculation as structural members and load applied to the

1 . s
roof for-streh pHrposSesasTnspection

3.17
impulsive pressure
dynapmic water pressure (3.7) in response to short-period components of an earthquake¢ and water
presgure associated with inertial force produced by accelerations of the,tank wall gnd directly
propprtional to these accelerations

3.18
inertia force
forcd given by the product of the weight of a body and the design seismic intensity

3.19
in-plane shear force
sheat force that acts parallel to the shell surface

3.20
menjbrane floor
partjother than the ring plate of the base slab that'does not resist bending moments

3.21
menjbrane force
in-plane axial force of a shell structure

3.22
out-of-plane shear force
sheat force that acts at a rightangle to the shell surface

3.23
partjcular load
specjal load that acts’depending on the natural conditions of the tank construction site

Note [l to entryt Particular load is judged as a primary load (3.25) or a subsidiary load (3.31) on a case-py-case basis.

3.24
pilagter
rectangular projections from the tank wail along itS generatrix 1ines for anchoring circumferential
prestressing steel

3.25
primary load
load that constantly acts

3.26
ring plate
peripheral part of the base slab for transmitting forces primarily from the tank wall to the ground

© ISO 2018 - All rights reserved 3
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vibration of a solid oscillating surface generated in response to relatively long-period components of an

earthquake

3.28

solid mass of water
equivalent weight of water to produce the impulsive force on the tank wall

Note 1 to entry: It is assumed to be fastened rigidly to the tank wall.

3.29
solid oscill;
equivalent d

Note 1 to ent

3.30
spherical d
curved shell

3.31
subsidiary
load that raf

3.32
tank empty
state in whi

3.33

iting mass
scillating weight to produce the convective force on the wall

Fy: It is assumed to be fastened to the tank wall by spring.

pme
in the form of a part of a sphere cut off by a plane

load
rely acts

condition
Ch no water is present in the tank

tank full condition

state in whi

3.34
velocity po
method for

3.35
waterstop
plate insertg

4 Symbols

A projectionarea

Ap aref ©ficoncrete subjected to bearing load

Ac total area of concrete surface

Ad surface area of the dome

Agp area subjected to the effect of anchorage set

A; cross-sectional area of element i (member between nodesiand i + 1)
Ap cross-sectional area of prestressing steel

Ag cross-sectional area of tensile reinforcement

b member width

4 © ISO 2018 - All rights reserved

Ch the water level in the tank reaches the/design high water level

fential method
h theoretical solution to irrotational vibration of a non-compressive and non-viscous fl

bd in joints betweef-goncrete lifts and the wall-bottom joints for waterstopping

juid
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Dne

Hg

Hyp
H;
Hs
Hy

Hy

wind force coefficient

earth pressure coefficient
structure characteristic coefficient
correction factor by region
diameter of the tank

correction factor dependent on damping constant

ISO 18407:2018(E)

Et}

flexural stiffness of node i | =——
12(1 _y2 )

pile diameter

response reduction ratio due to plastic deformability
elastic modulus

elastic modulus of concrete

elastic modulus of prestressing steel

elastic modulus of steel reinforcement

design compressive strength of concrete
characteristic compressive strength-of concrete
tensile strength of prestressing steel

yield strength of prestressing steel

yield strength of steelreinforcement

design tensilestrength of prestressing steel

design yjeld strength of steel reinforcement and structural steel

gravitational acceleration

uniform pressure

h PSR-, N PRSI | 4 1 4] £41 4 1
IITIZIIT U L0LAl Wd4dltT UTPLUIT U1 LIIT L4dIIK

distance from the bottom of the tank wall to the point of action of the dome inertia force or

other partial weight inertia force

length of thickened wall (haunch height)
thickness of i-th stratum

total height of earth pressure action
horizontal thrust

water depth at an arbitrary point

© ISO 2018 - All rights reserved
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h height from the ground surface

heg distance from tank bottom to a solid mass point when dynamic water pressure on base slab is
neglected

hy distance from tank bottom to a solid mass point when dynamic water pressure on base slab is
considered

hsg distance from tank bottom to solid oscillating mass point when dynamic water pressure on

base lab is neglected

hg1 distfamnce from tank bottom to soiid osciifating mass point when dynamic Water pressure qn
basg slab is considered

hen virfual thickness of member
I; secpnd moment of area of element i (member between nodes i and i + 1)
1 vesfel function
3
Et

K flexural stiffness | =———

12(1-v?|
Kh desjgn horizontal seismic coefficient

Khot stapdard horizontal seismic coefficient of structure for Level 1 ground motion

Kho2 stapdard horizontal seismic coefficient of structure for Level 2 ground motion

Kn1 desjgn horizontal seismic coefficient for\Level 1 ground motion
Kn2 desjgn horizontal seismic coefficient for Level 2 ground motion
Ky vertical subgrade reaction mpdulus

Kyi vertical spring constants-of node i

Koi rotqtional spring constants of node i

k spring constantofbearing

Ka coefficient incorporating the characteristics of foundations

kg coefficfent incorporating the characteristics of base slab

Lrp ring plate width

Lw water depth
1 length from the tension end of prestressing steel to the design cross-section
Iq basic development length

Imax maximum spacing of prestressing steel
Iy length of prestressing steel

I1 distance from the top of wall to the beginning point of action of distributed load

6 © ISO 2018 - All rights reserved
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distance from the top of wall to the end point of action of distributed load
set length

corrected vertical bending moment

vertical bending moment of member

vertical bending moment at the bottom of the tank wall generated by changes in the curvature
radius of the tank wall

Myq
My

My;

My
MOC

Moe

Mot

Mon

desigirflexuratfracturecapacity

vertical bending moment

bending moment at node i determined by planar frame analysis

torsional moment

restraining moment at the bottom of the tank wall

vertical bending moment at the bottom of the tank wall witha constant thickness

vertical bending moment at the bottom of the tank wallgenerated by curvature chpnges when
the wall thickness is constant at t

vertical bending moment at bottom of the tankcwall

vertical bending moment at the bottom of the tank wall incorporating increases infthe wall
bottom thickness

overturning moment at a distance xfrom the top of the tank wall

vertical bending moment at the:bottom of the tank wall generated by the effect of Poisson’s
ratio due to vertical prestress;v, when the wall thickness is constant

vertical bending momeént obtained from axisymmetric analysis under equivalent Ipad

circumferentialbending moment

torsional moment

bendingmoment per unit length in the circumferential directions
axial force in the vertical direction

vertical axial force at distance from the bottom of the tank wall

© ISO 2018 - All rights reserved

in-plane shear force

axial force in the circumferential direction

membrane force per unit length of the dome in the meridian direction
in-plane shear force

membrane force per unit length of the dome in the parallel direction
elastic modulus ratio (=Ep/Ec)

prestressing force in the vertical direction
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Ppr(r) maximum impulsive pressure that acts on the base slab

Pps(r) maximum vibration pressure that acts on the base slab

P; tensile force of prestressing steel at the jack position

Py dynamic water pressure at lower edge

Py horizontal force acting on the solid mass point

Py concentrated load acting on node i (including moment load)

Pg horjizontal force acting on the s-th soild oscillating mass point

Psh total earth pressure

Ps; confentrated load per unit length acting on node i

Py tensile force of prestressing steel at jack position after considering the set length
Py dyrlamic water pressure at upper edge

Py wind load

Pwr(§) maximum impulsive pressure that acts on tank wall

Pws(€) makximum convective pressure that acts on tank wall

Py tensile force of prestressing steel at design cross-section

Po) impulsive pressure at the bottom end

P1 conyective pressure at the bottom end

P1y conyective pressure at the top end

p prepsure at the bottom of the tank wall

Psh earth pressure

Pw hydrostatic water presstre at an arbitrary depth from the water surface

po(x)  radjal component-of load

Q4 loadl at the time of allowable displacement

Qcr cragking load of member

Qe elastic response axial tensile force

Qne circumferential axial tensile force of member by elastic analysis under an earthquake load

calculated from design horizontal seismic coefficient

Qpy load at yielding of prestressing steel

Qx out-of-plane shear force

Qy yield load of member

Qo restrained shear force at the bottom of the tank wall
Q4 out-of-plane shear force

8 © ISO 2018 - All rights reserved
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q wind velocity pressure
qd deadweight per unit area
q imposed load per unit area

qo(x)  circumferential component of load

qo0 unit weight of liquid

R radius of the tank wall

r radius of the dome

h ratio of secondary stiffness after yielding to yield stiffness

ri radius of node i (x coordinate)

Sv velocity response spectrum

T temperature difference

Tc resultant force of tensile stress generated in concrete

Tg natural period of the ground

t wall thickness

th base slab thickness

te effective age of concrete at the time ofloading and calculating creep factor
th thickness of the bottom of the tank wall with a haunch

ti thickness of base slab at node.s

tmin minimum thickness of-the tank wall

trp thickness of ring plate

to effective ageeficoncrete at the time of loading and calculating creep factor
u perimeter-of member in contact with outdoor air

%4 tank.wvelume capacity

Vsi mean shear elastic wave velocity at i-th stratum

w total weight of contained water

Wy weight of solid mass point

Wi weight of s-th solid oscillating mass point

Wg unit weight of soil

Wy radial displacement of the tank wall

Wxo radial displacement obtained from axisymmetric analysis under equivalent load
w1 strength of uniform load

© ISO 2018 - All rights reserved 9
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wp strength of triangularly distributed load

X distance from the bottom of the tank wall

Xt distance from the tension edge of member to neutral axis

Vs height of the point of action of earth pressure

Z section modulus for the distance from the neutral axis to the compression edge when the tank

is assumed to be a thin-wall ring

a angtarchangeof prestressingsteel

ad half-open angle of the dome

Qe lingar expansion coefficient

ap corfection factor for vertical bending moment at the bottom of the tank wall‘due to changp in

thelcurvature radius of the tank wall

ar response acceleration of solid mass point
as response acceleration of s-th solid oscillating mass point
a1 prepsure gradient
- Et
B characteristic value of the tank wall | =4
4R%K

Ba(te — to) flunction for effective number of days after loading, (te - to)
Be(te) fungtion for effective age of concrete, ¢& and virtual thickness of member, hy
b1 prepsure at the bottom of the tank wall

y reldxation ratio of prestressifig)steel

Yb meI\ber factor

Yi stryctural factor

Ym material factor

Y0 inner diameter-water depth ratio (=D/H)
Ecr cra¢kCstrain of member

Epy yield strain of prestressing steel

&r circumferential response strain

Era circumferential strain limit determined from securing of watertightness
Esy yield strain of steel reinforcement

gy virtual yield strain of member

' creep strain of concrete

£'s drying shrinkage of concrete

10 © ISO 2018 - All rights reserved
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n effectiveness coefficient (= ope/opt)

Mp average magnification of cumulative plastic deformation

Nr response average magnification of cumulative plastic deformation

0 counter-clockwise angle form the direction of acceleration

A friction coefficient per unit length of prestressing steel

Ae environmental factor

by yield displacement

60 cumulative plastic deformation

U friction coefficient per radian of angle change

v Poisson’s ratio

& distance from the top of the tank wall

p unit weight of water

Pc unit weight of concrete

oc tensile stress of concrete

Ope effective tensile stress of prestressing steel

Opt tensile stress of prestressing steel immediately after prestressing

Osa tensile stress limit of reinforcement

0'ba bearing stress limit of concreté

o'c compressive stress of egnerete

0'ca compressive stress [imit of concrete

o'cp stress of conerete cross-section under sustained load at the centroid of prestressing steel
o'cpg|  concretedstress at the centroid of prestressing steel due to prestressing

o'cpt|  prestress immediately after prestressing at the centroid of prestressing steel
AP tensile force loss of prestressing steel due to set length of anchors

At number of days when the temperature is T

Aop tensile stress loss of prestressing steel due to elastic deformation of concrete

Aopy  tensile stress loss of prestressing steel due to relaxation of prestressing steel

Aopg  tensile stress loss of prestressing steel due to creep and drying shrinkage of concrete

¢ diameter of steel reinforcement
bd angle from the rotation axis at an arbitrary point of the dome
obi deflection angle at node i determined by planar frame analysis

© ISO 2018 - All rights reserved 11
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diameter of prestressing steel

internal friction angle of soil

creep factor for concrete

basic creep factor for delayed elastic strain
basic creep factor for flow strain

s-th natural circular frequency

5 Design principles

To design th|
through iny
ground sury
size of the w

Safety of m¢
prestressing
in Clause 8.
service and
capacity agz
document W
limit states,
stress limit
of subsidiar
generated t
stress limit

Safety of m
of loads. Sa
that the PC
be verified
importance

The membe

on the assumption that theZehfire cross-section of concrete is effective even with partial crac

partly becai
concrete mg
force may b
reinforcems

Although th

e PC water tank safe under loads application, its construction site shall be carefully seld
estigation on topography, geology and past disaster records. It is nece§satry to cor
reys at the stage of structural planning according to the state of the sitetand the typ4
ater PC tank.

mbers in an ordinary state shall be investigated by confirming thatthe stresses of conc
y steel and steel reinforcement under loads are equal to or lessthan the stress limits speq
The primary purpose of the design of a PC water tank igté secure its watertightng
the PC water tank designed in this manner is generally_kitown to have sufficient be
jinst failure (ultimate limit state). The elastic design miethod is, therefore, adopted iy
ith regard to safety and serviceability of members;‘that is, the serviceability and ulti
respectively, in an ordinary state in consideration@f the following: the fact that the te
pof concrete to be prestressed is kept low so as\noet to cause cracking even under the a
y loads, while requiring adequate tensile reififorcement is arranged where tensile str¢
increase the deformability of the cross-section and the requirement for a considerabl
for steel reinforcement under surfacessto)come into contact with water.

bmbers shall be investigated withrespect to the most severe unfavourable combin
ety of members during an earthdquake shall be investigated, as necessary, by confir
water tank can ensure the performance requirements during an earthquake. They
n relation to the combinations of ground motion levels used for seismic design an
degrees of the PC tank.Details are described in Clause 9.

" force to be used forthe design of members shall be calculated based on the elastic tH

ise the stressdimit is specified so that the crack width would be smaller than in ge
bmbers in cofiSideration of the characteristics of the PC tank. In this case, the me
e calculated by assuming the entire cross-section of concrete to be effective while ign
nt.

ecprovisions contained in this document were established to produce, when pro

pcted
1duct
b and

rete,
ified
ss in
hring
this
mate
nsile
ction
PSS IS
 low

htion
ming
shall
1 the

eory
king,
neral
mber
bring

perly

employed,

4 | 4 4 4 31 ot 3 £ £o4 £las |
PIToUITOoSTU LULILTTLIT Struttul T witil all dppluplidatt 111dl g1l Ul SdITiy, ti11S UULUlLL

nt is

not a substitute for sound and experienced engineering. In order for the resulting structure designed
in accordance with these provisions to attain the intended margin of safety, this document shall be
used as a whole and alternative procedures should be employed only when explicitly permitted by the
provisions. In most cases, the minimum dimensional provisions in this document are considered to
be equivalent to those in national design codes. Yet, the simplicity of the procedures presented in this
document can have a positive economic impact on the construction of prestressed concrete structures.

The professional performing the structural design in accordance with this document should have
appropriate training and a minimum of knowledge of structural mechanics, statics, strength of
materials, structural analysis and prestressed concrete design and construction.

The reference design flow is given in Annex A.

NOTE An example of design calculation in accordance with this document is given in Annex E.
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6 Load

6.1 General

When designing a PC water tank, consideration shall be given to the deadweight, imposed load,
hydrostatic water pressure, prestressing force, effects of creep and drying shrinkage of concrete,
effect of an earthquake, wind load, earth pressure, uplift pressure, etc., as necessary. The loads to be
used for design shall be selected after thoroughly surveying and checking the natural conditions of
the construction site of the tank. The loads given in the above requirement are classified into three
categories, primary loads, subsidiary loads and particular loads, as given in Table 1.

Table 1 — Load classification

a) Deadweight
b) Imposed load

Primary load ) Hydrostatic pressure
d) Prestressing force
e) Effects of creep and drying shrinkage of concrete
a) Effect of an earthquake

Subsidiary load b) Effect of temperature
) Wind load
a) Snow load

) b) Earth pressure

Particular load
) Uplift pressure
d) Other

NOTH Among the particular loads, snow leads have often been treated as primary loads in afeas of heavy

snowffall.

6.2 | Deadweight

Wheh the actual density is available, that value shall be used. If not, the density according to[ISO 9194 for
estinhating the unit weight ot the unit weight given in Table 2 may be used for calculating deadweight.

Table 2 — Unit weight of concrete

Type Unit weight
(kN/m3)
Plain concrete 23,0
Reinforced concrete 24,5
Prestressed concrete 24,5
Mortar 21,0

6.3 Imposed load

An imposed load of [0,5] kN/m?2 should be considered assuming the weight of people climbing up on
the roof for inspection. When waterproof mortar, handrails, etc. are included, their actual weights are
required to be added.

© ISO 2018 - All rights reserved 13
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6.4 Hydrostatic water pressure

Hydrostatic water pressure shall be assumed to be proportional to the depth of water and act at right
angle to the surfaces of the structure. Hydrostatic water pressure, py, is calculated by Formula (1):

pW =pHX
where
pw  isthe hydrostatic water pressure at an arbitrary depth from the water surface;

M

p i
Hy

—n

S

6.5 Prestress

6.5.1 Gen

the unit weight of water;

the water depth at an arbitrary point.

eral

Prestressing forces shall be applied using prestressing steel for mitigating tension in mempers.

Water presj
respectively
at the dome

a) Circumf

Hoop tension of a cylindrical tank derived from water pressure shall be counterbalanced by pla
prestressing and anchoring prestressing steel in.thé*circumferential direction. It is advisah

determi
b) Vertical
Inregar
is gener
vertical

c) Prestre

Horizorl
can be
prestre

6.5.2 Pre

The prestrd

ure causes hoop tension and bending moment in the horizontal and vertical direct

ring due to the roof'load including the deadweight of the dome.

erential prestress

ne the prestress to be applied in consideration of the effects of an earthquake and so fi
prestress

d to bending moment in the vertical'direction acting on the tank wall, prestress constru
ally adopted by placing vertical prestressing steel. Reinforced concrete construction hj
steel reinforcement is alsp-permitted.

5s along the dome ring

tal thrust due to.roof loads including the deadweight of the dome acting on the doms
counterbalanced by applying a prestressing force by placing, prestressing and anch
bsing steel.

stressing force immediately after prestressing

ions,

, of the wall of a cylindrical tank. Also, a roof of a spherical dome type causes hoop tension

cing,
le to
brth.

ction
ving

ring
bring

ssing force immediately after prestressing shall be calculated in consideration o

following ef!

a) Elastic deformation of concrete

the

The tensile stress losses of prestressing steel due to elastic deformation of concrete may be

calculated by Formula (2):

Ao

14

P™o

’
M0 cpg

(2)
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Aop  is the tensile stress loss of prestressing steel due to elastic deformation of concrete;

n is the elastic modulus ratio, (= Ep/Ec);

Ep is the elastic modulus of prestressing steel;

E¢ is the elastic modulus of concrete at the age of prestressing;

o'cpg  is the concrete stress at the centroid of prestressing steel due to prestressi

Friction between prestressing steel and sheath

—(uoa+Al
P =Pe (u )

where

Py isthe tensile force of prestressing steel at the design cross-section;

P;  isthe tensile force of prestressing steel at thejack position after considering

length;
U is the friction coefficient per radian ofangular change;
a is the angular change of prestressing steel;
A is the friction coefficient per‘unit length of prestressing steel;
l is the length from the tension end of prestressing steel to the design cross-s

Table 3 gives standard valuestof friction coefficients.

Table 3 — Friction coefficients

Type of prestressing steel u A
Wires and wire strands 0,30 0,004
Bars 0,30 0,003

$et length of anchorages

Tensile force losses of prestressmg steel due to anchor setting vary depending on the |

ng.

The tensile force of the prestressing steel at the design cross-section incorporating the effect of
friction between the prestressing steel and the sheath can be expressed by Eétmula (3):

(3)

the set

pction.

brestressing

sing wedge-

type anchorages, whlch lead to large set lengths the resulting tensﬂe force losses and affected

ranges shall be investigated.

The tensile force loss due to anchorage setting when there is no friction between prestressing steel

and sheath may be calculated by Formula (4):
E, AL Al

I

AP =

© ISO 2018 - All rights reserved
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where

is the tensile force loss due to setting of prestressing steel;
is the length of prestressing steel;

is the set length;

is the cross-sectional area of prestressing steel;

is the elastic modulus of prestressing steel.

When there|is friction between prestressing steel and sheath, it is advisable to determine theCtensile

force loss dye to anchorage setting by the diagram method as described below.

NOTE The diagram method takes the case of four pilasters shown in Figure 1 as an analogy.

Figure 1 — Circumferential prestressing steel arrangement for four pilasters

The anchorgge set length is expressed.as Formula (5):

Al = _AEP
Apl

p

6)

16
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Al is the set length;
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Agp  isthe area subjected to the effect of anchorage set;

Ap is the cross-sectional area of prestressing steel;

Ep is the elastic modulus of prestressing steel.

design cross-section, Figure’3 applies.

[

Figure 2 — Tensile force loss.of prestressing steel due to setting (a)

Determine point b at which Al Ap E, &Agp to determine Line a-b as illustrated in Figure
expresses the distribution of the(tensile forces of prestressing steel incorporating the
loss due to anchorage setting, The example above shows the case where (a) the effect ¢
getting does not reach the design cross-section. When (b) the effect reaches the boui

I

i

b 2. This line
tensile force
f anchorage
hdary of the

Figure 3 — Tensile force loss of prestressing steel due to setting (b)
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6.5.3 Effective prestressing force

The effective prestressing force shall be calculated in consideration of the following effects in addition
to the prestressing force immediately after prestressing calculated in accordance with 6.5.2.

a)

b)

18

Creep and drying shrinkage of concrete

The effective prestress shall be determined by calculating the tensile force loss of prestressing
steel due to the creep and drying shrinkage of concrete and the relaxation of prestressing steel.
The tensile stress loss of prestressing steel due to the creep and drying shrinkage of concrete may

be calculated by Formula (6):

noo’ +E_ g
Ao |0 T pEs (6)

PO o
1+nc—pt(1+£J
Opt 2

wher

1%

Aopp s the tensile stress loss of prestressing steel due to creep and dkying shrinkage of

concrete;
n is the elastic modulus ratio (= Ep/E¢);
Ep is the elastic modulus of prestressing steel;
10) is the creep factor of concrete;
€'s is the drying shrinkage of concrete;
o' is the stress of concrete under sustainedload at the position of prestressing steel

(for a tank wall, 0'cp may be regarded as prestress immediately after prestressing);

<

Opt is the tensile stress of prestressing steel immediately after prestressing;

—

o'cht  is the prestress immediatély after prestressing at the position of prestressing ste¢l.
Relaxatjon of prestressing steel

The tensile stress loss of prestressing steel due to relaxation of prestressing steel may be calcujated

by Formula (7):

AG 3 =0 (7)

where

Aoy /s the tensile stress loss of prestressing steel due to relaxation of prestressing steel
Y p g p g

y is the relaxation ratio of prestressing steel;
opt is the tensile stress of prestressing steel immediately after prestressing.

The effective tensile stress and effectiveness coefficient shall be calculated by the following

Formula (8) and (9):

Ope =0pt —A0 o —A0), (8)
c
n=—= )
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where

Ope is the effective tensile stress of prestressing steel;

Opt is the tensile stress of prestressing steel immediately after prestressing;

Aopgp s the tensile stress loss of prestressing steel due to creep and drying shrinkage of
concrete;

Aopy  is the tensile stress loss in tensile stress of prestressing steel due to relaxation of pre-
stressing steel;

n is the effectiveness coefficient.

\

q

q

6.5.4

Whe
nece

6.6

In th

completion) after completion, the effects of the creep and drying shrinkage of concrete can |

in th

In th
be gi
prog
be sl

The
the fi

6.7

The
effec
slow
one 1

(Vhen the effective prestress is calculated during outline design by roughly giving
tress of prestressing steel immediately after prestressing, opt, the effectiveness coeff

hould be precisely calculated.

Indeterminate forces due to prestress

h indeterminate forces are generated by prestressing forces, these shall be taken int
Fsary.

Creep and drying shrinkage of concrete

b calculation of cross-sectional forces.

e case where the completed tank is to\be left unfilled for a long time, indeterminate
bnerated at the bottom edge of the-tank wall, due to, for instance, differences in th
ress of drying shrinkage between the base slab and tank wall. The minimum reinfor
ecified in consideration of this effect (see 11.4.2.3).

effect of creep shall be in€orporated when the structural system changes, such as the
brm of supporting the bottom edge of the wall changes.

Effect of temperature

Hesign of a RG-water tank shall incorporate the effect of uniform temperature rise/d
t of temperdture gap between the inside and outside of the tank wall. However, beca
uniform temperature rise and drop may be considered to cause no temperature diff
nemberto another.

the tensile
cient, n may

Ibe assumed to be 0,8 to 0,85. When judged as disadvantageous by design calculation, however, this

b account as

e case where the tank is to be filled with water at an early time (within three npjonths after

be neglected

forces may
b age or the
rement shall

case where

rop and the
use of being
erence from

Whe

a’PC water tank is empty, temperature differences between the inside and outsidd

of the tank

wall are marginal, and therefore, their effect may be disregarded. When the tank is filled with water,
however, differences between the temperatures of water and air across the tank wall cause temperature
stress. Such temperature differences vary depending on the region, water source, season, weather, etc.
For these reasons, a design temperature difference (temperature gradient) of [5] °C may be adopted
when no detailed data are available. Note that the effect of temperature shall be considered by generally
assuming that external air temperature is higher than tank water temperature in summer and vice
versa in winter.
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6.8 Seismic action

The effects of an earthquake to be generally considered for the seismic design of a PC water tank shall

include:

displacement and strain of the ground during an earthquake;
inertia forces derived from the deadweight of structures;
earth pressure during an earthquake;

dynamic water pressure during an earthquake;

sloshing
lateral f

ground

6.9 Wind

The wind o
pressure by

When inves
having a ger]
greater thaf
investigated

Wind pressure shall be calculated by Formulae (10) and£11):

)\

b
)

low of the ground due to liquefaction;

strain in an artificially altered sloping ground.

load

ad, when required to be considered, shall be determined by multiplying the wind vel
the wind force coefficient and the projection area.

igating the bottom end stress and safety against overturaing and sliding of a PC water
eral shape, wind load is scarcely considered in particular, because seismic force is gene
) wind load. For a tank of particularly tall construction, the effect of wind pressure shj
for a “tank empty” condition.

he wind load (kN);
he wind velocity-pressure (kKN/m2);
he projectipiarea (m2);

he height from the ground surface (m);

pcity

tank
rally
1l be

(10)

(11)

hée-wind force coefficient (= 0,7 for a smooth cylindrical wall;

P, =qC
q=0,6+]
where

Py, ist
q ist
A st
h ist
C ist

=1

=0

;0 forarough cylindrical watl;
,4 for a smooth spherical wall; and = 0,6 for a rough spherical wall).

6.10 Snow load

The accumulated snow load shall be determined by multiplying the unit weight of snow by the maximum
snow accumulation of the region. The unit weight of snow depends on geographical latitude or altitude.

The unit weight of accumulated snow shall be established as not less than [30] N/mZ2 on a normal basis
for each cm of snow accumulation as shown in Figure 4. The value may be reduced to not less than
[20] N/m?2 for areas with a length of snow season of less than one month.

20
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Key
qnow load distribution

2 mnaximum snow accumulation
dome

6.1]LEarth pressure
In th

Figure 4 — Snow load

case where earth pressure acts on the PC watér tank, the earth pressure may be cplculated by

Ranlfine’s formulae. By Rankine’s formulae, the earth pressure is calculated using Formulaq (12) to (15)

(see Figure 5):

Vs
—J—PSh—I— !

Figure 5 — Earth pressure distribution

Psp =CwWH¢ (12)
, 1 2
}Sh = CeWSHS [13)
HS
=_S 14
Ys=73 (14)
1-sin
R (15)
1+sin¢,
where
psh  is the earth pressure;
Pgn  is the total earth pressure force;
Ce is the earth pressure coefficient;
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the unit weight of soil;
the height of the action point of earth pressure force;
the total height of earth pressure action;

the internal friction angle of soil.

In case of constructing a PC water tank where the groundwater level is high, the groundwater pressure
shall be considered in addition to earth pressure, which is calculated using the underwater unit weight.

Note that t

rce.

When the t3

6.12 Uplift

In the case
regarding th

When the b

nk is empty, however, it shall be added to the prestressing force.

e r‘nmproccnrn Fr\rr‘o r]nn f'n navf}'\ pvoccnrn c‘]n')” nr\f ]‘\n ')r]r]or] to fl‘\o pvocfracc!ng £

pressure force

where uplift pressure forces act on the bottom of the tank, investigation shall be made

le uplift of the whole tank and safety of the base slab.

ase slab of the tank is located below the groundwater level or«man ill-drained gr¢

measures shall be taken not to cause uplift pressure on the base slab. Howéver, when the base sl

subjected td

uplift pressure, examination shall be made in regard to uplift in a “tank empty” cond

and safety of the base slab.

6.13 Other

In the case
separately d

7 Struct

7.1 Calcu

The roof, w4
Analysis me
analytical s

The roof, wd

loads

vhere the tank is subjected to loads other than those described in 6.2 to 6.12, these shi
onsidered.

ural analysis

lation of member force

1l and base slab composingaPC water tank may be analysed as thin-wall shell construg
thods, which are described in detail in Clause 11, include those using finite element;
lutions.

111 and base slab eonstituting a PC water tank, which is generally made as an axisymmj

structure, sl

all be designed-avoiding abrupt changes in the cross-section to the extent thatitis pos

und,
ab is
ition

]l be

tion.
and

etric
sible,

since such changes can daniage the characteristics of a thin-wall structure. When an abrupt chanfge in
tion is inevitable, the structural characteristics of the tank shall be thoroughly exan
ber forceshall be calculated by a method suitable for the structural characteristics.

the cross-se
and the me

this structure may be modelled as thin-wall shell elements dlsregardmg shear deformatlon However

lined

may

alysis,

sufficient care should be exercised when modelling abrupt cross-sectional changes or junctions

between str

uctural elements by FEM.

7.2 Concrete

7.2.1 Strength

The strength of concrete to be used for design shall be based on the strength at an age of 28 days.

22
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The characteristic strength of concrete for use in prestressed concrete members shall not be less than
the following values:

— Post-tensioned: f'cx = [30] MPa;
— Pre-tensioned: f'ck = [35] MPa.
The characteristic strength of concrete for reinforced concrete members shall not be less than [24] MPa.

The compressive strength of concrete to which prestress can be applied to shall be notless than 1,7 times
the maximum compressive stress to be generated in the concrete immediately after prestressing.

7.2.1 Modulus of elasticity

The glastic modulus used for calculating the stress of reinforced concrete membetrs shall be 14 GPa,
accordingly, the elastic modulus ratio, n, may be set at 15.

The |elastic modulus used for the calculation of indeterminate forces or‘“elastic deformation of a
reinforced concrete member and the design calculation of prestressed-concrete membegrs shall be
detefmined depending on the characteristic strength of concrete. Its examples are given in[Annex D.

7.2.3 Poisson’s ratio

Poisdon’s ratio to be used for design calculation may generally be assumed to be 0,2 if the elastic
defofmation range.

7.2.4 Drying shrinkage

The degree of drying shrinkage of concrete toybe used for calculating the prestress 1pss shall be
determined depending on the age of concrete at\prestressing. The examples are given in Arqnex D.

7.2.§ Creep

The |creep strain of concrete may be determined by Formula (16) on the assumptign that it is
propprtional to the elastic strain.due to the acting stress.

, o'
(=0 (16)
where

4'c is the\Creep strain of concrete;

() is'the creep factor of concrete;

s is the compressive stress of concrete under a sustained load;

E. is the elastic modulus of concrete.

The creep factor for calculating the prestress loss and indeterminate force shall be determined
depending on the age of concrete when a sustained load is applied. The examples are given in Annex D.

When the general creep factor is not applicable, the creep factor of concrete shall be separately
determined in consideration of factors including the ambient temperature of the member, shape and
size of the member cross-section and age when the load is applied to the member. The creep factor at
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an effective age of te of concrete subjected to a load at an effective age of to, @(te, to), may generally be

determined by Formula (17).

¢(te,to)=0aoBa(te —to)+oro[ Br(te)—Be (o) ] (17)
where
®do is the basic creep factor for delayed elastic strain and is generally assumed to be [0,4];
P10 is the basic creep factor for flow strain and a value is selected from Table 4 depending
onthaanuironmantal conditionc.
Ba(te - t§) is a function related to the effective number of days after loading, (te - to). Avalue
read from Figure 6 may be used;
Br(te) is a function related to the effective age, te, and the virtual thickness dfithe member,
hth-
A value read from Figure 7 may be used;
Br(to) is function Brrelated to the effective age, to, and the virtual thickness of the member, hip,.
toand tp  are the effective ages (days) of concrete when concrete-is loaded and when the crgep
factor is calculated, respectively. Values corrected aceording to Formula (18) may|be
used depending on the concrete temperature and:¢ement type.
te orty FoX(T+10)At /30 (18)
where
a is alcoefficient for the hardening rate of concrete. 2,0 and 1,0 for high early strength
Porfland cement and ordinary Portland cement, respectively;

At istI
T ist

fhickness of the ie€mber, hyy, is defined in Formula (19).

The virtual

e number of days when théjtemperature is T;

e temperature difference (°C).

ha =2AefAc /u (19)
where
hi,  idthe virtnal thickness of the member;

Ae is the environmental factor (see Table 4);

Ac is the cross-sectional area of the member;

u is the perimeter of the member in contact with ambient air.

In regard to the environmental conditions for determining ¢fg and hyp, the relative humidity in a “tank
empty” condition may be assumed to be 70 %. In a “tank full” condition, the relative humidity may be
assumed to be the average of underwater and 70 %. Also, the perimeter of u may be considered only on
the outer side when the tank is full.

24
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Table 4 — Basic creep factor for flow strain, ¢ and A,

Environmental conditions @10 Ae
Underwater 0,8 60
90 % R.H. 1,3 10
70 % R.H. 2,0
40 % R.H. 3,0
1,00
0,80 —=
1
0,60 ==
) ) }
Q,
0,40 T
/
0,20
0
1 2 46 10 100 1000 10 000

1 te-to(day)

Key
1  gffective time after loading

Figure 6 — f4(te= to)
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, — /4/ w3 L | 1,40
« 1,20 V 0 1= 1 14 ~ 1,25
AdV4Wd - -
= 1,00 P4V 4D 4 8,()/’ o
. 2
0,80 jl/ > iV o il D el
ZZ A - L~
0,60 1| 1 <160 cin
=1 1L
0,40 =
-
0,20 ?—
1 1 1
1 2 46810 100 1000 10 000
1 e (day)

Key

1  effective time after loading

2  final'value

Figure 7 — S¢(te)

7.3 Steel

7.3.1 Strength

Reinforcing bars, prestressing wire, prestressing strand, prestressing hard drawn wire, prestressing
bar and welded wire fabric shall conform to the relevant ISO standards:

— Steel for reinforcement: ISO 6935-1 for plain bar and ISO 6935-2 for ribbed bar;
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Steel for prestressing steel:

6934-2 for cold-drawn wire;

6934-3 for quenched and tempered wire;
6934-4 for strand; and

6934-5 for hot rolled steel bar.

Modulus of elasticity

The elastic modulus of steel for design calculation may be set at 200 GPa.

7.3.3 Relaxation

As to the af
shall confor

7.4 Calcu

When tensile stress is generated in the cross-section of a prestressed conicrete member during loa

it is necessa

For a memb
loading acti

(Primary log
Level 1 groy

The cross-s
tensile stre{

parent relaxation ratio of prestressing steel for calculating the prestressyloss, the v
n to the relevant ISO standard as presented in 7.3.1.

lation of tensile reinforcement

ry to place corresponding tensile reinforcement in the region under tensile stress.

er in which prestressing steel is not bonded with concrete, the following combinati
bn shall be considered:

ad + particular load corresponding to primary-load) + [1,35] x (effect of earthqua
nd motion)

s is to be generated may be calculated by Formula (20).

the cross-sectional area of tensile reinforcement;
the resultant force of tensile stress generated in concrete;

the tensile stress limit.

4y
O-Sc
where
Ag i
Tc i9
Osa 19
The stress

istribution in a cross-section may be assumed as that shown in Figure 8 and the res

bctional area of tensile reinforcement toybe placed in a cross-section of the region w

hlues

ding,

bn of

ke of

rhere

(20)

ltant

tensile force, T is calculated by Formulae (21) and (22).

= ot
t lo.|+o
1
TCZEth|GC|
where
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Xt is the distance from the tension edge of member to neutral axis;
oc is the tensile stress of concrete;
o' isthe compressive stress of concrete;
b is the width of member;
t is the tank wall thickness.

A\

Tc
S
© Xt
v
t
Figure 8 — Stress distribution diagram
Ribbgd bars should be used for tensile reinforcement.gs4 may be determined by multiplyiy

limit
coml
pres|
surfa

N

8

8.1

In re
load
conc

The
load

coefflicients'given in Table 5.

The

of reinforcement for general members by the extra coefficient given in Table 5 acco
ination of loads to be considered. Since no, tensile-crack-width-controlling effect is ex
ressing steel placed near the centroid of-a'cross-section, only prestressing steel pla
ce shall be regarded as tensile steel.

btress limit

General

gard to stress generated in a cross-section of each member under a primary load an
equivalent to a primary load, the stress limits of a reinforced concrete member and
Fete member shallbe the values specified in 8.2 and 8.3, respectively.

btress limitfOr incorporating the subsidiary load and a particular load equivalent to
shall be €he values obtained by multiplying the stress limits specified in 8.2 and 8.3

fensile stress limit of concrete in a prestressed concrete member for incorporating

1g the stress

rding to the

pected from
ed near the

d particular
prestressed

h subsidiary
by the extra

h subsidiary

load

and a particular toad equivalent to a subsidiary load shall be the values speciiied in 8.3.4. The

stress limit immediately after prestressing specified in 8.3.1 and 8.3.2 shall not be augmented.

NOTE 1

serviceability (water leakage, etc. for serviceability limit state) verification.

NOTE 2

the probability of load combinations.

NOTE 3

© ISO

Examples of stress limits are given in Annex D.

2018 - All rights reserved

The stress limits specified in this document are equivalent to the safety (ultimate limit state) and

The extra coefficient specified in this document is to increase the stress limits in consideration with
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Table 5 — Combinations of loads and extra coefficients for stress limit

Combination of loads Ex_tr_a
coefficient
a) |Primary load + particular load equivalent to primary load + effect of temperature [1,15]
(temperature difference) ’
b) |Primary load + particular load equivalent to primary load + wind load [1,25]
c) |Primary load + particular load equivalent to primary load + effect of a Level 1 [1,50]
ground motion !

1= L. £ = L ph | o 1
8.2 Stressgtimitofreinforcedconcretenrembers

8.2.1 Strgss limit of concrete

The comprefssive stress, shear stress and bond stress limits of concrete shall be deterthined to erjsure
performanck requirements of a PC water tank.

The bearing stress limit of concrete shall be the value calculated by Formula (23).

A
0'{)3= 0,25+0,05—~ fok (23)
Ay,
Oha <05 (24
where

0’ba idthe bearing stress limit of concrete;
Ac id the total area of the concrete surface;
Ay igthe area of concrete subjected to'bearing load;

fck  i9the characteristic compressive strength of concrete.

8.2.2 Strdss limit of reinforcement

The stress limit of reinforcemént with a diameter of not more than 32 mm shall be determined taking
into account the performancerequirements of a PC water tank.

The stress limit shall be.dpplied for members in contact with water in consideration of the fact thaga PC
water tank requiresivatertightness. However, those for general members should as a rule be appliged to
portions not in contact with water or effectively waterproofed portions.

When considéring a combmatlon of a prlmary load, partlcular load equlvalent to a prlmary
and subsidiar r
members by the extra coeff1c1ent given in Table 5.

8.3 Stress limit of prestressed concrete members

8.3.1 Stress limit of concrete

The compressive, shear and diagonal tensile and bond stress limits of concrete shall be determined
taking into account the performance requirements of a PC water tank.

The bearing stress limit shall be the value specified in 8.2.1. As to the backsides of anchorages,
verification of bearing stress may be omitted by confirming that the compressive strength of concrete
specified in 7.2.1 is attained at the time of applying prestress.
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8.3.2 Tensile stress limit of prestressing steel

The tensile stress limit of prestressing steel shall be determined taking into account the performance
requirements of a PC water tank.

8.3.3

Stress limit of reinforcement

The stress limit of reinforcement shall be as specified in 8.2.2.

8.3.4 Augmentation of tensile stress limit of concrete

Thet
of th

Whe

established on a case-by-case basis in consideration of a PC water tank.

9

9.1

9.1.1

A PC
an ed

facility.

For 9

the grea shall be taken into consideration to Select a method suitable for these characterist

In gg
and {
wate

9.1.2

Fors
Leve
the 1
prob|

NOTH
inlan
this 1

ensile stress limit of concrete considering a subsidiary load shall be determined with-a
e flexural and axial tensile stress limits.

h considering a particular load equivalent to a subsidiary load, an adequate”valu

Jerification of safety against earthquake
Principles of seismic design

General

water tank shall be designed to ensure the performance that a structure should r¢
irthquake with respect to the combination of the.ground motion level and the impor

eismic design, the construction characteristics of the structure and the ground charg

neral, the PC water tank is often.adopted to prevent a secondary disaster during an
o that water storing function shall' be ensured such that storing water can be used a
r. Therefore, the PC water tank shall be designed as high degree of importance.

Ground motion levéls

eismic design, Level-l-ground motion and Level 2 ground motion shall be considered 4

1 ground motion represents an event with a probability of encountering once or t
ife of the facility and Level 2 ground motion represents stronger ground motion W
nbility of encéuntering.

Level’ 2 ground motion includes large-scale plate-boundary earthquakes occurring n|
H near:-field earthquakes. Though the probability of a waterworks facility encountering a groy
byel i's generally low, its impact, once encountered, would be serious.

rombination

e should be

btain during
tance of the

cteristics of
ics.

earthquake
5 emergency

S necessary.
wice during
ith a lower

ear land and
nd motion of

9.1.3

Levels of earthquake resistance

A PC water tank is required to retain the level of earthquake resistance specified in Table 6 as a
standard against each ground motion level. The functions of the PC water tank are retainable even with
minor damage to the tank.

© ISO
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Table 6 — Earthquake resistance level required for a PC water tank

Ground motion level Earthquake resistance level

Level 1 No damage
No severe impact on human life and fatal accidents.

Level 2 T}?e funkctions of the PC water tank are retainable even with minor damage to
the tank.

9.1.4 Effects of earthquake

For seismic pesigmofa PCwatertank; the foltowing effectsof amearthquake sirath beconsidered:
— displacgment and strain of the ground during an earthquake;

— inertia force derived from the deadweight of the structure, etc.;

— earth pressure during an earthquake;

— dynamig water pressure during an earthquake;

— sloshing;
— lateral fllow of the ground due to liquefaction;

— strain of the ground in artificially altered sloping ground.

However, thg earth pressure during an earthquake can be ignored because it is a subsidiary load in a PC
water tank ¢gonstructed on ground where this document is applied. When water colliding with the roof
does not affect the roof, the effect of the sloshing can be ignored.

9.1.5 Seigmic design procedure

Seismic design shall basically follow these procedures:

— select the construction site;

— carry olit ground survey and soil 'exploration at the site;
— investigate the ground conditions;

— calculate the earthquakepesistance;

— verify the earthquake resistance level.

9.2 Inputearthquake motion

9.2.1 Sei lll;b dcaigu lllCthUd

Resistance to Level 1 ground motion shall be calculated basically by elastic analysis and as a rule by
the seismic coefficient method. It is necessary to appropriately establish the design seismic coefficient
depending on the ground type and the natural period of the structure.

Resistance to Level 2 ground motion shall be calculated as a rule by the seismic coefficient method.
However, in the case of a PC water tank with a large scale and complicated shape, it is advisable to carry
out dynamic analysis as well, as necessity arises, to verify safety in consideration of its characteristics
(natural period).
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The natural period of a PC water tank in a “tank full” condition may be determined by Formulae (25)
and (26):

2 ’ 2
=T 20 )0 B (25)
R {\|3gE H

tanh (@ ]
H

R
’r_ +q0

q=q (26)
Lo J3R
H
where
i is the thickness of the tank wall;

R is the tank radius;

N is the total water depth of the tank;

4 is the gravitational acceleration;

E is the elastic modulus;

41 is the unit weight of the wall;

go  isthe unit weight of the liquid (water).

For 4 PC water tank having an irregular shape, the seismic coefficient method may not be capable of
fully|expressing its behaviour during an earthquake. In such a case, it is advisable to verify the results
of thp seismic design based on the seismic:coefficient method by dynamic analysis in congideration of
the dharacteristics (natural period) of thé-structure. During this process, nonlinear propgrties due to
decrease of rigidity may be considered\for modelling the structure. Analysis may also be cpnducted by
the equivalent linear method.

A PC|water tank to be built on-ground generally has a simple shape of a cylinder and a relatively short
natural period. For such a tank; design by the seismic coefficient method is sufficient withput dynamic
analysis.

9.2.7 Design seismiic¢ coefficients for the seismic coefficient method for Level 1 ground motion

The [design horizontal seismic coefficient for Level 1 ground motion (Kn1) shall be determined as

Formula (273
Kny<CKno (27)

where

C; is the correction factor by region (level of seismic hazard);
Kno1 is the standard horizontal seismic coefficient at the position of the centroid of the structure.

The response of a waterworks facility to ground motion varies depending on the intensity, period
characteristics and duration of the ground motion, ground type, type of the structure and type of the
foundation. The standard horizontal seismic coefficients shall be based on the acceleration response
spectrum curve for each ground type determined by analysing strong motion seismograms in each
region. C; and K1 may be estimated referring to ISO 3010 or Annex B.
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When considering the design vertical seismic coefficient (Ky1), the value shall be determined by
Ky1 = Kn1/2. For the seismic calculation of a normal structure, consideration of the effect of ground
motion only in the horizontal direction is sufficient for constructing an earthquake-resistant structure.
However, it may be desirable for certain types or parts of structures, such as anchorages to the
foundations of tank structures having standpipes and the overhanging bottoms of elevated water
tanks, to investigate the effects of vertical ground motion.

9.2.3 Design seismic coefficients for the seismic coefficient method for Level 2 ground motion

The design horizontal seismic coefficient for Level 2 ground motion (K}2) shall be determined as

Formula (28):
Kz =C4Kno2 (28)

where

Cs id the characteristic coefficient of the structure. This shall be appropriately established
far the degrees of the response attenuation and plastic deformability of the structure.
Hlowever, Cs = 0,45 may be assumed for a PC water tank of a generalshape;

Knho2 i9the standard horizontal seismic coefficient at the position of the centroid of the structure.

The standaid horizontal seismic coefficient for Level 2 ground motion at the position of the cenftroid
of the strucfure as specified for each ground type is beyond the scope of this document. K02 shgll be
estimated r¢ferring to ISO 3010 or Annex B.

The structufe characteristic coefficient, Cs, should be determined by Formula (29):
Cs=D.b, (29)

e

where

Dpe igthe correction factor dependent on damping constant. This may be assumed to be 1,0
when the damping constant is-5 %;

Dy iqthe response reductionratio due to plastic deformability determined by Formula (30].

p—— 1t (30)

7 [

where
Qy ig the yield load of member;
Qa is the load at the time of allowable displacement;

n is the mean cumulative plastic magnification expressed by Formula (31).

n=— (31)

60 is the cumulative plastic deformation;

6y  istheyield displacement.
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NOTE With regard to a general shaped PC water tank with a capacity of 1 000 m3 to 30 000 m3, it is possible
to determine Dy, = 0,45, that s, Cs = 0,45.

When considering the design vertical seismic coefficient (Ky2), the value shall be determined by
Ky2 = Kn2/2.

9.2.4 Seismic input for design by dynamic analysis

When using dynamic analysis to verify for the safety, the following seismic waves shall be used: seismic
waves conforming to the velocity response spectra of bedrock and the acceleration response spectra of
surface ground or actual seismic waves observed near inland faults at site.

For defining the seismic wave, the requirements of ISO 3010 or Annex C may be used.
9.3 | Verification of structural safety
9.3.1 Effects of earthquake

9.3.1.1 General

The effects of an earthquake to be considered shall include the following:

— Iwrtia force derived from the deadweight of the structurg) etc.;

ynamic water pressure during an earthquake

The |nertia force derived from deadweight, etc. and‘dynamic water pressure during an arthquake,
which shall be specifically considered in the verification of seismic safety of a PC water tank are
specified in detail.

9.3.1.2 Inertia force derived from deadweight, etc

The Inertia force derived from the déadweight and imposed loads of the structure shall be[determined
by multiplying their respective weights by the design seismic coefficients specified in 9.2|2 and 9.2.3,
givirlg sufficient considerationto:the characteristics of the structure.

9.3.1.3 Dynamic water pressure during an earthquake

As dynamic water préssure during an earthquake, the following shall be considered:

— (dlynamic water pressure responding to short-period components of an earthquake (impulsive
ressure);

— dynaryic water pressure responding to relatively long-period components of an [earthquake
cenvective pressure)

In addition to the above, pressure due to the elastic deformation of the tank and pressure due to rocking
are conceivable as pressure acting on the tank during an earthquake. However, their effects on PC water
tanks of a general shape are so small that these may be disregarded.

The Housner method and velocity potential method are representative methods of calculating dynamic
water pressure during an earthquake. Other methods include the finite element method, boundary
element method and transfer matrix method. Any of these methods should be used for calculating
dynamic water pressure during an earthquake.
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The contained water, when divided into solid that can be regarded as solid mass and solid oscillating
mass that vibrates, can be replaced with a so-called spring-mass model. The weights of solid mass and
solid oscillating mass of water and the impulsive and convective pressures are related as follows:

where

Table 7 com

as, Ar

WS! WI'

Pys(£),
Pwr($)

50
H

g H ¢2rm 2
aS_WSIo _[0 Py (E)Rcos?0d0dE

—i H ¢21 2
ar—Wr Io Jo P, (§)Rcos“0dO¢

(32)

(33)

of the s-th mode;

of the s-th mode;

on the tank wall;

is the water depth.

Housner method

are the response acceleration of solid oscillating and solid mass points, respectively,

are the weights of solid oscillating mass of water and solid mass of waterjrespectively,

are the maximum convective pressure and impulsive pressure, respectively,

pares the formulae used in the Housner method and the velocity potential method.

Table 7 — Formulae for calculating.dynamic water pressure

are the distance from the water surface and angle of earthguake to the horizontal plane;

Velocity potential method

ws? 1,8379 tanh| 1,837 k, I tanh| k2
R R R R
2R H
W 0,3189£tanh 1,837E W Z—tanh ks— W
H R (k& -1k H R
tanh \/§5 oo
H
W J_jw W= W,
BE 1
3= 5=
H
Pr KW, KW,
W, W,
Ps WSy, Wgo
) g
cosh(1,837%)—1 K H
hsg 1- o o H H——tanh(;sﬁ]
1,837 —sinh| 1,837 — §
R R
3 1| WH <
hrg —H e __ZWshsE
8 Wy s=1
34 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=c0202cc7c1a05e1ffa77f35c46542af3

ISO 18407:2018(E)

Table 7 (continued)
Housner method Velocity potential method
cosh (1,837%)—2,013 H
hg 1- m m H H ——{coth(kS EJ—Zcosech[ks —H
1,837 —sinh| 1,837 — S
R R
2 &0
hl 1 * ~1|H L LA e < Whg
W.| 2 2H
tanh| /3 — s=1
R
B3=
L H J
2 R o cosh(k s HT?]
Pur(E) Japko | &L & |ann[ 3R phyr[1-25
H H = k%_1 H
s=1"s cosh|l kg —
R
sinh| +/3 r oo J1| ks =~
V3 H 1 R
Por (1) 7pKhH 2 pK,, r—ZRZ > =
cosh(ﬁ—) s=1ks =1 (ks)ccsh[ks—J
H R
R 2 cosh(1,837HTj§) R cosh[ksHT?é:)
Pus(E) 0,340 Zp[—] W3S, - 2p— 0,8, — -
g sinh[1,837—] g ks —1 cosh[l'S —]
R R
2 3 kKl
R\ 3 ry 1 1 J1 [ j
£ = - - R R
Pos(i) 0'5104"(9} wSSV[[R) 3 R” O HY| 2008 -
sinh| 1,837 g Ki-1, (ks)COSh(ksE)
wheite
w is the total weight of contained water;
wWs is the natural circular frequency of the s-th mode;
Wi is the weight of solid oscillating mass point of the s-th mode;
Wy is the weight of solid mass point;
Py is the horizontal force acting on solid mass point;
Py is the horizontal force acting on solid oscillating mass point of the s-th mode;
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hsg, hrE are the distances from the tank bottom to the solid oscillating mass point and
solid mass point, respectively, when the dynamic water pressure acting on the
base slab is disregarded;

hg, hyp are the distances from the tank bottom to the solid oscillating mass point and
solid mass point, respectively, when the dynamic water pressure on the
base slab is considered;

Pwr (), are the maximum impulsive pressure and convective pressure, respectively,
Pyws(&) acting on the tank wall;
Pyr(1), are the maximum impulsive pressure and convective pressure, respectively,
Pys(r) acting on the base slab;

subscript s is the mode number of solid oscillating mass point (s = 1 in the Housner méthod);
s =1 is also normally sufficient in the velocity potential method;

9,.pP are the gravitational acceleration and unit weight of water, respectively;
R, H are the tank radius and water depth, respectively;
ks

is the positive root that satisfies %[}1 (ks )] =0 (seeTable 8);

S
Sv is the velocity response spectrum;

Kn is the design horizontal seismic coefficient (K41 and Ky for Level 1 and
Level 2 ground motions, respectively);

J1 is the vessel function (refer to Table-9);
&r are the vertical distance from water surface and horizontal distance from the

centre of the tank, respectively.

Table 8 — ks

ks
1,841
5,331
8,536
11,706
14,863

Ul B W N R Y

I'able ¥ — Vessel tunction, /1
J1 (ks r/R)

r/R 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 09 1,0

s=1| 0,0{0,09166|0,1810| 0,2658| 0,3438| 04132| 04722 0,5195| 0,5540| 0,5749| 0,5819
=2| 0,0| 0,2572|0,4609| 0,5698| 0,5647| 0,4520| 0,2619| 0,04075| -0,1605| -0,2981|-0,3461
=3| 0,0/ 0,3891|0,5782| 0,4815| 0,1732|-0,1615|-0,3387| -0,2815|-0,05649| 0,1776| 0,273 3
=4| 0,0/ 04906/|0,5322| 0,1324|-0,2753|-0,3029|0,00240| 0,2575| 0,1884|-0,08690(-0,2333
=5| 0,0| 0,5560|0,3492|-0,2198|-0,2871| 0,1179| 0,254 2|-0,05645| -0,229 4| 0,01155| 0,207 0

Impulsive pressure is never simultaneous with convective pressure. Impulsive pressure is greater
than convective pressure on general PC water tanks. Investigation of the effect of convective pressure
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may therefore be omitted for a tank with a small diameter causing small sloshing. Also, these can be
combined by determining the square root of the sum of squares.

When approximating the distribution of dynamic water pressure during an earthquake by a simple
form, the shape should envelope the object dynamic water pressure distribution to the extent that it is
possible. Figure 9 illustrates a typical example of approximated dynamic water pressure distribution.
The pressures at the upper and lower edges should be determined by Formulae (34) and (35):

Py :\/sz +Py)° (34)

p,=—1u 1 (35)

wherte

Py isthe dynamic water pressure at upper edge;
P is the dynamic water pressure at lower edge;
Por  isthe impulsive pressure at lower edge;

P1y  is the convective pressure at upper edge;

P11 isthe convective pressure at lower edge.

BOW N R

Key

1 irnpulsive pressure

2  convective pressure

3 root mean square combination
4  trapezoidal rule

Figure 9 — Approximation of dynamic water pressure distribution

9.3.2 Combination of loads

As to the combination of loads for verifying the degree of safety, only the “tank full” condition shall be
considered because it is not likely the tank is kept empty for long time.
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As to the combination of loads on a filled PC water tank, the imposed loads, the effects of creep and
drying shrinkage of concrete, temperature and wind loads can be ignored from the list of loads given in
Table 1. However, loads that strongly affect the tank wall shall be considered as necessary.

9.3.3 Calculation of member forces

Member forces induced by Level 1 and Level 2 ground motions shall be calculated by assuming the tank
body as a thin-wall shell structure in consideration of the characteristics of the loading action during
an earthquake.

Dynamic water pressure and the inertia force of the structural framing that act during an earthquake

are distriby
therefore, c
Fourier seri
is difficult t
the axisymr]

X=0

Y=0

Z =P1 - cosH

where P is

at 0 =180°.
a)

Key

1 acting di

the dynamic water pressure

Dynamicwdter pressure

Fectiotref earthquake force

ted non-axisymmetrically in the circumierential direction as shown in Figure 10.
bnvenient to analyse the loads, displacements and member forces by expanding thén} in a
s in the circumferential direction and using axisymmetric shell elements. However, si
b determine them in an analytical manner, the analysis may generally be carfied out yising
hetric thin-wall shell finite element method, which can be expanded in a Fourier series.

X=0

Y=Kp-pc:t-sinf

Z=Kp-pc-t-cosO

where

Ky, is the design horizontal seismic coefficient;
pc is the unit weight of concrete (wall);

tis the wall thickness.

b) Inertia force

It is,

hce it

Figure 10 — Load distribution during an earthquake

In the case of a general PC water tank, the displacement and member force of the tank wall may be
approximately determined by the following method.

38
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a) Calculation of circumferential axial force and vertical bending moment
1) Dominant formula of cylindrical shell subjected to non-axisymmetric loads

The dominant formula of a cylindrical shell on which non-axisymmetric loads act is approximately

obtained using Formula (36):

2
d* 12({1-v d%P. (x
W:O‘f‘ ( 2 )WXOZl #—%Po(X)—qO(X)'FClX'FCZ (36)
dx ( Rt) K dx R
where
Wx0 is the radial displacement of the tank wall at the point of maximum
dynamic water pressure (6 = 0°);
K is the flexural stiffness.
Po(x) Hox
=], (H-x=&)po(&)d
dPy (x) H=x
=— d
b [, pol&)ae
dZPO (X) ( )
= p X
dx? 0
po(x) is the radial component of thetload;
qo(x) is the circumferential component of the load;
dP, (0
¢ __v dK(0)
RZ dx
2+v
C2 = R_ZP 0(0)
X is-the distance from the lower edge of the tank wall;
& is the distance from the upper edge of the tank wall;
R is the tank radius;
H is the total water depth of the tank;
% is the Poisson’s ratio.

The left-hand member of Formula (36) has the same form as the dominant formula of a cylindrical
shell subjected to axisymmetric loads. For this reason, the member force on a cylindrical shell
subjected to non-axisymmetric loads can be determined by conversion shown below using
displacements and member forces determined under loads assuming that the equivalent load in the
right-hand member is axisymmetric.
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2) Equivalent loads
i) Impulsive pressure (velocity potential method)
b'¢
2 2| cosh| k, —
H-x > S
Py (x)=pKyR %—22 21 (f ](H x)tanh[k —) [ J II;
s=1ks =1 {{%s cosh[ks—]
R
dZP( [ - rnch([zbiww
0\X 1 R
T =po(r)= prpi|1-2%
dx s=1ks -1 cosh(k —]
°R

_vpKy, - 1 (R H
€=t H+2§_“k2_1 - [—tanh(ksﬁﬂ (37)
s=1"s 5

ii) Convective pressure (velocity potential method)

2pRo,S, 1 R H RZCOSh!kS%l
Py (x)=[-22s2y (—J(H—x)tanh(ksﬁj+{—J -1

2
g ks -1 k cosh[kS %]

S N

]

S

K|k, =
d*Py(x) 2pRwsS, 1 COS(

2 | 2
dx g ks—lcosh( _J

=

v

S

20p0.S
ke e SR N B N (38)
ke R

| i )

Cz=2+v POy 1 LEJHtanth £J+L£J S
2 S
R 9 ke-1|\ks R ks cosh[kS ﬂ)
R

qo (x)=0

=
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iii) Dynamic water pressure approximated to trapezoidal load
o 3 a1x+p 2
Py ()= EL (H-x)° + T (1)
d?py(x
o (x) =0y x+ By
dx
o
R* | 2
( 2 =2+_U 2 ﬂ]—]+/j_1
R? 3 2
9o (X) =0
where
a1 istheload gradient as defined in Figure 11 (The gradient shown in the figurg
is assumed to be negative.);
p1  istheload at lower edge of the tank wall.
R t
a1
H 1
—
Figure 11 — a7 and 1
iv) Inertia force of the structural framing
2
Fodx)=ao (x)(H-x)
d*Py (x)
——==2q9 (x
dx? ( )
2vqq (x)H
Cy= 2 (40)
2+v 2
Cz —R—qu (X)H
qo (X) =Kppct
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where
Ky  isthe design horizontal seismic coefficient (K1 and Ky, for Level 1 and Level 2
ground motions, respectively);
De is the unit weight of concrete;
t is the tank wall thickness.
3) Conversion of member force
The circumferential axial force due to non-axisymmetric loads, Ngg—and the vertical bep dlng
moment, Myo, are determined by the following Formulae (41) and (42):
Et 2-v— 2
Npo =~ Wxo =7~ Mx =2 P (x)+R(C1x+C5) (41)
2
T 1(t
M, o=M,—| = | Py(x 42
x0 X" 12 [R ] 0 ( ) (42)
where
YR is the vertical bending moment obtained by axisymmettic'dnalysis under equivalent lpads;
X
Wwxo | is the radial displacement obtained by axisymmetric analysis under equivalent loadq (the
same as radial displacement under non-axisymineétric loads).
The valyies obtained by multiplying the determined gember force by -1,0 and +1,0 are taken as the
membef forces at 6 = 180° and 8 = 0°, respectively-
When cpnducting axisymmetric analysis under equivalent loads, displacement and member force
of the tank wall may be determined by using the formulae for displacement and member forde for
the cas¢ where arbitrary trapezoidal loads partially act on the tank wall. When equivalent Joads
are approximated to trapezoidal loads; the trapezoidal loads shall be approximated so that|they
would envelope the equivalent loads:
Gy
we =C1m4(ﬁ§)+ﬁ[mz(ﬁ§)+m3(ﬂ§)]+51 (é) (43)
Et
N,= % we (44)
. 2
My =4 {cl (5287 )my (BE)+CoB[~my (BE)+ms (BE)]+6s (5)} (45)
where
K is the flexural stiffness;
B is the characteristic value of the tank wall;
& is the distance from the upper edge of the tank wall.
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_ —k(iy,2)g(iy)+k(iy,2)g(iz)
k(iy,1)k(iy,2)—k(iy,2)k(iy,1)

—k(iz,1)g(i1)—k(i1,1)g(iz)
k(iy,1)k(iy,2)—k(iy,2)k(iy,1)

i1, i see Table 10.

Table 10 — i1 and i»

i1 ip

Unrestrained support

Hinged support

Fixed support 1 2

)
N

2,1)=k(3,2)=B{-m, (BH)+m3(BH)}
3,1)=k(4,2)=-2B%m, (BH)
4,1)=-28>{my (BH)+m3 (BH)}

W1 1

g 1)=—4—4[—m4 {B(H-1y)femy{B(H-15)} |+

> =)
N

wy 1 (L=l 1
K IL-1i| 4% 8p°

wy 1
747[1—’”4{13(1”—12 )}

51(2)=7$[m2 {B(H=1)}=m3{B(H~1y)}-my{B(H~1I)}+ms{B(H~1, )}]+

WZ 1 ( 1 \l_m fﬁ/H ] 1 fﬁ/ll ]
K 12_11L 4ﬁ4JL P I M P 1)y

9(0)=" 5zl m B -1 )}-m (B (- ]+

[mz{ﬁ(H—11)}]+m3{ﬁ(H—l1 )}=mz{B(H=1p)}=my{B(H-1;)} |-

[1112 {ﬁ([’[ 112 )} msy {ﬁ(H—IZ )}:|

e T R LS U I T

o
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44

2p
¢
| 1
R tb—w: L
4
I
Figure 12 — Symbols
Definitipns of the symbols are given in Figure 12.
my (BE |=sin(BE)sinh(BE)
my, ( BE )=sin(BE)cosh(BE)
mg (BE )= cos(BE)sinh(BE)
my (BE)|=cos(BE)cosh(BE)
0<&<
Gy (£)=G3(£)=0
I <é<,
G ()= [1mma (- S S (- e [B( -1}
1 Kap 4 1 K 1, \48* gpol 2 1 3 1
‘%(5%:%%5%7"H{ﬁ(5‘ﬁ)*J%%Eizzziﬁ{"b{ﬁ(g—HJ}‘”%{ﬁ(é‘h){
l,<E<H
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6 ()= el malpe-t)beme B~ ]+
%12 ill <Ii;il _8;5 [mz{ﬁ(§—11 )}+m3{ﬂ(5—11 )}—mz{B(é—lz)}—mg{ﬁ(é—lz)}]>_
wy 1
74?[1—’"4{/3(5—12)}}
Gq(f)=%2;2[m1 [B(E=t1 )} =my [B(E-t5)}]+

7(2_£1 _4ﬂ3

U4 1

X 2"?’"1 {B(&-12)}

where

H is the tank wall height;

w1, wy are the strengths of uniformly distributed loads and triangularly distribute

the action of distributed loads.

Mxo and Ngo of the tank wall due to the inertia force of the dome may be disregarded
gections under analysis at the lower edge and mid-height of the tank wall.

etermined member force by'k1,0 are taken as the member forces at 8 = 180° and 0°.

Calculation of vertical axialforce

_Myp (R)F_Mor (x)

NXO (X) VA TCRZ

where

Nyo(x) is the vertical axial force at distance x from the lower edge of the tank w4ll;

Wy 1 [ ; )[—mz{ﬂ(é—m}ms{ﬂ(e—m)}+mz{ﬁ(é—fz)}~m3{ﬂ(5—fz>}]—

1 loads;

I1,I  are the distances from the upper edge of the tank wall to the starting and erd points of

n the cross-

In regard to the radial and circumferiential bending moments of the base slab, the member force
ay be determined by assuming-that the action of the inertia force and maximum dyhamic water
§lressure during an earthquake, (6-= 180°) is axisymmetric. The values obtained by multiplying the

The vertical axial force’due to loads during an earthquake, Ny, is determined by Formula (46):

(46)

MoTt(x) is the moment at distance x from the lower edge of the tank wall;

Z is the section modulus for the distance from the neutral axis to the compression

edge when the tank is assumed to be a thin-wall ring;
t is the tank wall thickness.

The values obtained by multiplying the determined member force by +1,0 are taken as
forces at 8 = 180° and 0°.

the member

MoT(x), which results from the dynamic water pressure, convective pressure, dynamic water
pressure approximated to trapezoidal load, inertia force of the structural framing, inertia force of
the dome and other partial weight inertia forces, may be obtained from Formulae (47) to (51):
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1) MoT(x) due to dynamic water pressure

Mgr (x)=IOH_X(H—x—§)pO (&)dé -ZJ-ZZRcosZGdQ

(H-x) & 1 [(R H R P ks% 4
:pKhR —ZZT{(?](H—x)tanh(ks—j}+(k—] H -1 TR
2 s=t kg —1 s R s cosh(kS —j
R
2) MoT(x) due to convective pressure
H-x V
— v . 2 2
Moyr (x)—JO (H-x-&)po (&)dé Zj_%RCOS 0do
2pRo,S, 1 R HY (R Y COShl ks%] o)
| £PRDsOy - [k_](H—x)tanh(kSEj+[—J m —a} TR
g k115 s cosh[ks—j
R
3) MpoT(x) due to dynamic pressure approximated to trapezoidal load
H-x V o 5 a1x+p 2
M = H-x- dé-2| "2 Rcos?0do=| —L(H-x)” +—L—"L(H- R 49
or (=} o) 2] reostodo={ %1 9+ TP )
where
a1 | is the pressure gradient;
B1| is the pressure at the lower edge of the'tank wall.
4) MoT(x) due to inertia force of the structural framing
2
Hox m (H-x)
— e . 2 = 7 .
MOT(X)—J-O (H=x—&)K pp tdé zj_%Rde_ S Knpct-2nR (50)
where
Kn | is the designhoerizontal seismic coefficient (K1 and Ky for Level 1 and Level 2 ground
motions, respectively);
pc | is théwunit weight of concrete;
t | isthe tank wall thickness.
MoT(x) due to inertia force of the dome or other partial weight inertia forces
Myr (x)=(Hg —x)WK}, (51)
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where

Kh
motions, respectively);

Hg is the distance from the lower edge of the tank wall to the point of action of th

inertia force or other partial weight inertia forces;

W  is the dome weight or other partial weights.

9.3.4 Safety verification

Safet
of ea

y for Level 1 ground motion shall be verified by confirming that the PC water tank attg
rthquake resistance to be retained during an earthquake specified in 9.1.3.

Attai
calcu
the 1
Whe
streq

nment of the level of earthquake resistance of “no damage” shall be Veyified sp
lating the member force due to the combination of loads during an earthquake that y
hember and confirming that the resulting stress does not exceed the value specified
h using precast members having joints across which the reinforcement’is not continuoy
s shall be generated in the joints.

Whe
suffi
stred
omit
tank

h vertical prestress is applied to a PC water tank of a general$hape, verificationat 6 =0
cient for the tank wall. Though in-plane shear forces act at'g = 90°, it is unthinkable th{
s due to in-plane shear forces would exceed its limit.Investigation at 8 = 90° may f{
ted. However, investigation shall be carried out where in-plane shear force is of con|
wall.

Also) it is unthinkable that the diagonal tensile stress due to out-of-plane sharing force
earthquake would exceed the regular diagonal t€nsile stress due to out-of-plane shear forc
empty” condition. For this reason, investigation‘of out-of-plane shear forces during an eart
be omitted.

Safetly for Level 2 ground motions shall-be verified by confirming that the PC water tank
level|of earthquake resistance to be retained during an earthquake specified in 9.1.3.

Attajnment of the level of earthguiake resistance of “no serious adverse effect on human
confirmed by confirming tliatthe PC tank will not collapse. Attainment of the level of
resistance of “the functions,ef the PC tank are retainable” should be confirmed by confirm

7:2018(E)

is the design horizontal seismic coefficient (Ky1 and Kp2 for Level 1 and Level 2 ground

e dome

ins the level

ecifically by
vould act on
in Clause 8.
s, no tensile

" and 180°is
it a diagonal
herefore be
cern for the

s during an
bs in a “tank
hquake may

attains the

life” may be
earthquake
ing that the

o levels of

life” shall be

Attainment of the level of earthquake resistance of “the functions of the PC wat

ter than the

er tank are

retainable” shall be confirmed by ensuring that the response circumferential strain is smaller than

the circumferential strain limit.

Vertical

Attainment of the levels of earthquake resistance of “no severe adverse effect on human life” and
“the functions of the PC water tank are retainable” shall be confirmed by ensuring that the design

vertical flexural bearing capacity is greater than the design vertical flexural moment.
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NOTE

Investigation by dynamic linear analysis and static nonlinear analysis on PC water tanks of a general

shape has revealed that the failure mode is the axial tensile failure in the circumferential direction due to
dynamic water pressure.

Specifically, verification shall be carried out by the following procedure. Circumferential axial force vs
strain curve is indicated in Figure 13.

Key

48

9/
-
Epy
virtual ylelding point 3  yielding point{f steel reinforcement
yielding point of prestressing steel 4  cracking load
Figure 13 — Circumferential axiakforce-strain curve
Investigation of circumferential axial tensile force
Qa >y
Qhe
where
: o . . : : Ay (foy = pe)
Qa| isthe design circumferential tensile bearing capacity of member | = ———
Ym7b

Ap| is the cross-sectional area of prestressing steel;

foy| istheyield strength of prestressing steel;

opq “s the effective stress of prestressing steel;

Qne isthe circumferential axial tensile force determined by elastic analysis under

an earthquake load calculated based on design horizontal seismic coefficient, Kp2;

Yi is the structure factor (= 1,0);

ym is the material factor (= 1,0);

yb  is the member factor (may be set at 1,0 because this investigation deals with

the axial tensile force of prestressing steel).

Investigation for 8 = 180° is sufficient for a PC water tank of a general shape.

Investigation of circumferential response strain

(52)
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. <€,
where

€r s the circumferential response strain [:ey (147, )] ;

. . . . €cr +£sy
gy  isthevirtual yield strain of member :T ;
gr isthe strain at crack onset (= fi/E¢);
ft is the tensile strength of concrete;
E.  isthe elastic modulus of concrete;
gy isthe strain at reinforcement yielding (= fsy/Es);
fsy istheyield strength of steel reinforcement;
Es  isthe elastic modulus of steel reinforcement;
nr  isthe response mean cumulative plastic deformation magnification

2
1 1 s
AN AN 2 Qy
rn  isthe ratio of secondary stiffiiess of member after yielding to yield stiffness
Qpy —Qy
_foy "8y |
9
&y

Qpy is the Joad-atyielding of prestressing steel (= (fpy = 0pe) Ap + fsyAs);
foy ist¢heyield strength of prestressing steel;
Ap <{\Js the cross-sectional area of prestressing steel;
A% is the cross-sectional area of steel reinforcement;

. . . . . fpy _O-pe
gpy isthe strain atyielding of prestressing steel | =0,002+———— |;

EP

ope is the effective stress of prestressing steel;
Ep  isthe elastic modulus of prestressing steel;

. . . pr _ch .
Qy isthevirtual yield load of member | =Q, +—<£y —scr) ;

epy —E¢r
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b)

50

E E
Qcr isthe cracking load of member | = f; | A, +E—SAS +E—pAp ;

Ac
Qe

€ra

C C
is the cross-sectional area of concrete;

is the elastic response axial tensile force;

is the circumferential strain limit determined from securing of watertightness.

The strain limit shall be determined to be restorable to a level ensuring watertightness after

unloadi
of tests

strain llmit when no data are available.

When
continu
be appr

Investigation for 8 = 180° is sufficient for a PC water tank of a general shape:

Investigation of vertical bending moment

% > A
Mg T
where
Myq | is the design flexural capacity;
Mg | isthe vertical bending moment of member determined by elastic analysis under the s
mic load calculated using the desigirhorizontal seismic coefficient, K},2;
Yi is the structure factor (= 1,0).

Investigation for 8 = 180° is suffi¢ient for a PC water tank of a general shape.

The degign vertical cross-sectional flexural capacity shall be determined based on the follo
assumpfions:

The deslign cross-sectional flexural capacity according to the action direction of the member

with re

assumpfions:
— Fibre strain is proportional to the distance from the neutral axis.

— Thdtensile stress of concrete is dicrpgnrdpd

hg of seismic forces. This is required to be appropriately established referring to thex¢
and past studies, but the yield strain of reinforcement may generally be adopted a

sing precast concrete members having joints across which the reinforcement is
pus, an allowable strain for enabling restoration to a level of ensuring watertightness
bpriately established referring to the results of tests and past studiegs.

bard to the.mémber cross-section or unit width shall be calculated based on the follo

sults
s the

not
shall

(54)

eis-

wing

force
wing

— The stress-strain curve of concrete is as a rule based on Figure 15.

— The stress-strain curve of steel is as a rule based on Figure 16.

The distribution of the compressive stress of concrete may be assumed to be rectangular (equivalent
stress block) as shown in Figure 14, excepting the case where the strains within a member cross-

section

are totally compressive or tensile.
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e, =0,0035 0,85fcd
A T
x 0,8x ) !
i ' hd
d k

c |
1)

Figure 14 — Equivalent stress block
tress-strain curve

Concrete
Jrcd = fck /Ym
where

(55)
f'cd

is the design compressive strength of concrete;

f ck

is the characteristics compressive strength of concrete;
Ym

is the material factor.

£1,=0,0035
‘ k1 = 0,85

/'O':: =kifua
ki fla

0,002

£

b & &
o =ki-fe 507 *(2- 5002

Figure 15 — Modelled stress-strain curve of concrete for calculating flexural capacity
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2) Steel
fyd=Ssy [Tm (56)
where
fyd  isthe design yield strength of reinforcement and structural steel;

fsy istheyield strength of reinforcement and structural steel;

Ym _is the material factor.

fud:fpu/}/m (57)

where
fud | is the design tensile strength of prestressing steel;
fpu | is the tensile strength of prestressing steel;

Ym | is the material factor.
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O'zfyd\

b) !

o=FEs. ¢

&

a) Stress-strain curve of steel reinforcement and structural steel

|

o= 0,93fud\

0,93 fud

0,84 fud |——

O'=Ep.8

btress-strain curyve-of prestressing wires, prestressing strands and tri-linear str

|

0,8fud —

0,015
€

type prestressing bars

O':O,gfud\

pss-strain

© ISO

O'=Ep.8

c) Stress-strain curve of bi-linear stress-strain type prestressing bars

&

Figure 16 — Modelled stress-strain curves of steel
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d) Safety factor

1) The

2) The

material factor, y,, may be the values given in Table 11.

Table 11 — Material factor

Ym
Concrete [1,3]
Steel [1,0]

member factor, yp, may be set at [1,1].

When {
capacity
momen

In rega
resistar
is great
as Form

9.4 Investigation for foundation

Stability cal
the effect of]

In regard tg

coefficient method with respect to Level 1 ground motion, but verification is not necessary fo

horizontal H

In pile found
method. De
plastic defoq
the suitable
to Level 2 g
consideratig
foundation §
can be verif]
the standar

10 Gener

10.1 Prest

he prestressing steel is unbonded, it is advisable to reduce the design cross-seet]
F of both members subjected to axial tensile forces and members subjected-te’ber
F and axial forces by 30 %.

ce level specified in 9.1.3 shall be confirmed by confirming that the design flexural cap
br than the design bending moment. Specifically, this may be verified’by the same mq

ula (54).

culation of the foundation used for a PC water tank shall be carried out in considerati
an earthquake specified in 9.3.1.

the stability calculation of spread foundations;the design shall be done by the se

earing capacity retained during an earthqudke with Level 2 ground motion.

ation, design with respect to Level 1 ground motion shall be done by the seismic coeffi
bign with respect to Level 2 ground niotion shall be done by the method considered
mability of pile foundation. In this case, the seismic coefficient can be also adopted to d
seismic coefficient with Level2 ground motion. For verification of pile foundation re
round motion, the response-of plastic deformation of pile foundation shall be reduc
n with the plastic defermability. The limitation of plastic deformability ratio of
hall be approximately set at [4]. For simplicity, the seismic safety of Level 1 ground m
jed by replacing the standard horizontal seismic coefficient of Level 1 ground motion
1 horizontal seismicCoefficient of Level 2 ground motion multiplying to 0,5.

hl structiral details

ressing steel

ional
1ding

"d to the base slab of a PC water tank of a general shape, attainment ®f’the earthquake

acity
thod

on of

smic
r the

cient
with
bcide
bpect
cd in
pile
btion
with

10.1.1 Clear distance

The clear distance between sheaths for post-tensioning shall be as specified as follows:

size of ¢

oarse aggregate;

the horizontal and vertical clearance between sheaths shall be notless than 4/3 times the maximum

the horizontal clearance between sheaths or sheath groups where an internal vibrator is to be

inserted shall be not less than 60 mm and shall be such that a space necessary for inserting an
internal vibrator is secured;

each other. The number of such sheath groups shall be limited to two or less;

54

where itis inevitable, up to two lines of small circumferential sheaths may be placed in contact with
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— itis advisable that the minimum clearance between circumferential sheaths or sheath groups is the
vertical size of each sheath or sheath group.

In the case of wrapped prestressing, the clearance between prestressing steel shall be not less than
10 mm.

In the case of pretensioning, the clearance between prestressing steel at the ends of members shall be
not less than three times the diameter of prestressing steel in both horizontal and vertical directions,
and the clearance in the horizontal direction shall be not less than 4/3 times the maximum aggregate
size. Also, when prestressing steel is placed in contact with each other in areas other than the ends of
members, the total number of such prestressing steel groups shall be limited to four or less in not more
thanpewoeiretmferential rows—The-clearance between—sueh Pt estt Cooius steet groups shajl be not less

than|4/3 times the maximum aggregate size.

In the case where the space between prestressing steel is significantly wide, the probl¢m of stress
concentration due to prestressing steel shall be considered.

Wheh analysing stress due to circumferential prestressing steel, the loads dué-to prestressing steel are
generally dealt with as distributed loads, but actually these are concentrated loads by prestressing steel.
For this reason, it is necessary to consider the effect of stress concentration due to prestjessing steel
when the space between prestressing steel becomes significantly wide due to the use of jparticularly
largd diameter of prestressing steel.

Prestress propagates with a spread angle of approximately 45°~Care should therefore be gxercised, as
the gpecified prestress may not be applied when the distanee from the anchorage to the design cross-
sectipn is small and the prestressing steel are widely spaced.

The maximum space of prestressing steel should preferably be not more than the following values:

[ircumferential Imax < 5t
Vertical Imax < 3t

wherte

Imax is the maximum presfressing steel spacing;

i is the tank wallthiekness.

10.1j2 Concrete cover

In the case of posttensioning, concrete cover for sheaths shall meet the requirements giver] in Table 12.

Table 12 — Concrete cover

Shegth-arrangement Cover requirement

Distributed >[40] mm and not smaller than the horizontal size of each sheath

Two small sheaths (upper and lower) in con- |2[40] mm and not less than the horizontal size of each sheath
tact with each other group

In the case of wrapped prestressing, prestressing steel shall be covered with a covering material to a
thickness of not less than [40] mm.

Special corrosion-inhibiting treatment shall be applied to the ends of pre-tensioning steel.
In the case of factory products, the values given in Table 12 may be reduced by up to 20 %.

The details of anchorages of circumferential prestressing steel are generally as shown in Figure 17. The
size of pilasters shall be established so that the cover depth, c, for the sheath at the point shown in the
figure would be sufficient.
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anchoring device

heath

Key

1

2 vertical
3 circumf

rential sheath

Figure 17 — Cover concrete for sheaths near a pilaster

10.1.3 Arrangement of curved prestressing steel

When prest
loss in pres
acceptable |

ressing steel is curved, except in special case, the radius shallcbeSo determined tha
[ress is as small as possible and that the bearing stress actinig) on the concrete is W
mits.

10.1.4 Arrangement of anchorages and couplers

Anchor;
effectiv

When 4
and sizd
force of]

10.1.5 Pro

Anchorage (
during the d

hges shall be arranged so that the prestress reguired for each design cross-secti
ely applied. Also, couplers shall be arranged so that prestressing steel is securely conne

number of anchorages are arranged in the'same cross-section, the cross-sectional g
of concrete in the anchorage zone shallbe established in consideration of the numbe
anchorages and minimum intervalsequired between adjacent anchorages.

fection of anchorage zone

f prestressing steel shallbeprotected to ensure that it is free from damage and corr
esign life of the structure;

It is preferaple to anchor circumferential prestressing steel outside of the tank wall. However,

they are an
protect the
prestressing

10.1.6 Reil

Concret]

chored on the inside for aesthetic or other reasons, particular care shall be exercis
anchorage zohes from water ingress. Care shall also be taken when anchoring vel
by steel in the middle of the tank wall, as an anchorage could be a bleeding channel.

nforcement of concrete near anchorages

e‘near anchorages shall be reinforced with U-shaped or spiral steel reinforcement ag

t the
ithin

bn is
cted.

hape
- and

hsion

when
bd to
rtical

ainst

the tensile stress generated perpendicularly to prestressing steel;

reinforced with steel reinforcement against tensile stress generated in the concrete.

10.2 Steel

reinforcement

10.2.1 Clear distance

specifie

d in Table 13.

tank wall shall be less than 0,3 m.

56

When placing an anchorage in the middle of a member, concrete near the anchorage shall be

Clearance between main reinforcement or between main reinforcement and a sheath shall be as

Clearance between horizontal or vertical steel reinforcement arranged in the form of a grid in the
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Table 13 — Clearance between main reinforcement or between main reinforcement and sheath

10.2

Conc
shall

Rebar arrangement Clearance

Rebars and sheaths are dis- Not less than 20 mm and

persed not less than 4/3 times the maximum aggregate size and

not less than the diameter of rebar

Two or more rebars or sheaths|Not less than 20 mm and

are placed together not less than 4/3 times the maximum aggregate size and

not less than the diameter of the rebar or the sheath

2 Concrete cover

rete cover shall conform to Table 14. Depending on the environmental conditions, {
be increased.

Table 14 — Concrete cover for steel reinforcement

hese values

Condition Cover depth

Portions not in contact with water or soil and portions in contaet with soil >[30] mrh

but protected by an effective protective layer -

Portions in contact with water or soil 2[40] mip
The fover depth for steel reinforcement near the bottom surface of the base slab should be not less
than|[40] mm where levelling concrete is present. Where there is no levelling concrete, the|cover depth
should be not less than [60] mm. However, when a foundation slab is provided under the bpse slab, the
cover depth may be reduced to not less than [30]Janm.
Wheh a foundation slab is provided, cover céncrete of base slab on the side of the foundation slab may
be rggarded as a portion not in contact with water or soil.
For 4 PC water tank located near thé.sea and requiring measures against chloride attack, the depth of
covel concrete on the side affected by external chlorides should be increased by at least [20] mm from
the vialues given in Table 14.
10.2{3 Bend configurations of reinforcement
a) $tandard hooks

q

$emicircular,éctangular, or acute-angled hooks shall be used as standard hooks.

A semicCircular hook shall have the end of the bar bent to 180° to form a semicircle a
extension that measures neither less than 4 times the bar diameter nor less than

nd a straight
60 mm (see

Figure 18).

measures not less than 12 times the bar diameter (see Figure 18).

measures not less than 6 times the bar diameter (see Figure 18).
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A rectangular hook shall have the end of the bar bent to 90° and a straight extension that

An acute-angle hook shall have the end of the bar bent to 135° and a straight extension that
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b)

d)

58

not less than 4¢ nor 60 mm

not less than 6¢ nor 60 mm
not less than 12¢

semicirc

ilar hook (for plain bar and ribbed bar)

Longitudinal reinforcement

When u

standand hook at all times.

5
6
¢
r

Figure 18 — Hook configuration at free ends of steel reinforcement

acute-angle hook (for ribbed bar)
rectangular hook (for ribbed bar)

is the diameter of steel reinforcement
is the inside radius bent

sing plain bars as longitudinal reinforcement, a semiciroular hook shall be chosen af the

Bend radii for longitudinal reinforcement shall be not less¢than the values given in Table 15, where
¢ denotes the diameter of reinforcement.

Table 15 — Bend radii of hooks

Type Bend radius of rebar hook (r)

(Yiielding strength of steel reinforcenient, MPa) | Longitudinal bar | Transverse bar
Plain bar (235) 2,09 1,0 ¢

(295) 2,5¢ 2,0¢
Ripbed bar (295) 2,5¢ 2,0 ¢

(345) 3,0 2,5¢

(390) 3,5¢ 3,09

(290) 3,5 ¢ 3,09

Transvgrse reinforcement (stirrups, ties and hoops)

— As
plai

fandard hook shall be provided at the end of each transverse steel reinforcement. When
n‘bars are used for transverse reinforcement, the hooks shall be semicircular hooks.

— When ribbed bars are used for transverse reinforcement, semicircular or acute-angle hooks

shall as a rule be provided at their ends.

— Bend radii for the hooks of transverse reinforcement shall be not less than the values given in
Table 15.

Other reinforcement

— Bend radii for bent-up bars shall be not less than 5 times the bar diameter (see Figure 19).

— When a bar within a distance of (20¢ + 20) mm from the surface of a concrete member is used
as a bent-up bar, the bend radius shall be not less than 7,5 times the bar diameter.
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— Inside radii for reinforcement along the outer side of a corner in a rigid frame shall not be less
than 10 times the bar diameter (see Figure 20).

— Reinforcement along the inner side of a haunch or a corner in a rigid frame shall not be tensile
reinforcement bent from the slab or beam, but shall be separate straight reinforcement placed
along the inner side of the haunch (see Figure 21).

¢

-
/ 1\\
\ J

R\

Key
1 notlessthan 5¢
NOTHE ¢ is the diameter of reinforcement

Figure 19 — Bend radius of bent-up bar
s 1
/ /

( / Bs

§vs

Key
1 notlessthan 10¢
NOTHE ¢ is the diameter of reinforcement

Figure 20 — Bend radius for reinforcement along the outer side of a corner in a rigid frame

-
g

Figure 21 — Reinforcement along the inner side of a haunch corner in a rigid frame

10.2.4 Splices in reinforcement

a) General

— Appropriate splices shall be selected for steel reinforcement taking account of such factors as the
type and diameter of the reinforcement, state of stress and locations of splices.

© IS0 2018 - All rights reserved 59


https://standardsiso.com/api/?name=c0202cc7c1a05e1ffa77f35c46542af3

ISO 18407:2018(E)

b)

Lap splices for longitudinal steel reinforcement shall meet the following requirements,

10.2.5 Andhoring of reinforcement

Splices shall be arranged avoiding cross-sections subjected to high stress to the extent that it is
possible.

Multiple splices in the same cross-section shall be avoided. To prevent different splices from entering
the same cross-section, the standard longitudinal distance between staggered splices shall be not
less than the splice length plus 25 times the bar diameter.

The clearance between two adjacent splices or between a splice and reinforcement shall be not less
than the maximum aggregate size.

When steel reinforcement is to be spliced after arrangement, a sufficient clearance shall be secured
for the Qperation nfjninfing machines

Concrete cover for splices shall meet the requirements of 10.2.2.

Lap splices

In the ¢ase where (a) the reinforcement is two times or more of the ratio) required by design
calculatiions and (b) the ratio of spliced bars to the total reinforcement in"@cross-section is 12 or
less, the lap shall be not less than the basic development length, Ig.

When ejther of conditions (a) and (b) above is not satisfied, the lapshall be not less than 1,3 I and
lap spliges shall be reinforced with transverse bars or other meaus.

When neither (a) nor (b) is satisfied, the lap shall be not léss than 1,7 Iq and lap splices shall be
reinforded with transverse bars or other means.

For lap $plices to be subjected to low-cycle fatigue, thelap shall be not less than 1,7 I3 with hookg and
lap splides shall be reinforced with spiral bars, metatl{itting for reinforced connection, or other mgans.

The lap jof reinforcement splices in an underwater concrete structure shall as a rule be not less|than
40 timep the diameter of reinforcement.

The length of lap splices shall be not lessthan 20 times the diameter of reinforcement.

The end of |steel reinforcement ‘shall be sufficiently embedded in the concrete so as to achieve the
required stiess of the reinforcement by bond between the bar and concrete, the provision of a hoagk, or

a mechanicgl anchorage.

60

Semicirfular hookssshall be provided at the ends of plain bars at all times.

At least|1/3 of the positive moment reinforcement in slabs or beams shall be extended beyonfl the
support pointwithout bending.

At least T/3 of the negative moment reinforcement in slabs or beams shall be extended beyond the
folding point and be either embedded in the compression zone or continued to the neighbouring
negative moment reinforcement.

As to a bent bar, it is advisable to use its extension as positive or negative moment reinforcement, or
to embed the bar in the compression zone with a minimum cover depth by extending its end toward
the upper or lower surface of the beam and bending the bar horizontally and parallel to the surface.

The ends of transverse reinforcement shall be provided with semicircular or acute-angle hooks
enclosing longitudinal reinforcement.

The ends of spiral bars shall be embedded in the concrete confined in the spiral bar with one and
half extra turns.
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— When anchorage is to be achieved by bond between concrete and reinforcement or by a hook, the
end of the bar shall be embedded with the specified development length beyond the critical section.

10.2.6 Welded wire fabric

The lap of spliced welded wire fabrics, which is defined as the distance between their outermost
transverse reinforcement, shall be the interval between transverse bars plus 50 mm or more, but not
less than 150 mm (see Figure 22).

When splicing welded wire fabrics having different transverse bar intervals or splicing welded wire
fabric with normal reinforcing bars, the longer lap requirement shall be adopted.

The development length for welded wire fabric at fixed ends of members, which is.defined as the
distgnce between the surface of the supporting member and the outermost transversebar) shall be the
interjval between transverse bars plus 50 mm or more, but not less than 150 mm (see'Figure 23).

Key
gutermost reinforcement
length of lap splice
welded wire fabric

Figure 22 — Lap splice of welded wire fabric

Key
welded wire)fabric
development length

durface of supporting member

Figure 23 — Development length for welded wire fabric

10.3 Concrete joints

10.3.1 Construction joints

The locations and directions of construction joints shall be established in consideration of the strength
and watertightness of the structure, as well as concrete placing efficiency. Appropriate measures are
necessary to increase the watertightness at construction joints, as these joints are particularly prone to
cause water leakage.
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Measures to increase the watertightness of construction joints may include the following:

— after placing concrete, carefully wire-brush the joint surface to remove foreign particles before the
concrete is fully set;

— insert a waterstop made of metal, rubber, etc., in the joint;
— apply an adhesive on the joint surface;

— waterproof the inside of the tank across the construction joints.

10.3.2 Joints hetween precast concrete memhers

When unifyfng separately fabricated precast members by using prestress, the locations and-strug¢ture
of joints shdll be thoroughly examined so that the structure or the members can develop thereqhired
strength. THe watertightness of the joints shall also be examined.

The angle between a joint surface and the resultant compressive force acting on the/joint shall bg 90°.
When this angle is between 70° and 55°, the joint surface shall be appropriately treated. Wherl this
angle is betyveen 55° and 45°, appropriate interlocking shall be provided on thejoint surface. This angle
shall not be 45° or less.

Joints to be fonnected using an adhesive shall be configured so that the jeint surfaces can attach tightly
to each other.

A prestressing steel to be placed in a joint between precast.concrete members having no tegnsile
reinforcemgnt shall be bonded and part of the prestressing steel shall be located near the tension ¢dge.

The width ¢f a concrete joint should generally be greater than the length of a bar splice and |steel
reinforcement should be spliced in the joint. On the other hand, the width of a mortar joint should
generally bg as small as practicable and steel reinforcement shall not be spliced in the joint.

10.4 Reinforcement for opening

Openings irf the roof, wall, or base slab,shall be reinforced to ensure safety against cracking dfie to
stress conc¢ntration or other causes. Particular care is necessary for openings in regions in coptact
with water $o as not to cause water leakage.

Itis advisable to avoid openings.in the tank wall, which is subjected to large stress due to water pregsure
and prestress, to the extent that-t is practicable. Instead, openings should be located in the base slab.

When an opening in the/tank wall is inevitable, the opening shall be reinforced based on particylarly
careful inveptigation irite'the state of stress concentration.

An opening phouldbe located in a region with relatively small stress and should generally be reinfgrced
as shown in|Figtire 24.

Figure 24 — Typical examples of reinforcement for openings
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Design of members

11.1 Method of calculating member force

11.1.1 Analysis method

The analysis method for calculating the member force shall be selected from those that allow analysis of
thin-shell structure, with thorough consideration to the structural characteristics of the PC water tank.

Specifically, analysis methods include the following:

11.1

The

© ISO 2018 - All rights reserved

Analysis method by the finite element method (FEM) using axisymmetric thin-wall sh
this method may be used, as computer-aided FEM analysis has been generally used-fd
dnalysis of the tank;

q

Method based on elastic shell theoretical solutions: where the components.ofthe tank
oof, wall and base slab, are deemed analysable as single bodies like a,POwater tank
hape, analysis may be carried out by design methods using conventipnal formulas bas
hell theoretical solutions;

[T Y N

Dther methods: other methods include an analysis method in which the axisymmetric
modelled into a plane frame problem.

2 Analysis model

odel to be used for analysis to calculate the member forces may be the following:

model that deals with such components as the roof, wall and base slab as part of a tot

b]] elements:
r structural

such as the
of a general
bd on elastic

structure is

al system

his model is schematically shown in Figure 25. Analysis using such a model is generally based on

EM using axisymmetric thin-wall shelllelements. Other choices may include a model
oof is separately analysed as a single;body while the tank wall and base slab are unifig
model in which the base slab igSeparately analysed as a single body while the roof a1
re unified.

he effects of the ground below the base slab are generally evaluated by modelling intd
ertical and horizontal 'springs. In such a case, each spring constant should be estab
ppropriate method.

xisymmetric loads may be evaluated by assuming vertical springs to be the vertid
eaction modulus determined from the characteristics of the ground, K. However, thg
f generallyoused Ky, which is premised on the use for a relatively small loading wid
ooting,-as)it is, to the base slab of a PC water tank, which is premised on defor
relatively large loading width, can lead to underestimation of K;. When the tank
upported at the bottom, if such an underestimated K; is used as vertical springs for

n which the
d, as well as
hd tank wall

distributed
ished by an

al subgrade
application
h and rigid
ation with
yall is fixed-
inalysis in a

odel having a unified tank wall and base slab, then the bending moment at the wall bd

ttom can be

extremely underestimated. Actual measurement of tanks has also revealed that the moment may
not be as small as the analysis value. Sufficient care should therefore be exercised for the evaluation
of Ky. The values given in Table 16 may be used as the vertical subgrade reaction modulus, Ky, for a
PC water tank of a general shape.

Horizontal springs for the analysis may be evaluated as the horizontal shear subgrade reaction
modulus determined from the characteristics of the ground, Ks. For a PC water tank of a general
shape, K5 may be evaluated as 1/3 to 1/4 of K.

For a structure with a tank wall fixed-supported by the base slab, when the wall and base slab are
modelled as unified while the effect of the ground below the base slab is modelled into springs,
care should be exercised in the following case: If the vertical bending moment at the wall bottom
is significantly lower than the value obtained from a model with completely fixed wall-bottom
connection by such a factor given in Table 21 or by 0,7, it is advisable to examine by testing whether
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or not the modelling of the effect of the ground is appropriate. Note that the factors given in Table 21
correspond to the case of using the values given in Table 16.

Table 16 — Vertical subgrade reaction modulus, Ky

Normal ground Firm

bedrock
Ky (N/cm3) when the support condition at the tank |Ordinary 100 1000
wall bottom is “fixed During an earthquake 200 2000

¢ ¢

Figure 25 — A model assuming the components to be part of the total system

— A mode] that deals with such components as theToof, wall and base slab as single bodies

This mgdel is schematically shown in Eigure 26. Analysis using such a model includes FEM |with
axisymmetric thin-wall shell elements*and a method based on theoretical solutions. However,
when agsuming the tank wall fixed«t@'the base slab to be “completely fixed” disregarding the ¢ffect
of the base slab, the member force of the tank wall should be corrected in accordance with 114.2.6
including the case of FEM using.akisymmetric shell elements.

¢

\RL\

. —

¢

Figure 26 — Model assuming the components to be separate bodies
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11.2 Component division

A PC water tank comprises three members: the roof, wall and base slab. The definition of each member

shall

be as follows:

Roof: A cover built on top of the tank wall, including the dome ring of a spherical dome.

Tank wall: A cylindrical shell built on the base slab. Excepting fixed support, the bearing is included in
the tank wall.

Base slab: A slab constructed at the bottom of the tank wall, including the upper surface of the ground.

Simple division may pose problems, as the members of a PC water tank are somehow xe

anot
The |

Roof
entel
cont

TanK
and 4

Base
from|

Key

ner. However, the members are divided as shown in Figure 27 according to their gener
performance requirements for each member are as follows:

The roof is a member that shall be constructed to prevent external watet, dust, tra
ing the tank containing drinking water, as well as to protect the waterfrom sunligh
hined in the tank should not come into contact with the roof while intuse.

wall: The tank wall is a structural member that shall be constructed to store water. Wa
trength are required.

slab: A member that shall resist the deformation and subsidence of the foundations
above, while retaining watertightness.

1 /
v
N
.I\’.

¢

oof
vall

ated to one
hl names.

bh, etc. from
t. The water

tertightness

under loads

1.1
dST SIdU

Figure 27 — Component division

11.3 Roof

11.3.1 Structural types

The structural types of the roof include the following:

— spherical dome (spherical shell) structure;

— slab structure;

© ISO

2018 - All rights reserved
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— other structure.

NOTE1 A spherical dome is the most general type of construction for the roof of a PC tank with the largest
number of examples. The bottom of the dome is generally supported by the tank wall without building columns.
The connection between the tank wall and roof is mostly fixed or hinged as schematically shown in Figure 28.

NOTE 2  Aslab includes flat slab construction supported by intermediate columns and a method configuring a
slab on a framing made of beams. It is a structural form effective for the cases where there are height limitations
and where the tank is to be filled back.

ﬂ/i////

Figure 28 — Spherical dome construction

11.3.2 Desjign in general

11.3.2.1 Ldgads for roof design
The loads tq be used for roof design shall be as follows:
— deadwejight in accordance with 6.2;

— imposedl load in accordance with 6.3;

— prestregsing force;

— snow lopd where applicable in accordance with 6.10;

— other lojads.

These loads|shall be considered for roefsof any form in normal design. Other loads such as the effe¢ts of
wind and arn earthquake, as well as(the’effects of drying shrinkage and temperature are not necegsary
to consider ¢xcepting certain special cases.

It is not nec¢ssary to consider-the prestressing force to be applied to the tank wall, as it scarcely affects
the dome.

11.3.2.2 Design ofa spherical dome

The design shall bé based on elastic spherical shell analysis or other generally accepted techniques. The
analysis of 3 §pherical dome includes membrane analysis that deals with only the membrane strgss of
the dome shell'and bending analysis that considers the support conditions of the dome bottom.

In a PC water tank of a normal dome roof type, prestressing forces corresponding to the horizontal
thrust forces are applied to the dome ring after placing concrete for the dome. For this reason, the
stress generated in the dome is equal to the membrane stress. Investigation of only membrane stress is
therefore required.

The following method may be used as the basic formulae for calculating the membrane force, in which
definition of the symbols is indicated in Figure 29:

66 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=c0202cc7c1a05e1ffa77f35c46542af3

ISO 18407:2018(E)

N, 1, cosg d¢ do G,

Figure 29 — Elements and forces of an axisymmetric shell

Equilibrium formulae

d

'd_(NMO)_Nerl cos¢+Yrirg =0
0 (58)

Noro +Ngry sing+Zryrg =0

In the case of a spherical dome, Ng and N¢ aré’obtained by solving Formula (58) while assuming

r1 =12 = r. Figures 30 and 31 schematically show membrane forces by deadweight and by imposed load
and §now load, respectively.

rqq

Nog=—""
od 1+cosgy

(59)
Noea=rqq {COS% —;]

1+cosdy

~ % qd

Y

aqd

Figure 30 — Membrane force by deadweight
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qi1

~

aqd

Figure 31 — Membrane force by imposed load and snow load

4,

Nq)d =

(60)
4

Nq)d :—"— CosS 2¢d

where

Ng¢d s the membrane force per unit length of the dorhe in the meridian direction;

Nog is the membrane force per unit length of the‘dome in the parallel direction;
r is the dome radius;

aq is a half angle of the dome;

bd s the angle from the rotatienaxis at an arbitrary point of the dome;

Yd = ad — $d;

qd is the deadweightp€r unit area;

q is the imposed\gad per unit area.

In normal cplculation;yFormulae (59) and (60) lead to similar results. Therefore, the treatment pf all
loads using Formuta+{59) is allowed so that the prestressing force for the dome ring would be suffi¢ient.
Also, Formula (60} deals with uniform distribution of snow.

Bending danad l_yoio shall-beecarried-outwhen Pt estresstorthedomet ius tstobe ayyhcd before-eontrete
placing and when the prestressing force widely differs from the horizontal thrust due to snow loads.
Also, when considering complicated loads, such as large eccentric snow loads under special geographical
conditions, it is advisable to use a generally accepted technique, such as FEM.

— The minimum thickness of the dome shall be 0,1 m in consideration of the post-buckling stability of
a spherical dome and placeability of concrete.

— Therise-span ratio shall be 1/6 to 1/10 as a standard as shown in Figure 32.
NOTE Alarger rise-span ratio reduces the horizontal thrust but makes the construction work more difficult.

On the contrary, a smaller rise-span ratio makes the construction work easier but increases the horizontal thrust,
increasing the prestressing force on the dome ring.
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Figure 32 — Rise-span relationship

The minimum reinforcement content of the dome in which ribbed bars are to be used sh
f the cross-sectional area both in the parallel and’meridian directions. When using
yalue 0,05 % greater than the above-mentioned ¥alue should be adopted.

The marginal area of the dome that is witHin 5° from the dome edge shall be th
feinforced, as shown in Figure 33, with deuble reinforcement, unless bending analysis {
fo investigate the member cross-section:

)

thickened:section (not less than 5°)

11l be 0,25 %
blain bars, a

ckened and
s conducted

Figure 33 — Dome edge to be thickened

The clearance height shall be not less than 0,3 m (See Figure 34).

The clearance height is determined so that the dome would not be subjected to uplift pressure even

when the water level tentatively exceeded the estimated high-water level due to malfunction of the valve system
or incorrect operation. The standard clearance height is given in Table 17 for reference.
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Key
1 clearanc
2 HWL

11.3.2.3 Design of the dome ring

— A domgq ring shall be provided around the dome maxgin for spherical dome (spherical §
construgction.

— Forasp

dome margin should be applied to the dome ring;

A calculiation of horizontal thrust due to the.deadweight of the dome and prestressing force is §

in Figui

Surface

Ad =27t

Deadwsd

Wd =Ad

Vertical

W

e height is not less than 0,3 m

Figure 34 — Clearance height

Table 17 — Clearance height depending on capacity

Capacity (m3)
1000 5000 10 000 20 000 30000
Clearance (m) 0,5 0,6 0,7 0,8 0,85

herical dome, a prestressing force correspending to the horizontal thrust force acting o

e 35.

area of the dome:

hy =2mr% (1-cosag)

ight of dome:

dd

load per unit length in the circumferential direction at dome margin:

hell)

n the

riven

(61)

(62)

Vq

=nS_d

Horizontal thrust:

H_

Va
¢ =
tanogy

or Hy =Nyq cosay

Prestressing force to be applied to dome ring:

Fy=H, 2<%

70

Sq
2

(63)

(64)

(65)

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=c0202cc7c1a05e1ffa77f35c46542af3

ISO 18407:2018(E)

It is advisable that the prestressing steel be placed at symmetrical positions above and below
Point G shown in Figure 36.

o
NG 5/

Figure 35 — Horizontal thrust

Key
1 domering
G intersection of the dome centre and wall-centre

Figure 36 — Dome axis line

It is pdvisable that the prestressing steel be placed at symmetrical positions above and b¢low Point G
shown in Figure 36.

— The minimum reifforcement in the circumferential direction of the dome ring shall be notless than
,25 % of the/oress-sectional area.

INOTE The minimum reinforcement specified is intended to address the effects ¢f shrinkage,
emperature, etc. before applying the prestress.

hen a large snow load is conSIdered the ax1al stress and other stress of the dome fing shall be

ToT ’ tompressive
force remains in the dome ring in summer. Also, if the total horizontal stress is not counterbalanced
by prestress, then an axial tensile force is generated. Care should therefore be exercised about the
large imbalance between the horizontal thrust due to the load on the dome and the horizontal
component of the prestressing force.

11.3.2.4 Design of slab roof

When designing a slab roof, the member force shall be calculated in consideration of the structural form.
Slab roofs are mostly flat slabs generally having columns and combinations of beams and slabs. Analysis
methods for these roofs are mostly based on flat slabs or rigid frames depending on the structural form.
The thickness of these slabs shall be not less than 0,15 m and it is advisable to determine the details
referring to other recommendations. When columns are used, investigation is necessary for the joints
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between the roof and the columns regarding bending moment and shear forces. The clearance shall be
not less than 0,3 m (see Figure 34).

11.4 Tank

wall

11.4.1 Structural types

The support types of tank wall bottoms generally include freely sliding support, hinged support and
fixed support. The watertightness and earthquake resistance are highest with fixed support, followed
by hinged support and freely sliding support in this order. However, the order is reversed from the

aspect of nogrestrictingthe-characteristiesofshellstresg————————————

It is difficulf
hinged, or fi

and executi¢n so that the structural characteristics of each support form would be retained:

Freely slidir

rotation and horizontal displacement of the tank wall with respect to the base\slab. An ideal fj

sliding supp|
restraint of
taken. This{
a typical ex
on a rubber
shear defor
proof cableg

Hinged supj

to construct a supporting structure at the bottom of a tank wall in an ideal freely'sliding,
xed condition. Sufficient care should therefore be exercised from the aspects of'both design

g supportis a type of joint between the bottom of a tank wall and the base slab that a
ort would not cause bending moment in the vertical direction, but@etually the deform
the bearing material causes bending moment. Appropriate measures should therefo
s also referred to as “elastic joint” due to the characteristics of the bearing. Figure 37 s

shoe placed on the base slab as shown in Figure 37 to allow radial deformation usin

) are used to bear the shear forces during an earthquake.

port is a type of joint between the bottom of ‘a*tank wall and the base slab that a

lows
reely
htion
e be
NOWS

hmple of this structure. For a freely sliding support, a tank'wall is generally construycted

c the

mation of the rubber shoe. In this case, special earthigquake-proof anchors (earth quake-

lows

only rotation of the tank wall with respect to the basge;slab. The tank wall is generally constrycted

on a rubber
displacemer
examples off

shoe placed on the base slab and anchors\are used to restrain radial and circumfere
ts. Steel reinforcement or prestressing steel is used as the anchors. Figure 38 shows tyj
hinged support.

ntial
pical

Key
1 caulking 4  sleeve
2 waterstop 5 earthquake-proof anchors

3  rubber shoe

72

Figure 37 — A typical example of freely sliding support
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6
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3_‘ _ 4
-—._-1._. /4 SN\ d :.':
7/ \8
Y Al oo d ol L
UJ LAICTIVULD UoTuUu vwilll 1Cviua

(vertical structure of the tankXvall
is prestressed concrete)

7 9
6 5
L
3 8
c) Anchor used prestressed bar d) Anchor used with rebaf

(vertical structure of the tank wall
is reinforced concrete)

Key

1 1ubber shoe 6 elastic filler

2 daulking 7  anchor (rebar or prestressing bar)
3 1fubber 8 asphalt

4  prestressing bar 9 rebar

5 vaterstop

Figure 38 — Typical examples of hinged support

Fixed support is a type of joint between the tank wall and the base slab that allows nq rotation or
horizontal displacement of the tank wall with respect to the base slab. Since a small rotation is actually
generated in the base slab, this may also be referred to as “elastic fixing.” Figure 39 shows typical
examples of fixed support.
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Key
1 prestressing bar
2 foundatipn slab

Figure 39 — Typical examples.of fixed support

11.4.2 Desjign in general

11.4.2.1 Lqgads for tank wall
Loads to be used for the design of a tank-wall shall include:
— deadwejight, this refers to the deadweight of the roof and tank wall;

— imposed load in accordancewith 6.3;

— hydrostfatic pressurejn accordance with 6.4;
— prestregsing foree;

— effects ¢f creepand drying shrinkage;

— effect of temperature;

— effect of an earthquake, with 6.8 and Clause 9;
— wind load in accordance with 6.9;

— snow load in accordance with 6.10;

— earth pressure, with 6.11;

— other loads.

Prestressing force refers to the prestressing force corresponding to the hydrostatic pressure + residual
compression strength in the circumferential direction and the prestressing force to cope with the
bending moment in the vertical direction.
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If the structural system remains unchanged, then it is not necessary to consider the effect of creep. The
bottom of the wall and base slab of a normal PC water tank are constructed with no appreciable gap
between the construction periods and subjected to similar environmental conditions after completion.
Since the effect of drying shrinkage is similar on both members, investigation is unnecessary except in
the case under special conditions.

The effects of temperature may include the effect of uniform temperature rise/drop and the effect of
temperature difference between the inside and outside of the tank wall. Investigation into the effect
of uniform temperature rise/drop is unnecessary. Temperature differences between the inside and

outsl

The

ide do not last long but occur more frequently than uniform temperature changes.

i i | 4 i 4 daLe Lot +la : P | | tardd
Clllycl dlurtc StItsoss Uut tuU LCllllJCl diUulT UIIITITIICLT DULVVTTUIT LIIU T1IISIUCT dIlIU UULSIuUT

calcylated by Formula (66).

wherte

Whe

.=

+ To E.
T 2(1-v)

¢c is the stress of concrete (the surface with a lower temperaturé.causes tensile stresf;

“«,n

+” represents compressive and “~” represents tensile);

is the temperature difference (refer to 6.7);

qe is the linear expansion coefficient of concrete (may\generally be set at 10 x 10-6/°0);
K. isthe elastic modulus of concrete;

Yy isthe Poisson’s ratio.

advigable to use earth fill or insulation to.reduce the difference.

For d tank partially covered with eatthfill, the earth pressure shall not be considered in
condjfition. This is because earth pressure due to earth fill acts in the direction opposite to the water

pres

earth fill is small, it should be investigated in a “tank empty” condition.

Othe

involve excessive stress.

11.4

2.2 Combinations of loads

Combinations.0f loads for the design of a tank wall shall generally be as given in Table 18.

© ISO

is generally

(66)

~

re a large temperature difference is exp€cted between the inside and outside of the tank wall, it is

a “tank full”

sure, resulting in a compressive force in the circumferential direction. Though the effelct of normal

r loads may include‘those during construction. Certain construction methods may tentatively
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Table 18 — Load combinations

. Under Under .
Immediately ordinary temp. During
after conditions action an earth-
prestressing quake
Empty | Full Full
Primary Deadweight o o o o o
load Imposed load o o o o
Hydrostatic pressure o o o
N i Immediately o
Prestressthg—arrer
force -
Effective o o o o
Effect of creep o o o o
Subsidiary Effect of an earthquake ©
load
Particular Effect of temperature o
load Snow load o o o o
Earth pressure o

The effecto

Loads other

11.4.2.3 D¢

The basis of
elastic cylin

F creep and particular loads shall be considered as necessity-arises.

psign of the tank wall

than those given above shall also be considered if they-have a strong effect on the tank{wall.

design shall be the elastic cylinder shell theory or other generally accepted method{ The
der shell theory is described with the symbols defined in Figure 40 as follows:

76
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Key

Figure 40 — Member forces in a cylindrical shell

is the vertical axial force

is the circumferential axial force

is the vertical bending moment

is the circumferential bending moment

are the in-plane shear forces

are the torsional moments

are the out-of-plane shear forces

are the external forces in x, y and z directions, respectively

Whep dealing with axisymmetric loads; Nxg = Ngpx = Mx¢ = Mpx = Q¢ = 0.

— Basic formula and solution

dx

X

where

\IVX

+4ﬁ4wx :%

is the radial displacement determined by Formula (69);

From the equilibrium of member forces shown in Figure 40, the basic formula is expressed as

Formula (67):

d*w

(67)

X

is the distance from wall bottom;

4
is the characteristic value of the tank wall | = Eg ;
4R“K

is the elastic modulus;

is the tank wall thickness;
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R is the radius;
. . Et3
K is the flexural rigidity| = ;
12(1—v2)
v is the Poisson’s ratio.
Also,
2
M=K 2x
dx
d3w
0. =K X (68)
* dx?
Ht
Nq) =__R_WX
The soliition of Formula (67) is expressed by Formula (69):
w, =C4|sin Bxsinh fx +C, sin Bx cosh Bx +C3 cos fxsinh fx+C, cds Px cosh Bx + f(x) (69)
where

C1to C4| are the integration constants determined from the boundary conditions of the cylin-
der end;

fx) is the particular solution of Formula (67).
— Displac¢ments and member forces due to.Mgand Qg

As shown in Figure 41, the displacements and member forces when restraining moment, Mg, and
restraining shear force, Qp, act on the bottom of the cylindrical shell (x = 0) are as given below

¢,

- ]

o o &
z Yy

My My

Figure 41 — Mo and Qg acting on tank wall bottom

In this case, no external forces are distributed over the shell surface and the f(x) in Formula (69) is
zero. Therefore, the solution is Formula (70). The boundary condition when Mg and Qg act is given
in Formula (71).

w, =C sin Bxsinh fx+C, sin Bx cosh Bx +C5 cos Bxsinh fx+C 4 cos fx cosh Bx (70)
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(71)

1K

Wwhere

Mo  isthe restraining moment at the bottom;
0o is the restraining shear force at the bottom.

By substituting Formula (71) into Formula (70), the integration constants, C1 to C4, are{determined

as follows:
¢, =—Mo

Y 2
¢ =ﬁM0X2(2¢)+QoY1 (29)
? 283K 72
¢ :ﬂM0X2(2¢)+Q0Y2(2¢)
: 283K
¢ _ BMyX,(29)+Q0X3(29)
v 283K

Wwhere

" (2¢)_ cosh2¢>cos2¢
41

- cosh2¢+cos2¢—2

sinh2¢ +sin2¢
cosh2¢+cos2¢ -2

N

(,(2¢)=

sinh2¢ —sin2¢

{2¢) =

Y7 cosh2¢+cos2¢—2

Y, (20)= 1-cos2¢

1 cosh2¢+cos2¢—2
cosh2¢-1

Y, (20)= ?

- cosh2¢+cos2¢ -2
20=2BH
Therefore, by substituting C; to C4 expressed as Formula (72) into Formula (70), the displacement

under restraining moment, Mo, and restraining shear force, Qo, is determined. The member force is
determined by differentiating Formula (70).
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Displacement and member forces due to distributed loads

When only external forces act on a freely sliding cylindrical shell, the displacement and member
forces are as follows:

The solutions including particular solutions of the basic formula [Formula (67)] for a tank wall
subjected to uniform triangular and rectangular distributed loads are as given in Table 19 by
solving methods including the undetermined coefficient method.

unrestrained cylindrical shell
a) Triangular distributed loads b) Rectangular distributed loads

(Residual compression, etc.)

9o
Wy =—"0
487K
dw 4
dx
dzwX
M, =-K > =0
dx
_ K d3WX 0o
=" dx3 -

(Prestress corresponding to water
pressure, etc.)
Z=p(H-x)
p(H-x)
Wy =——"——
4B*K
dwy ___p
dx 4%k
d 2WX
M, =-K 5 7 0
dx
d 3WX
Qy=—-K 3 | 0
dx
NOTE p
— Displac
conditigns
WXr MXr

80

calculatled by Formula(73).

p(H-x) ~go

4B K ABYK

BZK(C1 Fi +CoF, —CqF, _CA.FA.)

= unit weight of water, go = uniform pressure, H = total water depth of tank

(@x and Ng in ancarbitrary cross-section of tanks with different support conditions c:

+ +C Fy +CoFy +C3Fy +C 4 F,

ements and member forces due to triangular and rectangular loads under each support

In be

(73)

Qx ==2B°K{ Cy (Fy —F3)+Co (Fy —F4)=C5 (Fy +F4)~C4 (F 3 +F3) }

N(I):

where

Et

__WX

R
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In these equations, My and Qp to be substituted into Formula (72) to determine C; to Cz in
ormula (73) should be determined by the formulae given in Table 20 according to respective

gupport conditions.

—

Formula (73).

In these calculations, Mg = M1 + Mgz and Qo = Qo1 + Qo2 are assumed.

o and Qo in Table 20 are obtained by applying respective support conditions in this table to

Table 20 — My and Qo obtained from support conditions at the-bottom of the tark wall

Lload support Triangular load Rectangular load
condition (Prestress corresponding to water (Residual corgn ression, etc.)
pressure, etc.) P T
Freely sliding My, =0 Mg, =0
Qo1 =0 Qo2 =0
Hinged My, =0 My, =0
pH 9o
Qo1 =57 50 Qu2=575 50
28X (29) 27 28X5(20)
Fixedl o PH X, (20)-x5(20)/(BH) N X, (29)
(Graflient of displace- - -
ment curve) 2B5.2X, (20) X, (20)-[, (20)]° 2B° 2X, (20) X5 (20)-| X, (20)]°
pi 2BX,(20)-x, (20)/H g ¥, (20)
01 02 —
28 2X, (20) %, (20)-[x, (20)]° B 2x, (20) %, (20)-[x,|(20)]"

When dealing with asymmetric loads, such as dynamic water pressure and inertia force, the

¢quilibrium-formulae of a shell are expressed by Formula (74) and Figure 42.

dN
RN oz | py g
dx
anN an
-2 X _Qy+RY=0
do dx
d
R&—&+N¢+Rz:0 (74)
dx d¢
dM,, dM
R—2 % 4Ro, =
dx do
aMm am
™ LR _RQ, =0
do dx
81
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X=0

Y=0

Z = P1 cosf

P1: Dynamic

Key

1 actingdi

2 dynamic
inertia fd

82

The minimum thickness of the tank wall shall be 0,2 m for embedding and 0,17 m for wraj

and pre
reinford
desirab
of self-q
determ
prestre

—

o 0
2 3
X=0
Y = Ky pc t sinf
Z =Ky pctcosO
water pressure at 180° Ky: design horizontal seismic coefficient

pc: unit weight of wall

t: wall thickness

rection of earthquake
water pressure
rce

Figure 42 — Load distributions during an earthquake

cast concrete. Note that a minimmum thickness of 0,2 m is adopted in view of the fact

e from the aspect of congrete placeability but ease of placing may be ensured by th
ompacting concrete, etc.,in certain cases. The minimum thickness of a tank wall c3
ned from the unit axial compressive stress limit of the tank wall due to circumferg

5s using Formula (759:

1 2

304V \3
PYo (—]
T

min —

where

’

20,

ping
that

ement is basically of double arrangement and that a thickness of 0,25 m is normally

b use
n be
ntial

(75)

tmin

|4

is the circumferential axial force;

is the minimum thickness of the tank wall;

is the internal diameter-water depth ratio (=D/H);
is the unit weight of water;

is the axial compressive stress limit;

is the tank volume capacity.

Note that the residual compression was assumed to be 1,0 MPa.
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Figure 43 shows the minimum wall thickness required for a cylindrical PC water tank with an

internal diameter-water depth ratio of 3,0 to 3,5.

m
0,7

0,6

0,5

0,4

lw

/
7

0,2

2—01)

0
0123456
6,40

7 8 91011121314151617 1819 202122 2324 252627282930
3 x 103 m?

mbedded system
vrapped system and precast concrete
yolume
wall thickness

Figure 43 — Minimum thickness required for tank wall

Vhen using ribbed bars, the minimum reififorcement of the tank wall shall be 0,]
¢ross-sectional area both in the circumferential and vertical directions. However, th
¢ircumferential reinforcement content’efribbed bars in the zone from the bottom of t
F to a height of 1,0 m or to the heightof the haunch, whichever is higher, shall be 0,55 ¢

ay be reduced to 0,35 %, if thetank wall is capable of following radial deformation.
ars are used, the ratio is required to be increased by 0,05 %.

|
1

f a tank with fixed suppartor hinged support is to be kept empty for a long time, t}
einforcement of ribbed'bars of the PC tank shall be as follows:

The minimum circiimferential reinforcement content in the zone from the bottom of t
iip to a height of 1,0 m or to the height of the haunch, whichever is higher, shall be 1,5 %
gectional area;

The minimum vertical reinforcement content shall be 0,25 % near the outer surface
from the-bottom of the tank wall up to a height of 1,0 m or to the height of the haunch, y
igheryin the case of fixed support and near the inner surface in the range of the point

b5 % of the
e minimum
he tank wall
6. This ratio
When plain

le minimum

he tank wall
of the cross-

of the zone
whichever is
bf maximum

$ertical bending moment +1,0 m in the case of hinged support.

NOTE

When the tank is to be kept empty for a long time, the progress of drying shrinkage in the tank

wall may differ from that in the base slab, causing indeterminate forces at the bottom of the tank wall. This
generates axial tensile forces in the circumferential direction in the bottom zone of the tank wall. Vertical

moment, which increases the maximum moment in a “tank empty” condition, is also gen

erated. Since

it is difficult to properly determine this load in a quantitative manner, the requirement for the minimum

reinforcement is adopted as a simple method of handling this.

When plain bars are to be used, the ratio should be increased by 0,05 %.

11.4.2.4 Method of applying prestress

Prestressing forces shall surely be applied to the tank wall in the circumferential direction.
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Hydrostatic pressure causes hoop tension in the circumferential direction of the tank wall as shown in

Figure 44.

2

—— 3 /l

—_ 4 ,

\\\ RN
t 5

Key
1  hoop tenfsion 4 fix
2 free 5 vertical bending moment
3 hinge

Figure 44 — Hoop tension and vertical bending moment

Therefore, circumferential prestressing forces become necessary to coufiterbalance the generated hoop
tension. The “sum of the force corresponding to the hydrostatic pressure and the excess compressive
force (a forde corresponding to 0,5 MPa to 1,0 MPa)” is generally applied as the prestressing forcq (see

Figure 45).

|
|
? / ]
ij ——J—L—l

2 equivalept force to hydrostatic pressure

Key
1 residual fompression force
Figure 45 — A general method of applying prestress

However, the prestressing force may be determined based on detailed investigation according tp the
importancefahd scale of the structure, accuracy of structural analysis and the loads to consider.

Particular care shall be exercised where the structure at the bottom of the tank wall changes after
prestressing.

Methods of addressing vertical tensile stress include the application of prestress and the use of
reinforcement as found in small-scale tanks and in the case where the bottom of the tank wall is freely
sliding condition.

11.4.2.5 Pilasters

Pilasters for anchoring circumferential prestressing steel shall be equally spaced and their number
shall be an even number not less than four.

The size of pilasters shall be established with due consideration to the cover depth and anchoring method.
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In the case of embedding, the circumferential prestressing force does not become constant throughout
the circumference due to various losses (Refer to 6.5). For this reason, it is advisable to arrange
pilasters as shown in Figure 46, so as to equalize the prestressing force to the extent that it is possible.
Four pilasters are mostly adopted for a PC water tank with a diameter of 20 m or less, whereas 6 or 8
are mostly adopted for 20 m or greater tanks.

1

Key
1  prestressing steel
2 dase of 4 pilasters
dase of 6 pilasters

NOTE1 Ifanchored as (1), next prestressing steel is arranged as (2).
NOTE 2  Prestressing steel is arranged as the same way continuously at vertical direction.

NOTHE 3  Mark m is a position of pilaster.
Figure 46 — Arrangenient of pilasters and staggering of prestressing steel anchprages

Whepn determining/the’ pilaster size, it is advisable to refer to the guidelines and instructions for the
speclfic anchoringmiethod before making decision, as the configuration of anchorages varigs depending
on the anchoring’system.

11.4|2.6; Design of the tank wall bottom

The bottomof-the—tank wat-of

AL
OTTtoOTTI— ot TIS—Vvvor

erqtion to the

support type.

The designer shall exercise sufficient care about the design of the bottom of a tank wall, as the stress
conditions of the tank wall vary depending on the support type (see 11.4.1).

Ideal unrestrained support would not cause restraint at the bottom of the tank wall of a PC water tank,
but actually restraining forces are generated due to shear resistance, friction resistance, etc., of the
bearing material. An elastic bearing material (rubber padding) should be used at the bottom of the tank
wall, so as to follow the deformation of the wall bottom in the radial direction due to creep and drying
shrinkage, as well as elastic deformation. Also, seismic cables, such as prestressing strands, should be
used to connect the tank wall and the base slab, so as to resist the base shear during an earthquake.

The shear resistance of seismic cables and the elastic bearing material (rubber padding) cause
restraining forces that act on the bottom of the tank wall, generating small vertical bending moment
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in the tank wall. Care shall therefore be exercised so that this bending moment can be satisfactorily
addressed. This vertical bending moment may be calculated based on Formula (76).

Q k 1

M, =<0¢ (Bx)=—DP——— ¢ (Bx)
B k+2B3K 2

where
0 _pR* 2Bk kp 1
00— - 5

Et k+283K k+2B83Kk 2B

k isthe spring constant of bearing;

p ist
Sufficient c4
properties @
padding).

Ideal hinged
be generate
shear conne
therefore b

Prestressed|
tensile streg
bending mo

Safety again
to be used 4
into the bas
tensile streq
unless suffi

Sufficient c3
replaced.

Regarding f
Effects

In the ¢
is great
this. In
a thickn

e pressure at tank wall bottom (prestress, water pressure and earth pressure).

re shall also be exercised, as this bending moment is strongly affected ®y the mecha|
f the bearing material (e.g. hardness, shear modulus and compressive.strain ratio of ry

support would not cause bending moment at the bearing. However, bending moment

d by inadequate selection or use of the bearing material, prestressing steel materia
ctors or inappropriate method of embedding them into the/base slab. Sufficient care
exercised so that the bearing performance requirements-would be satisfied.

concrete construction is mostly adopted for a hinge-supported tank to resist the vel
s, but reinforced concrete construction may be adopted for a tank involving relatively i
ment (see 11.4.2.4).

st base shear is secured by the shear resistance of prestressing steel or steel reinforce
s anchorages or by the shear resistance.of the base slab when the tank wall is to be p
e slab. However, the shear strength ofiprestressing steel tends to conversely decrease 4
s increases. For this reason, sheairforce shall not be borne by tensioned prestressing
ient investigation is conducted regarding stress.

ire shall be exercised about corrosion inhibition of anchors, as anchors cannot be o

xed support:
bf haunch at thebottom of the tank wall

hse where. thie bending moment at the bottom of a tank wall with a fixed support cond
br than that at mid-height, an increased thickness at the wall bottom is a choice to deal
his case, the increase in the wall thickness shall be not more than the wall thickness.
ess increment greater than the wall thickness is necessary, it is preferable to increas

(76)
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An increase in the thickness of the wall bottom increases the rigidity of the wall, affecting its
member forces. This effect is particularly strong on the vertical bending moment. When the
increment in the wall thickness equals the original wall thickness, for instance, the vertical bending
moment can nearly double the value determined based on uniform thickness. The effect of increase
in the rigidity shall therefore be considered when increasing the thickness at the wall bottom. This
effect can be evaluated by such methods as theoretical solutions, FEM and plane frame analysis.
Otherwise, the following approximation may be used to calculate the vertical bending moment.
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(77)

Mpn  is the vertical bending moment at wall bottom considering an increase in the thickness

at wall bottom;

Mo is the vertical bending moment at wall bottom assuming a constant wall thickness, t;

ap is the correctio

th is the thickness of wall bottom;

t is the thickness of the tank wall;

n factor {:ti+a1ﬁHh +a, (ﬁHh)Z ;

h

B is the characteristic value of the tank wall;

Hy is the length of thickened zone of the tank wall (haunch height).

Table 21 — Correction factors ap and ap

th/t ai az
2,0 0,680 -0,161
g 1,75 0,660 -0,188
1,5 0,600 -0,224
2,0 0,383 0,0807
ap 1,75 0,393 0,0308
1,5 0,374 -0,0257

NOTE Hdunch limitations:
1,5t<tp<2,0t

30 (th-t) <HR<4,0 (th-10)

by interpolation.

A tn/t value-between the values given in Table 21 within the range of the table may be|ldetermined

Alsg; the values out of the range of this table may be calculated using Formula (77) aftdr separately
¢onfirming the applicability of this formula by FEM, etc.

— Effects of elastic fixing

In regard to a fixed-supported PC water tank, when the rigidity of the base slab at the support
is significantly greater than that of the tank wall, the joint shows a behaviour similar to that of
completely fixed support. When there is no large difference between the rigidities of the base slab
and tank wall, the joint shows a behaviour of elastic fixed support. The bending moment generated
at the bottom of the tank wall in the latter case is smaller than that in the former case.

For a fixed-supported PC water tank that is expected to show an elastic behaviour, the bending
moment at the bottom of the tank wall may be determined by Formula (78) unless a strict design
method is adopted with consideration to the characteristics of foundations and the rigidity of the

base slab.
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M o :(kakﬁ)MOh (78)

where

ko  isa coefficient considering the characteristics of foundations;
kg is the coefficient considering the rigidity of base slab;

Mp¢ is the vertical bending moment at bottom of the tank wall.

Table 22 — Products of k, and kg

th = th th=1,5th tpy=2,0|th
Where the base slab can be regarded |Normal ground 0,75 0,90 0,95
as one layer gnd of a uniform thickness [g; . ground 0.80 090 0.95
Where the base slab can be regarded |With a foundation slab 0,70 0,80 —
as two layers or the like Firm ground 0.70 0:80 _

The makimum thickness of the base slab (¢tp) should not be greater than'2,0 times the thickngss of
the botfom of the tank wall (ty) and that intermediate values within the range of Table 22 should
be calculated by interpolation. Also, the formula is inapplicableto.the case where a base slal that
cannot pe regarded as of a uniform thickness is placed on normal ground and the case of pile
foundatjions.

— Effects pf eccentricity of vertical prestressing steel

Eccentrjc arrangement of prestressing steel according to the distribution of bending momeént is
the basis of prestress design for bending moment:* However, prestressing steel is generally placed
in lineaf arrangement, due to the thin section ef the wall of a PC water tank. When the vertical
prestressing steel is eccentrically arranged-throughout the tank wall height, sufficient care should
be exergised, as the effect of eccentricity {eccentric moment) is limited to the area liberated [from
rotation].

An increase in the thickness of thieytank wall at its bottom shifts the centroid of the cross-seftion
away frpm the prestressing steel, generating a bending moment. This is a moment caused by the
changeg in the curvature radius due to the bend of the axis line and is determined depending on
the increment in the tankZwall thickness (haunch thickness) and length of the thickened [wall.
Techniques to accurately_évaluate this effect include the theoretic solutions, FEM and plane frame
analysig. When thes@.techniques are not to be used, the following approximation may be usgd to
determine the vertieal bending moment:

th
p TMOe (79)

M,  is the vertical bending moment at tank wall bottom generated by changes in the curva-
ture radius of the tank wall;

ap  isthe correction factor (see Table 21) :ti+alﬁHh +a, (BHy, )2 ;
h

Mpe is the vertical bending moment at tank wall bottom generated by changes in the curva-
ture while the tank wall thickness is constant at t.
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Figure 47 — Definition of symbols

1 oe is obtained by Formulae (80) and(81) with the symbols defined in Figure 47:
Gy
p=C1my (ﬁé)Jrﬁ{ my (BE)+my (ﬁé)}”ﬁ (€)

(80)
M
_K_§=C1 (‘2[32)”’1 (BE)*CoB{-my (BE)+ms (BE)}+G5 (&) (81)
Where
c, < ~K2291 +k1292
ki1kap —k12koq

—ko.qg, +k..q.
LlIJd1 I1U 4

ki2ko1 —ki1ko

ki =kyp =my (BH)
ki =$[m2 (BH)+m3 (BH)]

ka1 =ﬁ[—m2 (BH)+ms (ﬁH)]
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my
my
ms

my

Q
IA

K
P

is the flexural rigidity;

is the vertical prestressing force,

Moe is optained as Mg, where ¢ = H.

When viertical bending moment infareas other than the tank wall bottom is necessary, it may be
approximated by Formula (82).

where

M,

My

is thecorrected vertical bending moment;

(82)

is.the vertical bending moment when the wall thickness is assumed to be constant at ¢;

Mot

ing moment (Mof — Moc) or (Me - Moe).

is the vertical bending moment when hinge-supported wall bottom is loaded with bend-

Note that this calculation does not consider vertical bending moment at the wall bottom, My,,
generated by the effect of Poisson’s ratio, v, due to vertical prestress. This may be calculated by

Formula (83) and added to Mge:
v P

90

2B°%R

(83)

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=c0202cc7c1a05e1ffa77f35c46542af3

ISO 18407:2018(E)

where

11.5

My, isthe vertical bending moment at the wall bottom generated by the effect of Poisson’s

ratio, v, due to vertical prestress when the tank wall thickness is constant;

R is the radius of the tank wall.

Base slab

11.5.1 Structural types

foundations
renerated in
ncentrated,

he slab) that
Ich a case as
n ground is
'ructed. The
ion with the

determined

(84)

The gtructural types of base slabs include as follows.
— One-layer base slab
Abase slab shall be of a structure capable of resisting the deformation and subsidence of]
yith its rigidity and simultaneously retaining its watertightness. Since latge stress is
the circumferential area where the deadweight of the tank wall and,ether loads are c
this area is generally thickened and referred to as a ring plate.
— Two-layer base slab
In this type, the tank body is constructed on the foundation’slab (the lower layer of t
iIs constructed with reinforced or prestressed concrete-on the foundation ground, in sy
yhen uniform bearing capacity of the ground cannot-be obtained. When the foundati
gufficiently firm as in the case of reliable bedrock, the foundation slab may not be cons
fing plate resists the stress in the base slab (the'upper layer of the slab) due to interact]
yvall. A thin membrane floor is provided to ensure watertightness.
— Others
When the tank wall bottom is fixed“supported, the length of the ring plate may be
using Formula (84).
v H H
& bor p3 L (B
1BK | 4BK  2E.t},
Wwhere
My is the vertical bending moment at the bottom of the tank wall;
B is the characteristic value of base slab;
K is the flexural rigidity;
pay icthao it vwaiaht afwqtar:
s isthewniwelchtofwates
H is the total water depth;
E. is the elastic modulus of concrete;
trp  is the thickness of ring plate (see Figure 48);
Lyp  is the length of ring plate (see Figure 48).
© ISO 2018 - All rights reserved
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Figure 48 — Ring plate

Iign in general

11.5.2.1 Logads for base slab

The loads for the design of a base slab shall generally include as follows:

— deadwe|

ight in accordance with 6.2;

— imposed load in accordance with 6.3;

— hydrostfatic pressure;

— prestre
— effecto

— snow lo

5sing force;
fan earthquake in accordance with 6.8 and Clause9;

hd in accordance with 6.10;

— earth pressure in accordance with 6.11;

— uplift fgrce in accordance with 6.12.

11.5.2.2 Ldad combinations

Combinations of loads for the design (of)a base slab shall generally be as given in Table 23. In add

other loads

that have strong effects‘on the base slab shall be considered as the need arises.

Table 23 — Load combinations

tion,

Immediately | Under ordinary .
after conditions During ajn
; earthquake
prestressing | Empty Full
Deadweight o o o o
Imposed load o o o
Primary load Hydrostatic pressure o o
Prestressing |Immediately after o
force Effective o o 5
. Snow load o o o
Particular load
Earth pressure o

The deadweight, imposed loads and snow loads may be treated as vertical concentrated loads
transferred from the tank wall bottom to the base slab. In regard to prestressing forces, hydrostatic
pressure and earth pressure, the reaction forces generated from these loads at the tank wall bottom
may be regarded as loads acting on the base slab. However, when horizontal reaction forces act as
compressive forces, these may generally be neglected as being advantageous for the members. In such a
case, only bending forces require consideration.
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For a one-layer base slab, analysis may be carried out by applying the above-mentioned loads
simultaneously to the joint between the tank wall and base slab. For a two-layer base slab, analysis
may be carried out by simultaneously applying vertical concentrated load to the foundation slab at the
joint between the tank wall and foundation slab and applying vertical concentrated load and bending
moment to the base slab at the joint between the tank wall and base slab. In this case, the joint between
the tank wall and base slab or foundation slab is defined as the point at which the vertical line passing
the point of contact between the centroid of the tank wall and the upper surface of the base slab

intersects with the centroid of the base slab or foundation slab.

11.5.2.3 General design of base slab

Wheh designing a base slab, the following shall be observed:

11.5

Wheh designing a one-layer base slab, the following shall be observed in addition to 11.5.2.

he thickness of a base slab at the joint with the tank wall shall be not less than the thickness
f the tank wall bottom and not less than 0,3 m. At joints between the tank ‘wall and base slab,
igidity equal to or greater than that of the tank wall shall be provided te‘the base glab to make
he joints structurally stable. Also, in view of the congested reinforceméiit’ and prestressing steel,
he thickness of the base slab shall be determined in consideration ofthe'stress distrilpution in the
rea embedding anchorages for vertical prestressing steel. The concrete strength of the ring plate

hall be not less than f’cx = 30 MPa when no particular investigation is conducted for
owever, the concrete strength can be reduced subject to sufficiéent investigation.

n a pile-foundation tank, joints between the base slab and-piles shall be fixed or hinged
nd pile heads shall be appropriately treated. When selecting the connection method 3
are shall be exercised regarding the type of the structure, function of the structurg
imensions of the base slab or foundation slab, type;of piles, ground conditions and di
f connecting work.

When hinged connection is adopted, it is gederally difficult to expect a perfect hinge. [
ghall therefore be conducted by applying the maximum bending moment based on hingg
to pile heads. When hinged connection is-adopted for prestressed concrete piles with h
ﬁarticular care shall be exercised-for-the strengthening of pile head zones. When pi
inge-connected, no pull-out for¢e should as a rule be generated in the piles.

The effects of pile head displacement, which are generally conceivable during an earth
e considered to prevent.deleterious effects on piping, fixtures and fittings.

or pile foundations, the base slab and foundation slab may be assumed to be a flatslab o
eam on elastic supports for calculation. However, the slab thickness is required tg
than the pile diameter in consideration of the rigidity of piles and the slab. The str
reinforcementon the side in contact with water is determined in consideration of wate

2.4 One-layer base slab structure

anchorages.

connections
t pile heads,
e, shape and
ficulty level

hvestigation
b calculation
eads cut off,
e heads are

quake, shall

rcontinuous
be not less
pss limit for
rtightness.

3:

Analysis shall be carried out in consideration of the characteristics of the ground and rigidity of the

base slab,

The minimum thickness of the disk of the base slab shall be 0,16 m,

The minimum reinforcement in one direction of the base slab shall be the cross-sectional area
multiplied by the values given in Table 24 when ribbed bars are used. When plain bars are used, the

values in the table shall be increased by 0,05 %.
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Table 24 — Minimum reinforcement in one direction of a base slab

Thickness, ts (m) <0,15 0,15-1,0 =21,0

0,2
Minimum reinforcement ratio (%) 0,45 0,45—(t,—0,15 )—5 0,25

’

In the case of a spread foundation, the base slab should be analysed as a disk on an elastic floor. In this
case, it is advisable to apply water pressure as loads distributed from the inside of the tank wall inward
for analysis, in consideration of extension outward beyond the tank wall line.

A partially leaded-disk-w ang s-on-3 as 3 ah3 3 ssolved
as combinatiions of rings on an elastic floor. However, the analysis results, which are obtained aS'series
solutions, arfe quite complicated. The analysis may therefore be carried out by FEM using axisymmietric
thin wall shell elements or a planar frame model. The planar frame model is a sectoral element of |l rad
from the disic. The vertical springs representing ground springs should normally be distributed spijings,
concentrated springs are assumed in this analysis. Rotational springs, which are detesmined depernding
on the circumferential flexural rigidity, are intended to satisfy the circumferential’eontinuity that was
lost by cutting of the element. Note that consideration of the in-plane forces (radial axial forces) qf the
disc further|requires horizontal springs determined by circumferential axial rigidity. However, it is not
necessary in the case where the axial line is horizontal and vertical loads-and concentrated moment
loads are defplt with.

This model provides a sort of approximate solution because the con¢entrated springs are assumed, but
it is not necg¢ssary to increase the divisions to increase the accutacy.

Section moduli and spring constants necessary for this planatdframe (beam) model are approximately
determinedfas Formula (85):

K 2 2

Kvi=—8L|:(’"i+1+ri) —(ri+riz1) }
E 2r; 3. Ii+r;

Kgi =— ':(ti—1+tl) lg— 1% (t; +t;,1) lg—L (85)

9«3(1—1) ) rio1 R 2r;
A _Tidriaa tittig

2 2
r i
where

Kyi, Kgi | are the vertical and rotational spring constants, respectively, of node i;

A, I are the cross-sectional area and second moment of area, respectively, of element i
(member between nodes i and i + 1);

ri is the radius of node i (X coordinate);

ti is the thickness of base slab at node i;

E is the elastic modulus;

Ky is the vertical subgrade reaction modulus.
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Since concentrated springs at nodes are assumed in the above-mentioned model, it is advisable that
distributed loads also be assumed as concentrated loads at nodes. The load at a node is determined as
follows:

— Concentrated load

Pp; =Pg;r; (86)

— Water pressure (distributed load)

:prr/r NI
38 L\I+1 1) L\

A F1 : (87)

where

Py, isthe concentrated load acting on node i (including moment load);
Ps;  isthe concentrated load per unit length acting on node i;

p is the unit weight of water;

Ly  isthe depth of water.

The results of analysis using the above-mentioned data can be converted to bending moment per unit

length as Formula (88):

M..
r.
’ (88)
_ D; 2
Mo =M +—(1-0?% )¢y
T
where

Myi, Mg; are the bending moment per unit length in the radial and circumferential dirgctions at
node i, respectively;

Mxi, ¢; are the bending moment and deflection angle, respectively, at node i determired by pla-
nar frame(@nalysis;

Et3

1

D; is.the flexural rigidity at nodei | =——
12(1-v?)

When‘the thickness is constant or when the thickness changes are negligibly small, analysis may be
carried out by assuming a beam on an elastic floor instead of a disc on an elastic floor. However, in
this case as well, the loads transferred from the tank wall should be assumed as concentrated loads on
the joint with the tank wall and the water pressure should be assumed as distributed loads from the
inside of the tank wall inward, in consideration of the extension beyond the tank wall line, similarly
to the case of a disc. When analysis is conducted assuming a beam, the circumferential moment is not
obtained. Therefore, the same amount of reinforcement as in the radial direction should be provided in
the circumferential direction. For this reason, it is desirable to carry out analysis assuming a disc when
the circumferential reinforcement content affects the economic efficiency, such as for a tank with a
large capacity.
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11.5.2.5 Two-layer base slab structure
When designing a base slab of this type, the following shall be observed in addition to 11.5.2.3.

— Nobending moment shall be borne in the membrane floor. The membrane floor is required to bear no
bending moment by reducing its thickness and reducing its rigidity ratio to the foundation slab, etc.

— The foundation slab shall be analysed in consideration of the properties of the ground and the
rigidity of the slab.

— The minimum thickness of the membrane floor shall be [0,1] m.

— The migimum thickness of the foundation slab shall be [0,2] m.

— The minimum reinforcement in one direction of the base slab shall be the cross-sectional|area
multiplied by the values given in Table 24.

— The mijimum reinforcement when using ribbed bars in one direction shall be the*cross-sectjonal
area myltiplied by 0,25 %. When using plain bars, the values shall be increasedby 0,05 %.

12 Materijals

12.1 Quality of materials

12.1.1 Genleral
Materials td be used for a PC water tank shall be of qualitiés-that comfortably meet the requireﬂlents

for the purpose of the tank. Basically, all materials shall be'used with confirmation to the relevant ISO
standards.

NOTE Examples of materials specifications are given'in Annex D.
12.1.2 Concrete materials

12.1.2.1 Ce¢ment

Cement that provides watertight) concrete shall be selected for a PC water tank with thorpugh
consideratign to the time and shethods of construction and climatic conditions of the construction|site.

12.1.2.2 Whater

Mixing watdr shall be cdonformed to ISO 12439.

12.1.2.3 Fipe aggregate

Fine aggregate shall be clean, hard and durable with an adequate grading. It shall not contain a harmful
amount of dirt, mud, organic impurities, chlorides, or the like.

12.1.2.4 Coarse aggregate

Coarse aggregate shall be clean, hard and durable with an adequate grading. It shall not contain a
harmful amount of thin stone chips, long stone chips, organic impurities, chlorides, or the like. When
fire resistance is particularly required, fire-resistant coarse aggregate shall be used.

12.1.2.5 Admixtures

Supplementary cementitious materials and chemical admixtures used as admixtures shall be of
confirmed quality.
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12.1.3 Concrete

12.1.3.1 General

Concrete shall be highly watertight and durable with the required strength.

12.1.3.2 Strength

The strength of concrete shall be specified by test values of standard-cured specimens at an age of
28 days.

The [compressive strength, tensile strength and flexural strength of concrete shall,He tested in
accordance with ISO 1920-4. Specimens for these tests shall be fabricated in atcotjdance with
ISO 1920-3.

12.1{4 Prestressing steel

Prestressing steel conforming to ISO 6934-1, ISO 6934-2, ISO 6934-3, 1S6,6934-4 or ISO $934-5 shall
be uged.

Wheh using prestressing steel other than the above-mentioned types, its qualities shall be confirmed
by teists and adequate strength and other design values shall be-s€parately established.

Also| when prestressing steel is to be reworked or heat-treated for anchorage, connection, assembly,
or placing, tests shall be conducted beforehand to confirm that such rework or treatmerlt would not
impdir the qualities of prestressing steel.

12.1{5 Steel reinforcement

Steel reinforcement to be used shall conformto ISO 6935-1, ISO 6935-2 or ISO 6935-3; othg¢rwise, tests
shalllbe conducted to establish the design values and method of use.

Epoxly-coated steel reinforcement to beused shall conform to I[SO 14654.

12.1l6 Welded wire fabric

Welded wire fabric to be used’as reinforcement for concrete shall have the required strength and shall
be syitable for the construetion conditions.

Welded wire fabrictoe be used shall conform to ISO 6935-3.

Welded wire fabric as reinforcement for concrete is often used for a dome and a base sldb. However,
sufficient care,should be exercised for anchorage when using welded wire fabric for thege members.
The ghapes,and dimensions of the mesh and the diameter of steel wires should be appropriately selected
according to the purpose of the structure.

12.1.7 Anchorages and couplers

Anchorages and couplers shall have such structure and strength that they would not be broken or
significantly deformed before the anchored or connected prestressing steel achieves the tensile load
required by the standard. The performance of anchorages and couplers shall as a rule be confirmed
based on relevant ISO standards.

12.1.8 Sheath

Sheaths shall not be readily deformed during handling or concrete placing. Also, their structure shall be
designed to prevent cement paste from entering through their joints.
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The shapes and dimensions of sheaths shall be determined in consideration of ease of inserting
prestressing steel, ease of filling prestressing grout, their capability of ensuring the bond and friction
with prestressing steel.

12.1.9 Coating materials for protecting prestressing steel

12.1.9.1 Grout for prestressed concrete

Grout shall be capable of completely filling the inside of the ducts to encase prestressing steel, so as to
protect them from corrosion, while providing monolithic bond between prestressing steel and member
concrete.

The qualitiefs of grout shall meet the following requirements by testing in accordance with [SO.148P4-3:

consistd

ncy;

expansion ratio;

bleeding ratio;

;

strengt

chloridg content limit;

Other recon|

Water to be
effect on thd

Investigatio
qualities an

The water-¢

12.1.9.2 Cq
Coating mat

prestressing
prestressing

13 Tank 4

13.1 Ladd
A tank shall

imendations as follows shall be referred:

used for grout shall not contain a harmful amount of any substance having an adj
grout or prestressing steel.

h shall be made beforehand as to whether.¢b not admixtures in grouts may be used,
l how they should be used.

ement ratio of grout shall be not moté-than 45 %.

ating materials for unbonded prestressing steel
erials for unbonded prestressing steel shall be such that they do not cause corrosia

3
3

|ppurtenances

prs /stairs and handrails

be provided with means of climbing up or down for access to the inside of the tank.

yerse

their

n on

y steel, damage concrete, 0r cause no bond between prestressing steel and concrete dfiring

Also,

hes.

sturdy han

rails with a hpighf of notlessthan 075 mshall be prnvidpd forthe area ]pqding to hat

Means of climbing up or down should generally be stairs or ladders. For the inside, ladders are used in
most cases. Since ladders on the inside are to be immersed in water, those made of stainless steel or
other rustproof materials are preferable.

Stairs shall have a width of not less than [0,6] m. For a stair with a height exceeding [8] m, it is preferable
to provide a landing for each height of less than [7] m.

The width of a ladder shall be not less than [0,3] m. The steps of a ladder should be equally spaced at
approximately [0,25] m. The uppermost step of an external ladder shall protrude not less than [0,6] m
from the floor. A basket or landing shall be provided for an external ladder with a particularly large height.
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13.2 Manhole and water pilot hole

A PC water tank shall be provided with manhole and water pilot hole. Manhole and sample water pilot
hole shall be constructed so as to prevent rainwater ingress and shall be locked.

13.3 Ventilators
Ventilators shall be provided in a PC water tank.

Ventilators shall meet the following requirements.

aximum tank

ible.

putflow rate per day. The number of ventilators shall be as small as poss

— The ventilators shall be configured to prevent entry of rainwater, dust and .pests/ihsects from
Qutside.

13.4 Lightning rods

A lightning rod shall be installed for a water tank with a height exceeding [20] m from tHe ground. It
is adyisable to install a lightning rod on a lower tank when it is particularly prone to lightning strikes.

A lightning rod comprises an aerial terminal, cables and an eanth electrode. The protection range is
withfn 60° of the tip of the rod.

13.5 Piping
The inlet and outlet piping of a PC water tank shalluneet the following requirements.

— The numbers and locations of inlet and outlet piping shall be determined in consideration of the
ghape and configuration of the tank so that the tank water may not stop flowing.

— The level of the cross-sectional centre of the outlet pipe shall be lower than the low whter level by
not less than two times the pipe diameter.

— (are shall be exercised for-watertightness where a pipe passes through the tank wall pr base slab.
Flexible joints shall be provided near the outside of the wall as necessary.

— Cutoff valves shall be provided for both the inlet and outlet pipes.
— Itis advisable to'provide an emergency shutoff valve for the outlet pipe as necessary.

— The inlet pipe-shall be provided with either an overflow weir or check valve, or the pipdline shall be
grranged over the tank wall.

The gverflow pipe shall meet the following requirements.

— Theoverflow pipe shall be provided at the high water level and shall have a trumpet-shaped opening
or weir.

— The tank overflow shall be determined in consideration of the area of the tank, clearance and
inflow rate.

— The high water level at the discharge end of the overflow pipe shall be lower than the high water
level of the tank.

The drainage pipe shall meet the following requirements.
— Adrainage pipe having a shutoff valve shall be provided at the low point of the pond.

— The diameter of the drainage pipe shall be determined in consideration of the amount of water
below the low water level.
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— It is desirable that the high water level at the discharge end of the drainage pipe be lower than the
low point of the tank. However, where the whole amount of water cannot be drained by gravity, a
pump drainage system including a catch basin shall be provided.

The tank by

pass shall meet the following requirements.

— A bypass shall be provided to allow water conveyance without passing through the tank.

— A check

valve shall be provided in the bypass.

13.6 Catch basin

When planning a catch basin at the bottom of a PC water tank, points of high stress shall be ayéid
the extent that it is possible.

It is desirab

13.7 Wate

A water-levq
indicator sh

that one side of a catch basin is not shorter than three times the diameter ofthe’outlet

r-level gauge

] gauge shall be provided for a PC water tank to permit remote level indication. The
b1l be connected to an alarm system as necessary.

13.8 Rainyater treatment

The roof of 4

13.9 Protd

Protection ¢
Entrances t

The entire t

i PC water tank shall be provided with drains and gutters to allow rainwater to flow o

ction equipment

equipment shall be provided to prevent unauthorized entry, which can cause accid
stairs, ladders, and corridors should befenced in and locked.

hnk site should also be fenced in, and;the entrances should be locked.

ed to

pipe.

level

E.

ents.
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Annex A
(informative)

Reference design flow

The design calculation flow in according with this document is shown as Figure A.1. Additional
explanation with reference sections is given in Table A.1.

@,
2
3
No
4
Yes
5
6
No
4
Yes
7
No
4
Yes
—
Key
1 start 5  verification of earthquake conditions
2 confirmation of design conditions 6  Level 1 earthquake
3 calculation in ordinary condition 7  Level 2 earthquake
4 check 8 end

Figure A.1 — Design calculation flow
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Table A.1 — Explanation of design flow

Design item Design investigation
No Confirming Remark Check Reference clause
i in this document
Matter Detail states positions conditions
1 Confirmation |Kinds of structures 5 11
of (_1e51gn con-  IShapes 11
dition
Materials 7 12
Analysis methods 7 11
Loads 6
Seismic conditions 9
Soil and foundation 11
Others 11
2 Desigi] calcula- |Primary load [
tlondl,rtl ordinary Subsidiary load Watertightness All Stress limits.|8
conditjons
Particular load 11
3 Verifidation of |Level 1 8
earthquakes (conventional No damage All Stréss limits |9
conditfons -
earthquakes)
Level 2 Bearing |9 9.3.4
(very strong earth- . C1rcumf(131rence capacity and
quakes) Retainable func- wa response
tion safety strain
Vertical wall Bearl_ng
capacity
Foundation Spread Stability |9 9.4
2 foundation (Level 1)
Stability and —
safety Pile Limit state
foundation |(Levels 1and
2)
4 Confirmation 10
of gengral - . L .
structfiral
details
5 Reference of . . . _ 13
appurfenances
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Design seismic coefficients for the seismic coefficient method

B.1 Level 1 ground motion

To determine the seismic coefficient for verification of safety against earthquakes, alevel of seismic
hazard should be defined for a PC water tank in terms of the intensity of the effective geak ground
horizontal acceleration in bedrock at the tank site. For example, according to the ahalysfs on strong
motipn seismograms of 394 components observed in Japan, standard horizontal seéismic cogfficients for
Leve] 1 ground motion are given in Table B.1 and illustrated in Figure B.1.
Table B.1 — Standard horizontal seismic coefficients (Level1 ground motion)
Ground type Value of K},01 for natural period of structure, T (s)
Typd I ground T<0,1 01=T<1,1 1,1k T
(T6<0,2) Kno1 =0,431T1/3> 0,16 Kno1=0,2 Kno1 = 0,R13T-2/3
Typq Il ground T<0,2 0,2<T<1,3 1,3 T
(0,2< T <0,6] Kno1=0,427T1/3 20,20 Kno1=0,25 Kno1 = 0,298T1-2/3
Typq Il ground T<0,34 0,34<T<1,5 1,5 T
(0,6 < Tg) Kno1 = 0,430T1/3 210,24 Kno1=0,3 Kno1 = 0,B93T-2/3
NOTH Tg is the natural period of the ground-(s).
04 I | I LI
03} e —
024 )her———————————
0,2 =
5 -
_1
0,1 : ———2
- ——3
0,07 |-
0,05 C 1 1 1 L1 1 1111 1 1
0,1 02 03 05 07 1 2
4
Key
1 pe [ ground
2 typell ground
3 typelll ground
4 natural period, T (s)
5 standard horizontal seismic coefficient of ground motion, K01

Figure B.1 — Standard horizontal seismic coefficient (K,01)

As for the scope of this document, the correction factor, C;, defined in Formula (27) should be taken
as specified in Table B.2. The seismic hazard is divided in three different zones in Japan as shown in
Figure B.2, regions A, B and C, for example. The global seismic hazard is given in ISO 15673.
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Table B.2 — Regional correction factors for Japan

Region division Correction factor, C;
Region A 1,0
Region B 0,85
Region C 0,7

The ground type for seismic design is classified based on the natural period of the ground, Tg,
calculated from Formula (B.1). If the ground surface coincides with the rock surface, the ground is
classified as Type L.

3 H;
TG :4547 (Bl)
il s

where

Tg isthe natural period of the ground;
H; is the thickness of the i-th stratum;

Vsi is the mean shear elastic wave velocity of the i-th stratum.

Figure B.2 — Regional division for Japan

The ground types are used for determining the design horizontal seismic coefficient (Kn1) for the
seismic coefficient method. Type I ground may be regarded as good diluvial ground and bedrock;
Type I1I, weak ground among alluvial ground; and Type II, diluvial and alluvial grounds not included
in Types I and III. Alluvial strata referred to here include new sedimentary layers due to cliff failure,
etc., topsoil, reclaimed soil and weak layers. Diluvial strata include tight sand layers, gravel layers and
cobble layers among alluvial layers. Though it is desirable to measure Vs by elastic wave prospecting or
PS logging, it may be estimated from the N value (V) according to Table B.3 when no measurement data
are available. The N value should represent the average of the N values (obtained with the standard
penetration test) of the component layers. It is not necessary to overcomplicate this calculation.
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Table B.3 — Shear elastic wave velocity of grounds

. e . Vs (m/s)
Soil classification
10-3 10-4 10-6
o Cohesive soil 129 N0,183 156 N0,183 172 NO,183

Diluvial -

Sandy soil 123 NO,125 200 NO,125 205 NO,125
Alluvial Cohesive soil 122 N0,0777 142 NO,0777 143 NO,0777

uvia
Sandy soil 61,8 N0,211 90 NO,211 103 NO,211

NOTE1 These were classified by the percent fractions of sand and clay components.

NOTE 2  Use shear strains of a 10-3 level for the surface layer. For foundations, use the values.of 2| 10-6 level.

B.2 | Level 2 ground motion
The $tandard horizontal seismic coefficient for Level 2 ground motion is defined at the position of the

centfoid of the structure as specified for each ground type. The standard horizontal seismid coefficients
for Level 2 ground motion are listed in Table B.4 for reference.

Table B.4 — Standard horizontal seismic coefficients (Level 2 ground motion)

Ground type Value of Ky02 for natuiral period of structure, T (s)
Typq I ground T<0,2 02<T<1,0 1,0 T
(Tg<0,2) Kho2 = 2,291T0,515 > 0,70 Knho2=1,0 Kno2 = 1,J00T-1,465
Typq Il ground T<0,2 0,2<T<1,0 1,0 T
(0,2< TG <0,6] Khoz = 5,13070,807 2.0;80 Khoz =14 Kho2 = 1,400T-1,402
Typd Il ground T<0,3 03<T=<1,5 1,5<T
(0,6 = Tg) Kno2 = 2,565T9:631 > 0,60 Kho2 =1,2 Knho2 = 2,J037-1,263

NOTH Tg is the natural period of the.ground (s).
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Seismic input for design by dynamic analysis

Annex C

(informative)

When using dynamic analysis to verify for the safety against Level 2 ground motion, the following
seismic waves may be used: seismic waves conforming to the velocity response spectra of bedrock

and the accq

For velocity,

shown in Figure C.1 and Figure C.2, respectively. Two lines in each figure correspond t0.90 % and
of non-excegs probability.

Key
1  velocity

1000
0,7; 100
100 yamm
/1 11
AA100,7;70)
/V
1 /;//
//
10 £ //
(8) £~
(6
1
0,1 1 5 10
2

response spectrum;, Sy (cm/s)

2 natural geriod, T (s)

Figu

106

e C.1 ==Velocity response spectra for design regarding Level 2 ground motion

leration response spectra of surface ground or actual seismic waves observed nearinland
faults at sitq.

response spectra of bedrock and the acceleration response spectra of surfacé groung are

70 %
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Key y\(b
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2 tatural period (s) b) Type Il ground &{@s <Tg<0,65)
3 gcceleration response spectra (gal) c) Type Il groundy(0,6 s < Tg)
4  npatural period (s) 0<(
5  Q3cceleration response spectra (gal) Q
6  tatural period (s) \\§\

Figure C.2 — Acceleration response sg@a regarding Level 2 ground motion

Wheh selecting observed seismic waves t SP\

motipn, the ground type of the observa

resppnse spectra of the observed sei

Figufe C.2 should be confirmed. Als

should be 600 gal to 700 gal, 700 _gal

groupds, respectively, in the m@e

used for dynamic analysis regarding Levj
points should be considered and the simil

¢ waves to those response spectra for desig
maximum values of input seismic waves for dyna
0 800 gal and 400 gal to 600 gal for Type I, Type Il

ground, and 400 gal to 500 gal for bedrock.

el 2 ground
arity of the
n shown in
mic analysis
and Type III
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Annex D
(informative)

Example of material specifications

D.1 Concrete

D.1.1 Mo&llulus of elasticity

The values |
forces orela

concrete mgmbers.

Table D.1 — Elastic modulus of concrete

isted in Table D.1 may be used as the elastic modulus for the calculation of {fhdetermfnate
stic deformation of a reinforced concrete structure and the design calculatiph-of prestressed

Characteristic compressive strength, f’.'(MPa)

21 24 30

40

50

60

E. (GPa) 23,5 25 28

31

33

35

D.1.2 Dryjing shrinkage

The degree

to be the values given in Table D.2.

Table D.2 — Drying shrinkage of concrete

bf drying shrinkage of concrete to be used for.calculating the prestress loss may be assumed

Age of concrete at prestressing (day)

4-7 28 90 365
Shrinkage strain 20 x 10-5 18 x 10-5 16 x 10-5 12 x 10-5
D.1.3 Creep
The creep factor for calculating the prestress loss and indeterminate force may be assumed to b the

values giver] in Table D.3:

Table D.3 — Creep factor of concrete

Age of concrete when a sustained load is applied

(day)
4-7 14 28 90 365
Creep |With high early strength Portland cement 2,6 2,3 2,0 1,7 1,2
factor |With ordinary Portland cement 2,8 2,5 2,2 1,9 1,4
D.2 Steel

D.2.1 Modulus of elasticity

The elastic modulus of steel for design calculation may be assumed to be the values given in Table D.4.

108
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Table D.4 — Elastic modulus of steel

Steel type

Elastic modulus (GPa)

Reinforcing bar

Prestressing steel

2 Relaxation

ISO 18407:2018(E)

As to the apparent relaxation ratio of prestressing steel for calculating the prestress loss, the ratios
may be assumed to be the values given in Table D.5.

D.3

D.3.

Table D.5 — Apparent relaxation ratio of prestressing steel, y

Type of prestressing steel

Apparent relaxation ratio

Prestressing wire and prestressing strands 5%
Prestressing bars 3%
Low-relaxation prestressing steel 1,5%

Stress limit

D.3.1.1 Stress limit of concrete

I Stress limit of reinforced concrete members

The gompressive stress and shear stress limits of conicrete may be assumed to be the values given in
Table D.6.
Table D.6 — Compressive and shear stress limits
Dimepsions in MPa
Design strength of copcrete
StresSitype 21 24 27 B0 240
) Flexural compressive stress 8,0 9,0 10,0 11,0 14,0
Compressive stress - -
Axial compressive stress 5,5 6,5 7,5 8,5 11,0
Without calculation for Beam 0,42 0,45 047 | 050 | 0,55
Shealr stress diagonal bars Slab 0,85 09 095 | LO | 11
With calculation for diagonal bars 1,9 2,0 2,1 p,2 2,4
The bond stress limit of concrete with reinforcement with a diameter of not more than 32)mm may be
assumed. to be the values given in Table D.7

Table D.7 — Bond stress limit of concrete

Dimensions in MPa

Design strength of concrete
Rebar type 21 24 27 30 240
Plain bar 0,75 0,80 0,85 0,90 1,00
Ribbed bar 1,5 1,6 1,7 1,8 2,0

D.3.1.2 Stress limit of reinforcement

The stress limit of reinforcement with a diameter of not more than 32 mm may be assumed to be the
values given in Table D.8.
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Table D.8 — Stress limit of reinforcement

Dimensions in MPa

Specified characteristic value of upper yield strength 235 295 345
a) General member 171 220 245
i b) Member in contact with water 122 122 122
Immediately after - -
prestressing ¢) When calculating the length of lap splices 171 220 245
or development length of rebars
d) Compressive stress 171 220 245
e) General member 137 176 196
f) Member in contact with water 98 98 98
Other i i
g) When calculating the length of lap splices 137 176 196
or development length of rebars
h) Compressive stress 137 176 196

D.3.2 Stre¢ss limit of prestressed concrete members

D.3.2.1 Stress limit of concrete

The comprepsive stress limit of concrete may be assumed to be the values given in Table D.9.

Table D.9 — Compressive stress limit of concrete

Dimensions in MPa

Design strength of concrete 30 40 50

Immediately after  |@) Flexural compressive stiess 15 19 21

preptressing b) Axial compressive stress 11 14,5 16

OtHer c) Flexural compressive stress 12 15 17
d) Axial compressive stress 8,5 11 13,5

The tensile $tress limit of concrete may.be.assumed to be the values given in Table D.10.

Table D:10 — Tensile stress limit of concrete

Dimensions im MPa

Design strength of concrete 30 40 50

a) Immediaté€ly after prestressing 1,2 1,5 1,8
Flexgral b) Primiany load and particular load equivalent to primary load
tensile ! . 0,6 0,8 1,0
stress (excluding hydrostatic pressure)

¢)Primary load and particular load equivalent to primary load 0 0 0

H) Immnr‘]i:\fn]y after prncfr‘nccing Q Q 0
Ax1a-l e) Primary load and particular load equivalent to primary load
tensile ) . 0 0 0
stress (excluding hydrostatic pressure)

f) Primary load and particular load equivalent to primary load 0 0 0

The shear and diagonal tensile stress limits may be assumed to be the values given in Table D.11.

Table D.11 — Shear and diagonal tensile stress limits of concrete

Dimensions in MPa

Design strength of concrete 30 40 50
a) Shear stress 0,45 0,55 0,65
b) Axial tensile stress 0,8 0,9 1,0
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The bond stress limit of concrete may be assumed to be the values given in Table D.12.

Table D.12 — Bond stress limit of concrete

Dimensions in MPa

Design strength of concrete 30 40 50
a) Plain bar 0,9 1,0 1,0
b) Ribbed bar 1,8 2,0 2,0

D.3.2.2 Tensile stress limit of prestressing steel

The tensile stress limit of prestressing steel may be assumed to be the values given in Tabl¢ D.13.
Table D.13 — Tensile stress limit of prestressing steel
Stress condition Tensile stress limit Ngtes

a) [uring prestressing 0,80 fpu or 0,90 fiy, whichever is smaller = |fpy: tensile gtrength
b) Immediately after prestressing 0,70 fpu or 0,85 fy, whichever is stdller of prestressing steel
¢) While in service , . fpy: yield stength

) 0,60 fpu or 0,75 fuy, whichever is smaller of prestressing steel
D.3.2.3 Stress limit of reinforcement
The $tress limit of reinforcement may be as specified in-D.3.1.2.
D.3.2.4 Augmentation of tensile stress limit of concrete
The tensile stress limit of concrete considering a subsidiary load may be assumed to be the yalues given

in Taple D.14, in which the flexural and axial'teénsile stress limits are combined as the tensile

with

consideration of a PC water tank.

Table.D.14 — Tensile stress limit of concrete

stress limit

Dimensions in MPa
Design strengthof concrete Load combination 30 40 50
a) Primary load + particular load equivalent to primary load + effect
. 1,7 2,0 2,3
of temperature (température difference)
b) Hrimary load +particular load equivalent to primary load + wind load 2,2 2,5 2,8
c) Primary load ¢ particular load equivalent to primary load + effect
2,2 2,5 2,8
of an| earthquake
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Annex E
(informative)

Example of design calculation

E.1 Outline

E.1.1 Out

This annex
water tank
reinforced (
design flow

line of design

provides an example of the design procedure of a standard-shaped prestressed con
(hereafter referred to as the PC water tank). The dome roof and base slab are ma
oncrete, whereas its wall and dome ring are of prestressed concretg Construction
for the example is the same as that given in Annex A.

Crete
de of
The

type
/'n in

E.1.2 Outline of the structure
The PC watpr tank is a cylindrical prestressed concrete tank for potable water. The structural
of each merpber is given in Table E.1 and the cross-sectional view(of'the PC water tank is shoy
Figure E.1.
Table E.1 — Structuraltype
Member Structure RC/PC

Dome roof Statistically determined spherical shell RC

Dome ring Ring beam PC

Wall Cylindrical shéll fixed at the bottom of the wall PC

Base slab One-layer circular base slab RC

Foundation type Spread foundations —

NOTE PCand RC are prestressed concrete and reinforced concrete, respectively.
112
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Design conditions

Insi(le diameter, D =16 m

lated water depth, H=5m
tive water depth, He'=5 m
thickness, t = 0;25'm

inal capacity, -V, =1 000 m3
capacity; V=1 056 m3

| Basic dimensions and general shape

basic dimensions of the PC wall tank-are as follows:

calculated water depth
base slab
L. W. L.

Figure E.1 — Cross-section of the PC water tank

detailed general shape is shown in Figure E.2 and arrangements of steel reinfor

ISO 18407:2018(E)

cement and

pres
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Figure E.2 — General shape in detail
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Figure E.3 —Arrangement of steel reinforcement
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Type B1 (17 mm) N=136

19 strand (19,3 mm) N=17

R

250

D =16 000

Type B1 (17 mm) N=136

5 900

19 strand (19,3 mm) N=17

\_

250

500

17,500

Figure E.4 — Arrangement of prestressing steel

E.2.2 Construction site and ground conditions

The construlction site is located inArea A and the ground is assumed to be Type Il as defined in Anrlex

E.2.3 Desjign loads

E.2.3.1 Classifications-of design loads

The classifigations.of loads considered in the design calculation are listed in Table E.2.

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i

os]

Classification

Load

Primary load

Deadweight

Imposed load

Hydrostatic pressure

Prestressing force

Subsidiary load

Effect of earthquake

Effect of temperature

Particular load

Earth pressure
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E.2.3.2 Load type and load intensity

a)

b)

Deadweight

The unit weights for estimating the deadweight are given in Table E.3.

Table E.3 — Unit weight

Dimensions in kN/m3

ISO 18407:2018(E)

Type Unit weight
Prestressed concrete 24,5
Reinforced concrete 24,5
Water 10,0

Imposed loads

maintenance staff is on the roof for inspection, etc.) after completion

Imposed load on the dome 0,5 KN/m?2
$now load on the dome 0,0 KN/m2
Dther loads on the dome 0,0 kN/m2

Hydrostatic pressure

The hydrostatic pressure, py, is calculated by Forsula (E.1).

Hw = 10 kKN/m3 x 5 m = 50 kN/m?2

E.2.4 Materials properties

E.2.4.1 Concrete

Proplerties of concrete used in the PC water tank are listed in Table E.4.

Table E.4 — Concrete

The imposed loads are assumed as follows (in which a load of 0,5 kN/m2’is considere

Base slab Wall Dome
Design Strength, f'cx (MPa) 30 36 24
Elasticimodulus, E¢ (GPa) 28 29,8 25
Poisson’s ratio, v 0,2 0,2 0,2
Linear expansion coefficient, ae (1/°C) 1,0 x 10-5 1,0 x 10-5 1,0 x 10-p

E.2.4.2 Prestressing steel

a)

b)

Prestressing strand

Prestressing strand: 19 strand (¢p = 19,3 mm)
Nominal cross-sectional area: 2,437 cm?2
Elasticity modulus, Ey,: 200 GPa

Prestressing bar

Prestressing bar: Type B No.1 (¢p = 17 mm)

© ISO 2018 - All rights reserved
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Nominal cross-sectional area: 2,270 cm?2

Elasticity modulus, Ep: 200 GPa

E.2.4.3 Reinforcing bars

Ribbed bar: SD345 (fsy = 345 MPa)

Elasticity modulus, Es: 200 GPa

E.2.4.4 Stress loss of prestressing steel

The values f]

or estimating stress loss of prestressing steel are listed in Table E.5.

Table E.5 — Values related to stress loss of prestressing steel

Prestressing bar Prestressing strand
Friction coefficient Per unit angular change, y (1/rad) 0,30 0,30
Per unit length, A (1/m) 0,003 0,004
Relaxation ratio, y (%) 3 5
Drying shrinkage, &5 18 x 10-5
Creep factor] ¢ Dome ring 2,8 (During préestressing, average: 4-7 dayy)
Wall 2,5 (During prestressing, average 14 days)
E.2.5 Stress limit
Stress limit§ of materials are given in Tables E.6 to E.9 and their augmentations are listed in Tableq E.10
and E.11.
Table E.6 — Stress limit of concrete for prestressed concrete members
Dimensions in MPa
Design compressive strength of concrete 36
i Immediately after prestressing 17,4
Flexural compressive stress
Other 13,8
) ) Immediately after prestressing 13,1
Axial compressivéstress
Other 10,0
Immediately after prestressing 1,38
Flexuralfensile stress Tank full 0,0
Tank empty 0,72
Piagonal tensile stress 0,86
Table E.7 — Stress limit of concrete for reinforced concrete members
Dimensions in MPa
Design strength 24 30
Flexural compressive stress limit 9,0 11,0
Axial compressive stress limit 6,5 8,5
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Table E.8 — Stress (load) limit of prestressing bar

Dimensions in kKN

Type 17 mm Type B, No. 1
Under design load 147
Immediately after prestressing 172
During prestressing 190

Table E.9 — Stress limit of steel reinforcement

7:2018(E)

Dimensions in MPa
Type SD345
Yield strength 345
Immediately after prestress- 245
Tensile stress limit |Standard member |18
Other 196

Table E.10 — Augmentation of tensile stress limits of concrete

Dimensions in MPa

Design strength 23 30 36
Pr_lrr ary load + particular load equivalent to 152 1,70 1,88
prinary load + effect of temperature
Primary load + particular load equivalent to
prinary load + effect of an earthquake 2,02 2,20 2,38
Table E.11 — Augmentation (extra coefficient) of stress limits
Load combpination Extra cdefficient
Primary load + particular load equivalefitto primary load + effect of temperature 1hs
(temperature difference) !
Primary load + particular load equivalent to primary load + effect of an earthquake 1,60
E.2.¢6 Material strength
Design strengths of-cencrete, design loads of prestressing steel and design strength of steel

reinf]

orcement are given in Tables E.12 to E.15, respectively.

Table E.12 — Design strengths of concrete for reinforced concrete member|

Dimensions in MPa

Concrete type 24 30

© ISO

Design strength (f'ck) 24 30

Table E.13 — Design strengths (loads) of prestressing bars
Dimensions in kN

Tensile load (Py) 245
Yield load (Py) 211

In tension

2018 - All rights reserved
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Table E.14 — Design strengths (loads) of prestressing strands
Dimensions in kN

Tensile load (Py) 451
Yield load (Py) 387

In tension

Table E.15 — Design strength of steel reinforcement, MPa

Dimensions in MPa

|In tension Yield strength (fsy) | 345 |

E.2.7 Matlerial factor

Material facfors for concrete and steel are given in Table E.16.

Table E.16 — Material factor

Ym
Concrete 1,3
Steel 1,0

E.2.8 Minimum reinforcement and minimum cover depth

The minimum reinforcement ratios and the minimum concrete éover to embedded steel reinforcement
are given in|Tables E.17 and E.18, respectively.

Table E.17 — Minimum reinforcement ratio

Minimum reinforcement
Member .
ratio, %
Dome roof and dome ring 0,250
Circumferential direction™of haunch at the wall 0,550
wall bottom
Other 0,250
Centre 0,426
Base glab
Periphery 0,368
NOTE The minimum reinforcement ratio of the base slab is determined by the following formulae:

C¢ntre (ts =0,25 m): 0,45 - (ts - 0,15) 0,2/0,85 = 0,426 %

Pgriphery-(ts = 0,5 m): 0,45 - (¢s - 0,15) 0,2/0,85 = 0,368 %

Fortyte-Ft8— M N— N—

Dimensions in mm

Member Minimum cover depth
Dome roof and dome ring 30

Outside 30
Wall

Inside 30

Top side 30
Base slab

Under side 40

120 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=c0202cc7c1a05e1ffa77f35c46542af3

ISO 18407:2018(E)

E.3 Design of the dome roof

E.3.1 Design conditions

The structural details of the dome roof at its wall joint is depicted in Figure E.5. The load combination
for design calculation is given in Table E.19.

1300

= T

150

250 16 000

Figure E.5 — Details.of the dome roof

Table E.19\— Load combination

Load Deadweight |Imposed load

Ordinary conditions o o

E.3.2 Cross-section force acting on the dome

E.3.2.1 Calculation of the dome load
Calcylation of dome-loads is summarized in Figure E.6.
Half angle of the-deme, ag = 30,0°

Sq_ 1

Domgp radins; r=—x =16,0m

Sil’lad
Domkerise hg=r (1 — r‘ncryd) =2144m

Dome surface area, Ag=2 x T x r x hg = 215,498 m?2
(Average thickness of the middle part of the shell = 0,12 m)
Weight per unit area, gq = 0,12 x 24,5 = 2,94 KN/m?2
Imposed load, q; = 0,5 kN/m?2
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Wd=27z'rhdqd
4

) cl !
Ht = Vd / tan a4 > F- Oc2

f
Va=Wq/mD S= 16 000

|
\/ 16 000

|

i

Figure E.6 — Calculation of dome loads

hy|=r (1 -cos ay)

E.3.2.2 Stress generated in the dome

a) Membrane stress due to deadweight and imposed load [see Formulae (E.2)%o (E.5)]:

1 1
O = rX———X— E.2
c1 =94 1+cos¢gqy A4 (E-2)
2
cos +cosg;—1 1
O =qqrx %4 %4 X— (E.3)
1+cosgy A,
1 1
0.1 =q|r—xX— E.4
a1 =" 4, (E.4)
cos2¢q 1
0.y =q)|r X —————X— E.5
a2 =) > 4, (E.5)
where

0c1, 0a1 pre the meridian stresses’of the dome;
0¢2, 032 pre the parallel stresses of the dome;

A1 is the cross-sectional area of the dome in the meridian direction
(12 cm x 1@0-cm = 1 200 cm?2);

Ar is the.Cross-sectional area of the dome in the parallel direction
(12%crh x 100 cm = 1 200 cm?);

bd 1s the angle of an arbitrary point of the dome from the rotation axis;
r is the dome radius;

qd is the deadweight of the dome (= 2,94 kN/m?2);

q is the imposed load acting on the dome (= 0,5 KN/m2).

b) Resultant stress

Resultant stresses are summarized in Table E.20.
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Table E.20 — Resultant stress

¢d o1 02
deg MPa MPa
0,0 0,23 0,23
5,0 0,23 0,23
10,0 0,23 0,22
15,0 0,23 0,21
20,0 0,24 0,19
25,0 0,27 0,17
30,0 0,24 0,15

0max = 0,24 MPa < 6,5 MPa 0.K.

¢min = 0,15 MPa < 6,5 MPa 0.K.

E.3.3 Steel reinforcement arrangement of the dome

Steel reinforcement for the dome, which is determined based on the\minimum reinforcement ratio, is
given in Table E.21.

Table E.21 — Arrangement of steel'reinforcement

Steel reinforcement arrangement
Centre |D6@100 x 100
As=0,317 x 1 000/100 = 3,17 cm?
p=3,17/(100 x12)

=0,264 %=>.0,25% OK
Periphery |D13@200:x 200 double arrangement
As=2x1,267 x1000/200 = 12,67 cm?2
P=12,67/(100 x 50)

=0,253%>0,25% OK

E.4 | Design of theZdome ring

E.4.1 Design'conditions

Design conditions of the dome ring are shown in Figure E.7. The load combination for the dome design
is presented in Table E.22.
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431
|
A\

500

N
450

69

300

1150

250 16 000

Key

Figure E.7 — Geometry

Table E.22 — Load combination

L.oad Deadweight of the dome Prestressing force Imposed logd

Ordinafy condition o o o

E.4.2 Cal¢ulation of horizontal thrust

E.4.2.1 Ldads on the dome

Loads acting on the dome are calculated as follows (see Formula (E.6)):
W= Wgq1| + Wqp + W) (E.6)

where

Wq1 idthe deadweight of the spherical shell (average thickness = 0,12 m):

=|qd Aqd}

=gg 2 t=—cos360%;
=0,12 x 24,5 x 21 x 16,02 x (1 - cos30°);
=633,6 kN;
W42 is the deadweight of the widened dome periphery:
=2nr’' A pg;
=2xmx 7567 x0,280 x 24,5;
=326,1 kN;
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is the imposed load on the dome:
= q14qg;

=q % 1'[/4 x Sq2;

=0,5 x /4 x 16,02;

=100,5 kN;

= Wa1 + Waz + Wy;

E.4.2

=633,6 + 326,1 + 100,5;
=1060,2 kN.

.2 Dome horizontal thrust

The dlome horizontal thrust is calculated using Formula (E.7):

M, = ﬁ
wherre
Mt 1is the horizontal thrust of the dome;
W isthe dome load;
§4q is the dome span (equal to the tank diameter).
Thus,
B 1 060,2
* " x16,0xtan30°
=36,532 kN/m
E.4.3 Design of prestressing force
E.4.3.1 Centre positions of prestressing steel
Inside diameter\of the tank 16,0 m
Tank wallthickness 0,25m
Outsidediameter of a vertical sheath 0.029m
Twice the thickness of a horizontal sheath 0,003 m
Diameter of prestressing steel 0,019 3 m
Dp=16,3013 m
Rp,=8,1507m
Ry =8,25m
R;=8,0m

© ISO 2018 - All rights reserved
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E.4.3.2 Section size of pilaster

Section size of the pilaster is shown in Figure E.8.

E; Eg E;

E¢

Figure E.8 — Section size of pilaster

E1=12,0m E>=0,2m

E3=|1,6 m E4=0,289 m

E5=|0,12 m Es=0,169 m
E7=1,241m Eg=0,314 m
[1=2,065m

lp1 =51,255 m lp2=0,809 m

Congrete cover = 85,7 mm ¢ =8,757°

E.4.3.3 Rdquired prestressing-force

The prestrepsing force to beapplied to the dome ring should be the sum of the horizontal dome thrust
and an extra compressive foree of 1 MPa [see Formula (E.8)].

Fa=F14F; (E.8)

where

Fq istherequired prestressing force;
F1 isthe ring tensile force due to horizontal thrust;
Fp isthe ring tensile force due to extra compressive force.
Thus,
F1 =H{Sq/2
=36,532 x 16,0/2
=292,3 kN
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b)
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where

H is the horizontal dome thrust;

Sq is the dome span (equal to the tank diameter).
F; =1000xAgR

=1000x (0,25x 0,75 + 0,15 x 0,45)

= 255,0 kN

Wwhere AR is the cross-sectional area of the dome ring.
Fqa =292,3+255,0
=5473 kN

Prestressing force and stress of prestressing steel

Table E.23 — Single strand {for grouting)

Cross-sectional Prestressing Stress
Prestressing steel area, 4p force, P;
mm?2 kN MPa
19-wire 19,3 mm 243,7 310 1272

Friction loss of prestressing steel

¢olumns. The tensioning positions of adjacent prestressing strands are staggered.

$ince each strand is tensioned simultaneously at both ends, the friction angle is calcu
the range of 180°/2; thatis, 90°.

@ =90,0 - 8,757 =.81,243°
81,243° »1/180 = 1,418 rad
& = 0,30 (friction coefficient per radian of angular change, see Table 3)

A = 0,004 (friction coefficient per metre of steel length, see Table 3)

Tensile force and stress of prestressing steel (single strand)-ate summarized in Table H.23

nHength-eftheline
I =Rp xa=8,151 x 1,418

= 11,557 m (length of the arc portion of steel)
1/2 of the length of a prestressing strand
I=11+12=13,622m
fi=fixe)=f x1,0083 f1 =
fo x elwa+rly) = f, x 1,602 6 fi =

fox1,6159

© ISO 2018 - All rights reserved
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~(f2=/ix0,6189)
c) Reduction in the tensile stress of prestressing steel due to anchor set loss
Anchor set loss is calculated as follows:
Prestressing steel: 19-wire strands, ¢p = 19,3 mm
Setlength: Al = 3,5 mm
1) Ends

P =r316kiN
2) Preptressing force at the end of the linear portion
P2 # Pix 0,991 8 =307,5 kN
3) Preptressing force at the centre point
P45 P x 0,624 0=191,8 KN
4) Preptressing force at the limit point of the influence of set loss
Ep 5200 GPa
Agp|= Al x Ap x Epy =170 590 KN-mm
Reduced load, AP = 25,0 kN
P3 3075 - 25,0=282,5kN
t=316,0 kN OK
5) Preptressing force at the end of the lineat-portion after set loss
Reduced load, AP = 25,0 kN
P’y E 282,5-25,0=2575kN
6) End prestressing force after-set loss
Reduced load, AP = 1,6 kN
P’1E 257,5-1,65256,0 kN
7) Average prestressing force

Pyq(Pq ¥P4)/2 = 2239 kN

Average stress
0'pt = Pt/Ap = 918,8 MPa
d) Distribution of prestressing forces with friction losses

Distribution of prestressing forces with friction losses is given in Figure E..
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0° 45° 90°
OD
270° 90°
180°
Key
1 linear 5 average
2 3nchorage 6 farthest portion
3 4rc 7  tensioning force distribution by the adjpcent strand
4  (dentre
Figure E.9 — Distribution of prestressing forces with friction losses
e) Reduction in tensile stress of the prestressingSteel due to elastic deformation of concrete
eduction of the tensile stress in the prestressing steel is calculated and the results are gummarized
Table E.24.
6. =Lno! E9
Aoy ==n0gg (E.9)
whefe
Aop  is the reduction+in tensile stress of the prestressing steel due to elastic deformatjon
of concrete;
1 is the élastic modulus ratio ( = Ep/Ec);
kp  isthe elastic modulus of prestressing steel;
k. is the elastic modulus of concrete at the prestressing age;
0'cpg 1s the concrete stress at the centroid of prestressing steel immediately after prestressing.
, Fqg 1
Otpg =—X— (E.10)
Ap 1
where
Fq is the effective prestressing force of ring beam (= 547,270 kN);
AR is the cross-sectional area of ring beam (= 255 000 mm?2);
n isthe virtual effectiveness factor (= 0,85).
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The stress of prestressing steel immediately after prestressing is:

P
=—--Ac, (E.11)

Ap

Table E.24 — Calculated results for the single strand (for grouting)

o'c Ao Opt
Prestressing steel be B | L
MPa MPa
19-wire strand, 5 gt 910 2
19,3 mm

f) Tensile ptress loss of prestressing steel due to drying shrinkage, creep and relaxation
1) Tenfsile stress loss due to creep and drying shrinkage is calculated by Formula (6)\
2) Tensile stress loss due to relaxation is calculated by Formula (7).

The results are given in Table E.25.

Table E{25 — Tensile stress loss of prestressing steel due to dryingshrinkage, creep and

relaxation
Elastic modulus Stress of Lossdue to drying Loss due t¢
ratio permanent load | shrinkage and creep steel relaxatjon
Prestressing steel )
O'cp Aopg Aopy
n= Ep/Ec

MPa MPa

19-wire ytrand, 6,711 -1,0 61,2 45,5

19,3 Inm

g) Effective tensile force under the design loads
Calculation of effective stress
Gpe = Gpt - (AO'pq) + Ao-py)
Calculation of effective tensile.force
Pe = ope|x Ap
Calculation of effectiveriess factor
11 = Ope/Ppt

Available rdti6 (C) of effective prestressing force due to end prestressing force

C = Gpl/ pe

The calculated results are given in Table E.26.

Table E.26 — Effective tensile force under the design loads

Effective tensile stress, | Effective tensile | Effectiveness Available
Prestressing steel Ope force, P, factor, ratio
MPa kN n C
19-wire strand, 19,3 mm 803,6 195,8 0,883 1,583
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E.4.3.5 Prestressing steel arrangement in the circumferential direction
Required prestressing force, Fq = 547,3 kN
Required number of strands, N = 547,3 x 1,583/310 = 2,8

As aresult, three 19-wire strands (19,3 mm) will be placed.

E.5 Design of wall

E.5.1 _Design conditions

Strugtural details of the wall are shown in Figure E.2. The load combinations summarized in Table 18
are applied.

E.5.2 Calculation of cross-section force

E.5.2.1 Basic formula and solution

Assuming an axisymmetric cylindrical shell, the cross-section forcetat the bottom edge of the wall is
calcylated based on Formulae (67) to (69). For the tank wall, thé characteristic value, S, is 0,914 m-1,
the flexural rigidity, K, is 40 419 kN-m and the radius of the wall from the centre, R, is cplculated as
(16,0 + 0,25)/2 = 8,125 m.

Wheph My and Qg act on the bottom of a cylindrical shell (x = 0) with no restraint, the| integration
consfants under the conditions indicated in Formula«\(2¥) are determined by Formula (72){ The results
are given as follows:

cosh2¢—cos2¢

X(2¢9)= =1,000 84
1(29) cosh2¢+cos2¢ -2

X, (26)= sinh2¢ +sin2¢ ~1.00070
cosh2¢+cos2¢ -2

X1(20)= sinh2¢ —sin2¢ 1,000 58
cosh2¢ +cos2¢9—=2

Y, (20)=——£9820 ___4 000 42
cosh2¢¥cos2¢ -2

Y, (20) =0 C0sh20=1 ;0042

cosh2¢+cos2¢—2

A¢=2H =2 x 0,914 x 5,000 = 9,140

E.5.2.2 Mjpand Qg at the wall bottom

When fixed, the restraining moment, My, and restraining shearing force, Qo, are calculated from

Formula (E.12):

dw
Wy|x=0=0, d—XX|X:0=0 (E.12)

a) Triangular load (prestress equivalent to water pressure)
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_PH _ X(20)-X3(20)/(BH)
2B% 2X,(20)X5(20)-[ X, (20)]°
10x5,0 1,000 84-1,000 58/(0,914x5,0)
2x0,914%  2x1,000 70x1,000 58x1,000 842
=-23,4kN-m
_ pH 2PX,(29)-X1(2¢)/H
" 287 2Ky (20) X5 (20)-[X: 20)]
10x5,0  2x0,914x1,00070~1,000 84/5,0
2x0,914%  2x1,000 70x1,000 58x1,000 842

=48,7 kKN
b) Uniformly distributed load

My, =

go = F2/R = 250,0/8,125 = 30,77 kN

My, = 902 y X1(29) :
2B% 2X,(20)X3(290)-[ X1 (20)]
30,8 y 1,000 84
2 ><0,9142 2%1,000 70%x1,000 58—-1,000 842

=-18,4 kN-m

90 X3(29)

A 2x,(20)x5(20)-[ X, (20)]"
39,8 « 1,00070

0,p14 2x1,000 70x1,000 58—1,000 842

=337 kN
c) Moy and [Qg at the wall bottom

Mo = Mo + Mo = -(23,4 + 18,4) = -41,8 KkN-m

Qo = Qo1+ Qo2 = 48,7+83,7 = 82,4 kN

E.5.2.3 B¢nding.moment, shearing force and circumferential axial force at an arbitrary point

Wy, My, Qx andqNg at an arbitrary point are determined as follows:

w =P(H4—X)+ g?;
47K 4B°K
My = -282K (C1F1 + C2F2 — C3F3 — C4Fy4) (E.13)

+C1Fy +CyF3 +C3F, +CyF;

Qx = -2B3K [C1(F2 - F3) + C2(F1 = F4) = C3(F1 + F4) = C4(F2 + F3)]

Et
N(P =—?Wx
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where
F1 = coshfx cospfx;
F7 = sinhfx cospfx;
F3 = coshfx sinfx;
F4 = sinhfx sinfx.

-41,8

(" —

=0 0006
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2x0,914° x40 419

I~

~0,914%x(-41,8)x1,000 70+82,4x0,000 42

42—

I~

43_

! =-0,0006
2x0,914“ x40 419
~0,914x(-41,8)x1,000 70+82,4x1,000 42 ~0,0007
2x0,914% x40 419
~0,914x(—41,8)x1,000 84+82,4x1,000 58 ~-0,0007

44—

2x0,914° x40 419

E.5.2.4 Stress due to deadweight

Streqdses calculated at the wall bottom (x = 0) and-at the middle point (x = 1,641 m) are sunmarized in

Tabl¢s E.27 and E.28, respectively.

Table E:27 — Wall bottom (x = O0m)

Calculation formula Weight, W (kN/m)

Dome (633,563 + 326,143) /(T x 16,25) 18,799
Dome rest 24,5 x (0,45 +0,15/2) x 0,15 1,929
Corridor, 24,5 x 0,25 x 0,2 1,225
ditto 24,5x0,35x0,3 2,573
ditto 24,5 x 0,25 % 0,2 1,225
Wall 24,5 % 0,25 x (0,3 + 0,6 +5) 36,138
Haunch 24,5x0,2%x0,9/2 2,205
W 64,093

ow =|W/A = 64,093 x 1 000/450 000 = 0,14 MPa

Table E.28 — Middle point (x = 1,641 m)

Calculation formula Weight, I/ (kN/m)

Dome (633,563 + 326,143) /(T x 16,25) 18,799
Dome rest 24,5 x (0,45 +0,15/2) x 0,15 1,929
Corridor 24,5%x 0,25 % 0,2 1,225
ditto 24,5x0,35x 0,3 2,573
ditto 24,5 x 0,25 % 0,2 1,225
Wall 24,5x 0,25 % (0,3+0,6 +5 - 1,641) 26,086
W 51,837
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ow = W/A=51,837 x 1 000/250 000 = 0,21 MPa

E.5.2.5 Stress due to imposed load

Stress due to the imposed load is calculated.

wy=q1Aq =197 kN/m

Wall bottom: o1 =w)/A =1,97 x 1 000/450 000 = 0,004 MPa

Intermediat

e portion: o1=wj/A=1,97 x 1 000/250 000 = 0,008 MPa

E.5.2.6 Cr
fixation

Cross-sectid

if the coefficient incorporating the characteristi¢s of foundations;

id the coefficient incorporating the rigidity of base slab.

pss-section force incorporating the effects of the haunch at wall bottom and elasti
n force incorporating the effect of elastic fixation is calculated and the resultg
| in Table E.29.

kg) Mon (

the vertical bending moment at the wall bottom incexrporating the increased wall thig
bss at the wall bottom;

,75
/5 x Moh
5 x 1,76 My

2 Mo

are

E.14)

the vertical bending moment at the wall bottom incorpofating the effect of elastic fixaftion;

k-

summarize(
Mot = (kq
where
Mops iS
Moy iS
n
Ke i
kg ig
ko kp =
Mo =0,
=0,7
=1,3
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Table E.29 — Cross-section force incorporating the effect of wall bottom haunch and elastic

fixation
Vertical bending mo- Vertical bending mo-
ment at wall bottom
ment at wall bottom C incorporating the
i tion
Load when assuming a con- orrec
stant wall thickness of ¢ factor effect of haunch and
elastic fixation
Mac (leN-m) Mot (kN-m)
Hydrostatic pressure 23,4 1,32 30,9
Circumferential Immediately after
restressin —4 1 L34 - 08,8
pfessure + earth p g
pressure Under design loads -45,2 1,32 -$9,7
Durjing an earthquake | Inertia force + dy-
(Level 1) namic water 6,7 1,32 $,8
pressure
Durjing an earthquake | Inertia force + dy-
(Level 2) namic water 12,0 1,32 15,9
pressure
NOTE 1  The values during an earthquake is in the direction of 180°;
NOTE 2  The value immediately after prestressing = the value under design load/effectiveness fadtor (= 0,869).
E.5.3 Design of circumferential prestressing foxce

E.5.3.1 Centre positions of prestressing steel

The basic dimensions are the same as those given in E.4.3.1.

E.5.3.2 Section size of pilaster

The §ection sizes of the pilaster are'the same as those defined in Figure E.8.

E.5.3.3 Calculation of the(effective tensile force of prestressing steel

a) Prestressing force dndstress of prestressing steel

Table E.30 — Single strand (for grouting)

Tensile force andystress of prestressing steel (single strand) are summarized in Table H.30

Cross-sectional Prestressing force, Stress,
Prestressing steel area, Ap P
Lo 20 [AFANAY (MDA
s HehS MPa)
19-wire, 19,3 mm 243,7 310 1272

b) Friction loss of prestressing steel

One prestressing strand is used for a centre angle of 180° and tensioned at two of the four anchoring
columns. The tensioning positions of adjacent prestressing strands are staggered.

Since each strand is tensioned simultaneously at both ends, the friction angle should be calculated
within the range of 180°/2; that is, 90°.

a=90,000 - 8,757 =81,243°

81,243 x /180

=1,418 rad
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u = 0,30 (friction coefficient per radian of angular change)
A =0,004 (friction coefficient per metre of steel length)

11 =2,065 m (length of the linear portion of steel)

I =Rp xa=8,151 x 1,418

=11,557 m (length of the arc portion of steel)

1/2 of the length of a prestressing strand
L=l +Ip=13,622m

fi=fix¢Al)=f; x1,0083
fi=2x¢lha+rl) =fx1,6026
fi=f2%1,6159

fi x 0,6189)

oo (_fz

c) Reductipn of tensile stress of prestressing steel dueto*anchor set loss is calculated as follows:
Prestrepsing steel: 19-wire strands, ¢p = 19,3 mim
Setlength: Al = 3,5 mm
1) Ends
P; =310[kN

2) Preptressing force at the,end of the linear portion

P2 =P;«0,991 8 = 3075 kN

3) Preptressing.force at the centre point

P4 =Py 10,624 0=191,8 kN

4) Prestressing force at the limit point of the influence of set loss

Ep =200 GPa

Aep = Al x Ap x Ep =170 590 KN-mm
Reduced load, AP = 25,0 kN
P3=3075 - 25,0 =282,5kN

< Pat=316,0 kKN OK
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5) Prestressing force at the end of the linear portion after set loss
Reduced load, AP = 25,0 kN
P’y =282,5- 25,0 =257, 5kN

6) End prestressing force after set loss
Reduced load, AP = 1,6 kN
P’1=2575-1,6=256,0 kN7) Average prestressing force

aw]

= (P'1+Py)/2=2239KkN

Average stress

Q

"ot = Pt / Ap = 918,8 MPa

d) Distribution of prestressing forces with friction loss
Distribution of prestressing forces with friction losses is givén in Figure E.9.

e) Reduction in tensile stress of the prestressing steel due.to-elastic deformation of concrgte

o =1no E.15
A0y =2 N0 (E.15)
where

Aop s the reduction in tensile stress of the prestressing steel due to elastic defogmation
of concrete;

n is the elastic modulus ratio (= Ep/E¢);
Ep is the elastic modulus of prestressing steel;
E. is the elasticomodulus of concrete at the prestressing age;

o'cpg  isthekeoncrete stress at the centroid of prestressing steel immediately after prestressing.

0’cpglis calculatediat the position where the prestressing force coincides with the average vplue; that is
1/3 of the water'depth from the wall bottom.

, 2HpR 1
Flon= [5 %xoext w - (E.16)
where
H is the design water depth;

is the unit weight of water (= 10 kN/m3);
R is the wall radius;
t is the wall thickness;
Oext is the extra compressive stress;

n is the virtual effectiveness factor (= 0,85).
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The stress of prestressing steel immediately after prestressing is:

P
Ot =A—t—AGp (E.17)
p

The calculated results are given in Table E.31.

Table E.31 — Reduction in the tensile stress of prestressing steel due to elastic deformation of

concrete
e O'cpg Asp | Opt
I'TTSLI Cbblllg SLCCI]
MPa MPa
19-wire strand,
2,5 8,2 910,6
19,3mm

f) Tensile ptress loss of prestressing steel due to drying shrinkage, creep and relaxation

1) Tenfsile stress loss due to creep and drying shrinkage is calculated by Fdrmula (6).
2) Tensile stress loss due to relaxation is calculated by Formula (7).

Tensile stress losses calculated are summarized in Table E.32.

Table EL32 — Tensile stress loss of prestressing steel due to'drying shrinkage, creep and

relaxation
Elasti dul Stress of perma- Loss due to drying Loss due to steel
Prestresksing aStll‘fa':‘ig ulus nent load shrinkage and creep relaxation
steel n=EyJE 0'cp Aope Aopy
p/=c MPa MPa
19-wire sffrand,
193 6,711 0,0 74,1 45,5
,3 mim

g) Effective tensile force under the design loads
Calculation of effective stress

O‘pe = O-p - [AO'p(p + Ao-py)

Calculation of effective tensile force

Pe = 0pe X Ap

+ £ £E - L
Calculationofeffectivenessfactot

1 = Ope/0Opt

Available ratio (C) of effective prestressing force due to end prestressing force

C = opi / Ope

The calculated results are given in Table E.33.
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Table E.33 — Effective tensile force under the design loads

Effective tensile Effective tensile . .
. Effectiveness | Available
Prestressing steel stress, ope force, Pe factor ratio. C
MPa kN 1 ’
19-wire strand, 19,3 mm 790,9 192,8 0,869 1,608

E.5.3.4 Required prestressing force

Inside diameter D=16,0m

Watdqrdeptit — H =5,0m

Wall|thickness t = 0,25 m

Maximum hydrostatic water pressure, py = 50 KN/m?2

Maximum ring tensile force due to water pressure (see Figure E.10).

(D+t)
w2
16,0+0,25
X—

111 :p

=50

=406,3 KN/m
F1=F1xH/2

M

=1015,6 kN

Effedtive prestressing force for an extra compressive force of 1 000 kN/m? (see Figure E.10

R

H2=1000x%x¢tx1,0
=1000x0,25x1,0

=250,0 kN/m

M

Fp =F x (H #0,15)

= 250%A5,0 + 0,15)

=1 287,5 kN

F3=1000xt'x 1,0
=1000x 0,2 x 1,0
=200,0 kN/m

t’ Haunch width
XF3=F3x Hy/2
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