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3.1. General

This Chapter deals with the detailed design methodology for HWTs (both Intze and
Circular water type tanks), design of the ferrocement lining and the Software
development for the HWT alongside the design and software development for CWT
for comparative analysis. To begin with, understanding the detailed design procedures
and software development for CWT is essential. The foundational design methodology
and software development process for HWT are similar to those for CWT.

Chapter 1 introduced the fundamentals of water tank design. This chapter now
focuses on the formulation and development of software programs for both
Conventional and HWTs. For the computations, analysis, and design of water tank
structures, four unique software programs were created for each type, as outlined
below:

Table 3.1: Details of the Software program s Developed

Intze tanks Circular tanks
e Conventional Intze tank e Conventional Circular tank
Software Software
e Hybrid Intze tank Software e Hybrid Circular tank Software

This chapter is divided into four major Sections, each addressing both the design
methodology and software development:
e Section 3.2: Design Process and Software Development for Conventional
Intze water tanks.
e Section 3.3: Design Process, Concept, and Software Development for
Hybrid Intze tanks.
e Section 3.4: Design Process and Software Development for Conventional
Circular water tanks.
e Section 3.5: Design Process and Software Development for Hybrid Circular
water tanks.

Details of the Modules for the design of water tanks are given in Table 3.2.
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Table 3.2: Details of the Modules of the Software program s
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Modules CWTs HWTs
Module I Input and dimensioning of tanks

Module II Analysis of RCC tanks

Module III Design of members of tank

Module IV Staging configurations and Lateral analysis of tanks
Module V Staging design

Module VI Foundation design

Module VII Estimation and costing Ferrocement lining design
Module VIII - Estimation and costing

Each Section will discuss the design technicities alongside the software

development modules.
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3.2. Design process and software development for conventional Intze

water tanks

In the development process for CWT, the software program is tailored specifically to

address the requirements and intricacies of this design type. The software is divided

into 7 major sections called Modules. Flow chart of the methodology is given in Fig

3.1.
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Fig. : 3.1:Flow chart of the software methodology for Intze water tanks

3.2.1. Module I: Input and dimensioning of tanks

The initial step involves determining the tank dimensions, for which the primary input

is the desired capacity of the tank. This is essential as it drives the overall design

process. Additional crucial inputs include the column height, which defines the

vertical dimensions of the tank, and the bearing capacity of the soil, which assesses
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the soil's ability to support the tank. The depth of the foundation is also important to
ensure stability. The seismic zone of the location, which affects the tank's design to
withstand earthquakes, along with the wind velocity and terrain topography, are vital

factors that influence the structural integrity and suitability of the tank.

Step I: Input required

Input required are provided in the Table 3.3 as given below-

Table 3.3: Input required for the design of Conventional Intze water tanks

Sr.No Input required

1 Capacity of tanks in kL.

2. Staging Height.

3. Net Safe Bearing capacity of Soil and foundation depth (As per Soil
Report).
Seismic Zone.

5. Wind Speed and Terrian type along with region type (Coastal /Non-
Coastal)

6 H/D ratio (Software is inbuilt with Optimal values for 100-1000 kL

capacity tanks, but user can input as per own)

7 Angle of Conical dome (Software is inbuilt with Optimal values for
100-1000 kL capacity tanks, but user can input as per own)

8 Optimal Number of columns (Software is inbuilt with Optimal values
for 100-1000 kL capacity tanks, but user can input as per own)

9 The characteristic strength of Concrete for tank body elements
(fektank) and for Staging and foundation (fkstaging) is kept as 30
N/mm?. User can change these parameters.

10 The ultimate strength of Steel for tank body elements (fytgnik) and
for Staging and foundation (f,) is kept as 500 N/mm?. User can
change these parameters.

For Conventional type I tank f,¢qni is kept as 130 N/mm? and for
Conventional type II tank f),¢qni is kept as 435 N/mm? (0.87 times

fy)
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Step II: Calculations of member dimensions for the desired capacity of the

tanks

Capacity is the basis of data required to design the tank. It is required to calculate
the dimensions of the tanks from basic mensuration formula. In this module,
various mensuration formulas are applied to calculate the dimensions and other
essential parameters of the tank. Here is a detailed description of the formulas used
in Table 3.4. Loop will terminate when the required capacity is achieved. And the
dimensions are finalized.

Once the specified capacity is reached, the iterative loop terminates, and the final
dimensions are calculated based on the last iteration. These final dimensions
incorporate the optimized parameters determined throughout the iterative process,
ensuring that the tank design meets the desired capacity requirement.

Table 3.4: Calculation of the dimensions for Conventional Intze water tanks

Dimension Formula or starting value Eq. No

) oo 1 m (At the start of loop with
Radius of Cylindrical wall: 1 ' R
increment of 0.1m )

H/D ratio: ci User Input -
Height of the Top dome h; hiy =(2xr +0.2)/7 3.1
Radius of Bottom beam r» r, = (0.75 X 1ry); (3.2)
Height of the Bottom dome ho h, = (2 X1, +0.2)/5; (3.3)
Radius of the Top dome R; Ry = 0.5 x {(r; + 0.1)2 4+ hy*}/hy; (3.4)
Radius of the Bottom dome R2 R, = 0.5 x {(r;, + 0.1)% + h,?}/hy; (3.5)
Slant length of conical dome | =(ry — 1) X tan 4, (3.6)
Volume Calculation= Cylinder 1 2H + l 4ry® + ‘27”2220'*' 4riry

Volume + Conical dome ' (3.7
Volume- Bottom dome Volume — 1 X hj S,RZT_hZ;

Free Board 0.15m -
Height of Cylindrical Portion H = 2ryc; + 0.15; (3.9)
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This culmination of the iterative loop results in a comprehensive and well-defined

set of dimensions for the Intze tank, ready for further detailing and implementation

in the construction phase.

Step 111 Member properties and material selection for water tank design

In this step, minimum cross-Sectional properties are assigned to all structural

elements of the water tank, such as the top dome, top ring beam, cylindrical walls

at the top and bottom, conical domes at the top and bottom, balcony beam, bottom

dome, main girder beam, column diameter, bracing size, and foundation beam size,

in accordance with IS 3370:2021. Additionally, concrete and steel grades are

specified to meet the required standards.

Table 3.5: Minimum cross section and thicknesses of members for

conventional tanks

Minimum cross section/

Member
Thickness
Top dome thickness t; 0.12m
Top ring beam (b2 x d2) 02x0.2m

Cylindrical wall at top and bottom
(t3t0p & t3bottom)

Middle ring beam (bs x d4)
Conical dome at top and at bottom
((ts5top & tsbottom)

Bottom dome ts
Main girder beam (b7 x d7)
Column (D)

Braces (bg x do)
Foundation beam (bio x dio)

Raft area

0.2 m at top and 0.2 at bottom
initially.
1.0x0.12m
1.5 X t3eop at top and 0.2 m at
bottom
0.12m
04x0.5m
0.4 m
0.2x0.5m
04x05m

As per calculations

In conclusion, Module I systematically determine the dimensions and structural

requirements for elevated water tanks through precise calculations and optimization.
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By incorporating key inputs and adhering to IS 3370:2021 standards, this module
ensures that the tank design is both efficient and robust. The iterative process
guarantees that the final dimensions meet the desired capacity, laying a strong
foundation for the subsequent construction phases and ensuring the reliability and

durability of the water supply infrastructure.

3.2.2. Module II: Analysis of RCC tank body

This procedure involves systematically analyzing the tank body, joint by joint,
through membrane and continuity analyses. Initially, the focus lies on determining
the stiffness parameters for the members at the top joint. Subsequently, the process
moves to conducting membrane analysis for the members of Joint I, followed by
stiftness analysis for Joint II. This sequence continues with membrane analysis for
all members of Joint II and then the stiffness calculation for all members of Joint 111,
alongside membrane analysis for Joint III. At the conclusion of this Section, matrix
methods come into play, facilitating the determination of the primary unknowns: the
Net Rotation and Net Displacement of each joint. Furthermore, based on these
findings, member forces for each member of every joint are derived. Steps involved

are as follows:

3.2.2.1.  Stiffnesses and member forces for all joints

Stiffness parameters are determined utilizing the equations outlined in Table 1.2
of Chapter 1. Furthermore, membrane analysis adheres to the methodology
detailed in Section 1.5 of Chapter 1. Rotations and displacements are also
computed according to the equations provided in Table 1.2 of Chapter 1. Upon
completion of membrane analysis for each member, Total weight of each member
i.e. self-weight multiplied by volume and external force loads such as water are
calculated. The loads acting on different members of the tank body are as follows:
e Top dome: Self weight and Live loads

e Top ring beam: Self-weight.

e Cylindrical wall: Self-weight and vertical load due to water.
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e Middle ring beam: Self-weight, bending moments, total vertical load per
meter, hoop tension, and horizontal thrust at the top.

e Conical dome: Self-weight and water load at the conical dome, total load
per meter at the bottom of the conical dome, and horizontal thrust imposed
on the bottom support.

e Bottom dome: Self-weight, water load at the bottom dome, total load per
square meter, and horizontal thrust imposed at the bottom support.

e Main girder beam: Self-weight, total load, total load per meter, and net
horizontal load at the bottom support

The analysis of each member of the tank body is as follows:

a). Top dome analysis Self-weight, live loads (0.75 kN/m?) and Finishing loads

(0.1 kN/ m?) are the external forces acting on the Top dome. The thickness of

the top dome is ti. Total area of the Dome is calculated as - 2mRh. For the

analysis purposes Forces and stiffnesses calculation are given below-

Table 3.6: Forces and stiffnesses calculations for Top dome

Force calculations

Forces/Stiffnesses Formula used
Self-weight and i 3.9
cT-weight and ve wy = (0.75 + 0.1+ t; X 25) (39)
loads
Total weight (SW1) SW1 = w,;(2nR hy) (3.10)
Meridional Forces T; T, = % (.11)
= 6
Horizontal forces 1 %C:;m (3.12)
Horizontal xtq=WR3{(1+c0s 0;4) ™1 —cos 01,4} (3.13)
displacement Ety
in 6
Rotation Vg = ZWRE_# (3.14)
Stiffnesses calculations
-1
Moment stiffness (MS1) MS1 = % (3.15)
td
Corresponding stiffness CorrMS1 = Et, (3.16)
(CorrMS1 or CorrTS1) 24¢a” keasinBra
Thrust stiffness (TS1) TS1 = m (.17)
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b). Top ring beam - For the top ring beam, the self-weight per unit length is

calculated and then Total self-weight is then determined by multiplying by the

circumference of the beam. Stiffness is then calculated.

Table 3.7: Forces and stiffnesses calculations for Top ring beam

Forces calculations

Forces/Stiffnesses Formula used Equation Number
Self-weight wy = 25b,d, (3.18)
Self-weight ( SW?2) SW2 = (wy) X (2rry) (3.19)
Horizontal displacement X1 -
Rotation Yy -
Stiffness calculations
3 3.20
Moment stiffness (MS2) Ebyd, (3:20)
1212
Eb,d 3.21
Thrust stiffness (TS2) rzz 2 (-21)
1
¢). Cylindrical wall:
Table 3.8: Forces calculations for cylindrical wall
Forces calculations
Forces Formula used
Self-weight for
=(25xt .
uniform wall ws = ( 3top ) (3.22)
Self-weight for 3.23
g w31 = 25 X 0.54(t3p0trom — t3top)0'5 ( )
tapered
SW3 =2 H + 0.5t + 3.24
Self-weight ( SW3) 3w stop) (3-24)
2nriws H
Vertical Load due to WLyau = (211 — (t3pottom — (3.25)
water t3top))(t3bottom - t3top)yw(H - 0-27); '
Horizontal
. X1 -
displacement at top
Rotation at top or _ YwX()?
bOttOIIl wall = Et3top or bottom (326)
Horizontal )
displacement at Xwall = YurXHX(ra)” (3.27)
Et3pottom

bottom of wall
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Table 3.9: Stiffnesses calculations for cylindrical wall

Stiffness calculations

1 t3 t3 ottom
Moment of Inertia Zop = %; Zpottom = ﬂ’l—tzf (3.28)
Moment stiffness at top MS3t = 2uZ:yp (3.29)
or bottom (MS3t & MS3b) MS3b = 2uZpottom (3.30)
Corresponding stiffness 2,uZZtop and 2u%Z, o rom respectively (3.31)

Thrust stiffness at top
or bottom (TS3t & TS3b)

413 Zvop and 4> Zporeom respectively  (3.32)

d)

For the cylindrical wall, the self-weight for a uniform wall is determined by the
material density and the top wall thickness. For a tapered wall, it involves the
difference between the bottom and top thicknesses. Horizontal displacement and
rotation at the top of the wall are influenced by the wall's height, radius, and
material elasticity. Stiffness calculations include the moment of inertia, Moment
stiffness, and thrust stiffness at both the top and bottom, reflecting the wall's
resistance to bending and axial loads.

Balcony/ Middle ring beam- Middle ring beam as mentioned earlier is used as
Balcony beam, hence subjected to live load (3 kN/m?) and Bending moment
occurs. Usually the Balcony beam width (bs) is Im and depth is in general (d4)
120 -150 mm.

Table 3.10:Forces calculations for middle ring beam

Force calculations

Forces/Stiffnesses Formula used Eq.No.
Self-weight and Live loads w, = (3+25x%xd,) (3.33)
Self-weight ( SW4) kN SW4 =w, X {m(2r; + by)b,} (3.34)
BM at MRB = —0.5w,b,(b, +
Bending moment @ Waba(bs (3.35)
t3bottom)
Total Vertical per meter SW1+SW2+SW3+WLyqp+SW4
TL = )

Load at level of MRB MRE 2mry (3.36)
Hoop tension HT at MRB = 10X H X d, (3.37)
Horizontal thrust at the top HThrust at MRB = TLygg/ cot@ (3.38)
Horizontal displacement X, (3.39)
Rotation Y, (3.40)
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Table 3.11: Stiffnesses calculations for Middle ring beam

Stiffnesses calculations

1 3
Moment stiffness (MS4) Ebyd, (3.41)
12T12
Corresponding stiffness -
Thrust stiffness (TS4) % (3.42)

The beam also experiences total vertical loads from the structure, hoop tension,
which is due to water pressure, and horizontal thrust, which is the lateral force
acting at the top of the beam.

Conical dome- The conical dome structure is subjected to various forces and

loads. Thickness of Conical dome is variable. Thickness at top is tss,, and

tspottom.- Lhe self-weight is calculated based on the thickness at both the top
and bottom of the dome. This total weight is distributed across the dome's
surface area. Additionally, the dome experiences a water load, which accounts
for the volume of water it holds and the geometric dimensions of the dome.

Table 3.12: Stiffnesses calculations for Conical dome

Stiffness calculations

Moment Fs;(i)ifnesses at MS5E = __ Hiis(t,:f :44_k2k3) (3.56)
Momen}; (S)Ef)frrrllesses at MSSh = - :j(”,fff,‘:z'fjazk,g) G357
sg;)f::ssfeosnilrtlfp CorrMS5t/TS5t = 72 eiiff:f_kzkg) (3.58)
sifiesoes s Botom | COTMSS = s 659
Thrust stiffnesses at Top TS5t = — eizs(t;f::— P (3.60)
Thrust ];:)itit;)nrisses at TSSh = - i’:é’:,tfzzlilzkls) G6D)

The total load per meter at the bottom of the conical dome includes the
cumulative self-weights of all components and the water load, adjusted for the

dome's geometry and angle. This load results in a meridional force at the top,
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which is the force along the curved surface of the dome, and a horizontal thrust
imposed on the bottom support. The horizontal forces at both the top and bottom
of the conical dome are influenced by the water pressure and the dome's self
weight. These calculations ensure the dome's stability and ability to withstand

both vertical and horizontal stresses.

Table 3.13: Forces calculations for conical dome

Force calculations

Forces/Stiffnesses Formula used Eq.No
Self-weight (kN/m?) ws = 25 X 0.5 X (spottom T Lstop) (3.43)
Total weight (kN) SW5 = wg X 1(r; +13)l; (3.44)
2+ 2+
Water load at C.D. Wlep = W (mry2H + ml 2271002 — (3.45)
WLCd 7'[""22 HTH ; .
SW1+SW2+SW3 +SW4+ Wiy
Total load up to C.D. 3.46
ol foactpto + SW5 + WLy (346)
Total load per meter at Total load up to C.D.
Lep = (3.47)
Bottom of C.D. (2mry cos 0)
Meridional force Tsrop = TL¢p/cosA, (3.48)
Horizontal thrust
imposed on the bottom HThrust = TL¢p X sin 8 (3.49)
support
Horizontal forceat —— pp o sec Ay + 25tggpr, tand,  (3.50)
TOp of CD CDTop Yw 1 r S5top’1 T .
=y (H+r —r
Horizontal force at HFcppottom Y 72 17 T2)
Ccos A, (3.51)
Bottom of CD
+ 251y tspottom tan A,
Hori 1 HF, X
. orizonta Xogy = CDTop 1 (3.52)
displacement at top Etstop
Horizontal
HF, X T
displacement at Xedo= % (3.53)
Bottom Sbottom
2HF, + T
Rotation at top Year= oo il (tan4,) (3.54)
EtStop
2HF, +T tan A
Rotation at bottom cd2= ( cosottom + Tspottom) . (3.55)
EtSBottom
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f). Bottom dome- Bottom dome is having a thickness of t¢ has self load and water load
acting on the Bottom dome. Forces and stiffnesses are calculated as per Section. For
Horizontal displacement is due Case I and Case II both are considered.

Table 3.14: Forces and stiffnesses calculations for Bottom dome

Force calculations

) Equati
Forces/Stiffnesses Formula used quation
Number
Self-weight (kN/m?) we = 25t (3.62)
Total weight (kN) SW6 = 2mh,R,wg (3.63)
water load at Bottom Wlgp = {nr,*(H + 1, — 1) —
2 3Ry—h; (3.64)
dome mhs T}VW
Total load at Bottom TLyp = {SWe+WLgp} (3.65)
dome per square meter 2Rz
Horizontal thrust (SWeWLnnIRyc050
. _ 6+ BDSR2C0SUG,
imposed at bottom HForcegp = TRV —— (3.66)
support
Xy = WgR3 sin de{(1+;c;z Opa) "t —cos Opq} n
Horizontal WgRS sin 6pa{2 cos20pq+cosOpg—3} (3.67)
displacement (6(1+c0s0pa)Ete) '
YwRZ(H+1—15—h3)cos0pq
2Et,
Rotation 2WgR,sinfpg  10RZ sin Bpg
Yoa=""pr ~ p. (3.68)
Stiffness calculations
Moment stiffnesses RyEte(kpa+kpd)
MS6 = —2--61"bd"%bd) 3.69
MS6 4xApg’ ( )
Corresponding Ete
CorrMS6 or Corr TS6 = ———>——
stiffnesses orr orLorr 22pa”kpasinBpa (3.70)
. _ Etg
Thrust stiffnesses TS6 TS6 = TraRokpgsin?0pg (3.71)

f). Main ring beam or Main girder beam-
Equations provided in Table 1.3 are used to solve for primary unknows using
Stiffness Matrices. For all the Three Joints Direct stiffness matrices are written. The
direct stiffness matrix, often referred to simply as the stiffness matrix, is a

fundamental concept in structural mechanics and finite element analysis. It relates
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the forces applied to a structure to the displacements at specific points within that
structure. The stiffness matrix is typically denoted by {K} and forms the basis of the
stiffness method, which is a common approach to solving structural analysis
problems.

Table 3.15: Forces and stiffnesses calculations for Main ring beam

Forces calculated

Forces/Stiffnesses Formula used Eq.No.
Self-weight w, w; = 25b,d, (3.72)
Self-weight SW7 SW7 =w; X 2nry (3.73)
Total load at Main TLygg = SW1+SW2 + SW3 + SW4 + (3.74)
girder beam TLy;p SW5 + SW6 + SW7 + capacity x 10; '
Total load /m Total Load per meter = (TLy¢p/(21ry) (3.75)
Net Horizontal force
at Bottom SuppOI‘t Hn~er _HFCDBottom' HFOT'CQBD (3 76)
Horizontal
3.77
displacement *3 (3.77)
Rotation Y3 (3.78)
Stiffnesses calculation
: Eb,d,
Moment stiffness 777 (3.79)
12r,2
Corresponding
stiffness
Thrust stiffness E i7j7 (3.80)
2
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3.2.2.2. Defining stiffness matrix

For a given structure, the stiffness matrix {K} is a square matrix that relates the
vector of nodal displacements {A} to the vector of applied forces {P} through
the linear equation:
{Pr={K}{A} (3.81)
(A} = (K}"'(P) (3.82)
e (P) is the force vector.
o {A} is the displacement vector.
o {K}is the stiffness matrix.
a) Joint I- Global stiffness matrix Constitutes of Stiffnesses of members joining
at joint I that are Top dome, Top ring beam and wall.

e (Global stiffness matrix for Joint I-

(K, prr= MS1+ MS2 + MS3t CorrTS1 + CorrTS3t] (3.83)
12Xz {CorrMS1 + CorrMS3  TS1+ TS2 + TS3t '
{Kl}ZXZ
RiEt;(keq + ki)  Ebydy® Et
1Et1 (keq - td) 2 22 + 20Z¢0p _ 1 . +2.UZZtop
_ 4 X Aeg 127 22¢q"ktqsinGeq
— +2u?%Z - +4u3Z
20 kg SinBeq H Seop AtaRikeqsin?0eq Ty H Crop
(3.84)
e Force Vector Equation at Joint I
0 — (MS1(—q) + CorrTS1(—x¢q) + MS3t(—¥yan))
Prlea™ | waxRicosbua _ o6 (—ap,y) + TST(=xeg) + CorrMS3t(=thyya)
14+cosB¢q
(3.85)

Displacement vector at Joint I
{Adaxa = Kidzxa X {Pi)axa (3.86)

(xl) _ [MS1+ MS2+ MS3t  CorrTS1 + CorrTS3t]™ (PJ) (3.87)
(121 CorrMS1 4+ CorrMS3  TS1+ TS24+ TS3t P;" '

b) Joint II- Global stiffness matrix Constitutes of Stiffnesses of members joining
at joint II that are Wall, Middle ring beam and Conical dome

e (Global stiffness matrix for Joint 1I-

_[MS3b+ MS4 + MS5t  CorrTS3b + CorrTS5t

KaYaxa= CorrMS3b + CorrMS5t  TS3b + TS4 + TS5t (3.88)
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Eb,d,”>  Etsipk Etsiopk
zuzb + 4 A; ;top 4 Z.UZZb + ;top 2
(Ky)yos = 12r, [tan? 0.4(K) [tan? 0.4(K)
) Etstopks 3 Eb,d, Etseopks
2u°Zy + ————-< 4u>Z, +
[tan? 0.4 (K) 2 [tan? 0,4 (K)
(3.89)
e Force Vector Equation at Joint II
{P2}2x1=

( BM at MRB — (MS3b(—,,) + CorrTS3b(—x,,) + MS5t(—Psi0p)

TLMRB + HFMRB - (COTTMSgb(_ll)W) + TS3b(—xW) + COTTMS5t(—l/J6d1) + TSSt(_xCdl))

(3.90)
e Displacement vector at Joint II
{B2dax1 = {K2}2x2 X {P2}axa (3.91)

(xz) _ [MS3b + MS4 + MS5t  CorrTS3b + cOrrTSSt]‘1 (P2’> (3.92)
Y, CorrMS3b + CorrMS5t  TS3b + TS4 + TS5t p,")

where K = kik, — kyks and Y, = Y0
¢) Joint I1I- Global stiffness matrix Constitutes of Stiffnesses of members joining
joint I1I that are Conical dome, Bottom dome and Bottom beam

e Global stiffness matrix for Joint III-

_[MS5b + MS6 + MS7  CorrTS5b + CorrTS6

Ksdaxa= CorrMS5b + CorrMS6  TS5b + TS6 + TS7 (3.93)

{K3}ax2 =
Etspky,  RyEtg(kpy + kpa)  Eb,d;° Etspk, Etg
[ tan? chK' 4 % Abd3 127'22 [ tan? GCdK, AbdRzkdeinngd
AbdRzkdeinngd ltanz chK' AbdRZ kdeinzebd T22 ltanz HCdK,

(3.94)
e Force Vector at Joint II
{P3} =

( 0 — (MS5b(—qz) + CorrTS5b(—xcq2) + MS6(—pq) + CorrTS6(—xpq) )
HNET — (COTTMSSb(—lpCdz) + TSSb(—XCdz) + COTTMS6(—1/1bd) + TS6(—xbd))

(3.95)

e Displacement vector at Joint I11

{A3}o1 = {K3}ox2 X {P3}axa (3.96)
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(x3) MS5b + MS6 + MS7  CorrTS5b + CorrTS6]_1 (P3'

¥3) =~ lcorrMS5b + CorrMS6  TS5b + TS6 + TS7

P3"> (3.97)

3.2.2.3.  Calculations of forces acting on members

Moments, Outward thrust and Hoop tensions are calculated after the calculation

of net rotations and displacements.

Table 3.16: Moment calculations of tank body elements

Member Moments Eq.No.
Moment at TD MS1 (Y1 — YPrq) + CorrTS1 (xq — Xq) (3.98)
Moment at TRB MS2(y;) (3.99)
Moment at wall (Top) MS3t (Y1 — Yyan) + CorrTS3t X (x7) (3.100)
Moment at wall
(Bottom) MS3b (Y3 — Yyau) + CorrTS3b (X3 — Xyaqi1) (3.101)
Balcony beam MS4 (Y,) (3.102)
CD Top MS5t (Y3 —YPeqq) + CorrTS5t (x; — Xcq1) (3.103)
CD Bottom MS5b (Y3 — Pqz) + CorrTS5b (x5 — Xcq2) (3.104)
Bottom beam MS7 (Y3) (3.105)
Bottom dome MS6 (Y3 —Ppg) + CorrTS6 (x3 — Xpq) (3.106)
Table 3.17: Outward thrust calculations of tank body Elements
Member Outward thrust Eq. No.
Top dome CorrMS1 (Y1 — Yrq) + TS1 (x4 — x¢q) (3.107)
Top ring beam TS2 (x4) (3.108)
Wall (Top) CorrMS3t(Y1 — Yyau) + TS1 (x1) (3.109)
Wall (Bottom)  CorrMS3b (¥, — Yyau) + TS3b (x5 — Xyau) (3.110)
Balcony beam TS4 (x,) (3.111)
CD top CorrMS5t (Y, — Y.q1) + TS5t (xy — Xcq1) (3.112)
CD bottom CorrMS5b (Y3 — Yeq2) + TS5b (X3 — Xca2) (3.113)
Bottom beam TS7 (x3) (3.114)
Bottom dome CorrMS6 (Y3 — Ypq) +TS6 (X3 — xpa) (3.115)
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Table 3.18: Calculation of the hoop tensions

Members Hoop tension (in N) Eq. No.
Topdome  HTensionl = x; X 1000 X t; X 1000/r;/1000000; (3.116)
TRB HTension2 = b,d,x; * 1000000/1000/7y; (3.117)
Wall (Top) HTension3t = t3ipx, * 1000000/1000000/74; (3.118)
Wall HTension3b = tspottomX2 * 1000000/1000000/7; (3.119)

(Bottom)
Balcony beam HTension4 = 1000000(ts + (1 —t, )(ts + (3.120)
0.2) 0.5)x,/1000/7y;
CD Top HTension5t = tso, X 1000000 X x,/1000000/74; (3.121)
CD Bottom HTension5b = ts,, X 1000000 X x3/1000000 (3.122)
/T2

Bottom beam HTension7 = b,;d,x3 X 1000000/1000/7; (3.123)
Bottom dome HTension6 = x5 X t; X 1000000/7r,/1000000; (3.124)

3.2.2.4.

Calculation of reinforcement and checks under limit state of

serviceability & application of heuristic optimization

Table 3.19: Calculation of reinforcement under Limit state of serviceability

Reinforcement Ay, under limit state of

Member serviceability Eq. No.
Top dome AgeHy = HTensionl X 1000/f,; (3.125)
Top ring beam AgseH, = HTension2/f,,; (3.126)
Wall (Top) AgHse = HTension3t X 1000/f,; (3.127)
Wall (Bottom) AstHsp = HTension3b X 100/f,,; (3.128)
Balcony beam AgHy = HTension4/f,; (3.129)
CD Top AgHsy = HTension5t X 1000/f,; (3.130)
CD Bottom AgHsp = HTension5b X 1000/f,,; (3.131)
Bottom beam AgH; = HTension7/f,; (3.132)
Bottom dome AseHg = HTension6 X 1000/f,,; (3.133)
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Table 3.20: Checks for f,;

Check for f;
HTensionl X 1000
Top dome fer = 1000 x 1000 + 146 x Am, 1Y
. HTension?2
Topringbeam  ferz = (== 90500% 1000 T m x AgH, )
HTension3t x 1000
Wall (Top) Jerse = 41000000 + m x AgHy 0130
HTension3b x 1000
Wall (Bottom) fetsp = Cororeor X 1000000 + mA Hap (3.137)
HTension4
Balcony beam  fers = (== 2000 1000 t mx agm, O 1Y
HTension5t X 1000
CD Top Jetst = £ 1000000 + m x AgHy, O
HTension5b x 1000
CD Bottom fetsp = o X 1000000 T mAL Hoy (3.140)
HTension7
Bottom beam fet7 = (3.141)

b,d, x 1000 X 1000 + m X Ay H,

HTension6 x 1000

B - 142
ottom dome Jete = 17X 1000000 + m x A, (3.142)

If f.;is below the Table 1.6 provided in Section 1.8.2 Then the loop will get
terminate else will repeat with an increment of Smm to the unsafe element.
Heuristic optimization is employed. Top dome thickness and cross-Section of
balcony beam is kept fixed. The whole Modules I and II will rerun until all the

member found safe.

3.2.3. Module III- Design of members of tank

Once all the members are found safe, The design process of members starts. Upto
this level, Cross Sections of the members are fixed, The reinforcement are to be
calculated for Limit State of collapse and crack width calculation check.
Reinforcement is calculated for hoop tension and Bending Momemts from the

following formulas:
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3.2.3.1.  General Steps for the calculation of reinforcement

General Steps for the Calculation of reinforcement for hoop tensions, Bending
and Shear forces for any member are given in Table 3.17.

Table 3.21: General Steps for calculation of reinforcement for any member

General steps for the calculation of reinforcement for any member

- .
Step | Reinforcement Agy = - (3.143)
I for Y

hoop tension

Step | Reinforcement Fen 4.6My; X106
I for Moment Aty = O'def 1-— [1-— ~oabd (3.144)
Astm Where b and d are cross-Sections of beams in

mm,; in the case of wall or conical domes cross-
Sections are 1000 x t where t is thickness of

elements.
Step | Calculation of NOs = st (3.145)
IIT | Number of bars Ty
Step Spacing spacing = w (3.146)
st

1A% Iculati
caicuiations where @ is the Diameter of bar used

Step | Calculations of | Maximum shear stress is calculated T,y

\4 shear Percentage reinforcement
reinforcement p = AS”;% (3.147)

Table 19 of IS 456:2000 is built-in code as a
string function. 7. is fetched from the string with
the help of the do-while loop Ty & Tc
are compared if T4, < T, shear
reinforcement is not needed. Nominal
Reinforcement provided. If 7,,,, > 7. shear
reinforcement is needed. In this case,
reinforcement is calculated for the difference of
shear reinforcement (7,40 — T¢)

SFuet =(Tmax — Tco)bd (3.148)
Spacing = % (3.149)
Step Checks Spacing and reinforcement are checked for
VI minimum and maximum criteria as specified by
IS 456 and IS 3370. These checks are embedded

in the code.
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3.2.3.2. Crack width calculations

Crack width calculations are used in accordance with Annextures A & B of IS
3370:2021. The equations are explained in Section 18.2 of this study. Crack
widths are checked for Hoop and bending both for all the water facing elements.
General Steps for the Crack width calculations for any member are given in Table
3.18.

Table 3.22: Calculation of crack width for members

Crack width calculations for direct tension

Parameter Formula Eq.No.
HTension
Stress at any level Fs Fs = 1 (3.150)
St
Strain at level of F

rain at level o e, = S (3.151)

Stress e, 200000
stlffemf[lg.eft(;e’ct otf _ 2x(bxd) o
concree%n irec eZ_BXAstXZOOOOO (3.152)

tension

Average steel strain em = e1—€; (3.153)

Wer = 3Acrém

Crack width agy = /Cﬁun + 52 (3.154-3.156)

Sp = 0.5 (t = Cpyin X 2)/(Nos — 1)

Crack width calculations for flexure

M
Stress at any level F Fg=—— 3.157
Y > s Ast (t - xn.a.) ( )
0.87f,(A
Depth of neutral axis Xpa = Ofgé fs tzpm (3.158)
00 Jy
Strain at level of e, = (t —xpq) XFs (3.159)
Stress (t — xp.a — Cmin) X 200000
Stiffening effect of (t = x,.0)>
concrete in direct e, = o (3.160)
tension 3(Ast)pro X 200000(“ - xn.a.)
3a.,-€
Crack width Wer - (3.161)

- 1+ Z(acr - Cmin)/(t - xn.a.)
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3.2.3.3. Design of the top dome

Upto this level, Cross Sections of the members are fixed, The reinforcement are to
be calculated for Limit State of collapse and crack width calculation check. As
discussed under various above Sections 3.2.3.1-3.2.3.2. The top dome is to be

checked for meridional and circumferential stresses.

Table 3.23: Design steps used in the design of Top dome

Step I — Calculations of ultimate forces and stresses

Factored hoop tension H, = 1.5 X HTensionl (3.162)
Factored hoop stresses Hgiress = Hy/(t1 X 1000) (3.163)
Factored meridional
T,=15x%xT1 (3.164)
thrust
Meridional stresses Tstress = Ty /(t1 X 1000) (3.165)
Checks Torress & Horress < 8N /mm?; (3.166)

If found safe loop will proceed further else will terminate and will restart with

increasing the thickness from Module 1.

Step II — Calculation of reinforcement

Reinforcement Adopt nominal reinforcement of 0.28
calculation Ag percent of Cross Section of dome both ways
Spacing is calculated with all the checks as
IS 456:2000. Spacing should be less than
three times the effective depth of Top dome
Spacing Calculation  (3x t,¢f). 10 mm diameter bar is generally (3.167)

used Top dome

) 78.5 x 1000
spacing = ————
Astr
Step III- Estimation of Concrete and steel used
Concrete (A1) Al = 2nR t1hy (3.168)
Steel estimation Q1 Q1 =2R1 x0.28 X s,,/100; (3.169)
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The program will at last print the Final Cross Section of Top dome,

Reinforcement provided, and quantity estimated.

3.2.34. Design of the top ring beam

Top ring beam reinforcement is calculated for hoop tension and Bending
moment occurring at the Top beam.

Table 3.24: Design steps used in the design of Top ring beam

Step I — Calculations of ultimate forces and stresses

Factored hoop tension H, = 1.5 X HTension2 (3.170)
Factored bending moment M, =1.5x M2 (3.171)
Reinforcement calculation

for hoop tension & Agtrzy Asemz from formulas in Table i

3.15
moment
Check for nominal Checks are applied as per IS 3370 &
reinforcement IS 456 i

Calculation of the number

of bars for main e .-

. . As per Equation “Nos” and “spacing
reinforcement & spacing -
e are calculated as per Table 3.21
for distribution

reinforcement
Crack width are checked as per Table

Crack width check 322

If crack width is found satisfactory the loop with continue for Estimation else
Section will be redesigned (Steel is increased), if still found unsafe the thickness
is increased and loop will restart from Module 1.

Estimation of Concrete and steel used

Concrete (A2) A2 = 2mb,d,n; (3.172)
Steel estimation (Main) Q21 = 2mry X Nos X AgpmainSws (3.173)
Steel estimation Q22 =4(t, —2 % (3.174)
(Distribution) Q22 0.04)s,, 7T(<pTd)2 spz(:i; -
Steel Total Q2 Q2=Q21+Q22; (3.175)

3.2.3.5. Design of the cylindrical wall

Cylindrical wall reinforcement is calculated for hoop tension and Bending
moment occurring and Maximum reinforcement occurs at the bottom of the wall
as Hoop tension varies with the height of water and reinforcement is gradually

reduced to minimum at the top. Further the crack width is checked for the
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member. Here in this member the thicknesses of member at top and bottom can

be different, diameter of the hoop reinforcement can is reduced at the top and

vertical or distribution reinforcement also reduced at the top of the wall. This

member is connected at two joints, top & middle joints, Hence the hoop tension

and moments occurring is different at top and bottom of the wall. Reinforcement

is calculated at every 1 m height using for loop for optimizing the material usage.

Table 3.25: Design steps used in the design of cylindrical wall

Calculations of ultimate forces and stresses

Factored hoop tension
at top
Factored hoop tension
at bottom
Factored hoop tension
is calculated at every 1
m height
Factored bending
moment

Reinforcement
calculation for hoop
tension & moment

Check for nominal
reinforcement
Calculation of spacing
for main reinforcement
& distribution
reinforcement

Cracked width check

H, = 1.5 X HTension3t
H, = 1.5 X HTension3b

H, = 1.5 X HTension3b X h/H
where ‘h’ varies from 0 — H meters

M, = 1.5M3t, M, = 1.5M3b

Agstnz, Asemz  from  formulas in equation
reinforcement is provided on both the face of
wall. The diameter of the Hoop Reinforcement
starts from 12 mm with an increment of 2 mm
at every 1 m interval. Distribution
reinforcement is also calculated.

Checks are applied as per IS 3370 &

IS 456

As per Equation “spacing” are calculated and
check for minimum and maximum spacing is

checked. (Table 3.15)

Crack widths are checked for every 1 m interval
and if found unsafe member is redesigned
(Table 3.16)

(3.176)

(3.177)

(3.178)

(3.179)

If crack width is found satisfactory the loop with continue for Estimation else

Section will be redesigned (Steel is increased), if still found unsafe the thickness is

increased and loop will restart from Module 1II.
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Table 3.26: Estimation of quantities of cylindrical wall

Estimation of Concrete and steel used

Concrete (A3) A3 = gH(Zrl + tapottom) (Eavottom + tatop)  (3.180)
_ (pm)? 1000
Q31 = Q31+ 2{2nny ~ spacing sw}
Steel estimation Q31 is added cumulative at each 1 m as ¢,, and (3.181)
(Main) spacing can vary at each 1m interval with initial
Q31=0;
(pa)? 1000
032 = 032 + 2 {224 20y swH —
Steel estimation { 4 1 Spacmg}
(distribution) Q32 is added cumulative at ecach 1 m with (3.182)
initial Q32 =10
Steel total Q3 Q3=Q31+Q32; (3.183)

3.2.3.6.

Design of the Middle ring beam

Balcony beam is designed for the bending moment occurring due to balcony

projection. Balcony beam can have different sections at the ends. It acts like a

cantilever beam.

Table 3.27: Design steps used in the design of Middle ring beam

Calculations of ultimate forces and stresses

(3.18
Factored hoop tension H, = 1.5 X HTension4 4
) (3.18
Factored bending moment M, = 1.5X BM at MRB 5)
Reinforcement calculation for Agtpar Asema from formulas in
hoop tension & moment Equation
Check for nominal Checks are applied as per IS 3370,
reinforcement IS 456

Calculation of spacing for
main reinforcement &

distribution reinforcement

As per Equation “spacing” are
calculated and check for minimum

and maximum spacing is checked.

121



Chapter 3: Material and methods

If crack width is found satisfactory the loop with continue for Estimation else
Section will be redesigned (Steel is increased), if still found unsafe the

thickness is increased and loop will restart from Module 1.

Table 3.28: Estimation of concrete and steel for Middle ring beam

Estimation of concrete and steel used

Concrete (A4) A4 =mH(2r, + by) Xty X by,  (3.186)

2
Steel estimation (Main) Q41 41 = 27r, ”(‘i’") Nos x sw  (3.187)

Q42

T(pg)? 2mry (3.188)
= X by — SW
4 spacing
Steel total Q4 Q4= Q41+Q42; (3.189)

Steel estimation

(Distribution)

3.2.3.7. Design of the conical dome

Conical dome can have uniform thickness throughout or can be variable
(tstops tsbottom)- Conical here in this case Main reinforcement is different for Top
and bottom of conical dome. This member is connected at two joints, Middle and
Bottom joints, Hence the Hoop tension and moments occurring is different at top and

bottom of the wall.

Based on the respective forces, the reinforcement area for hoop tension and
bending moment is determined individually for the top and bottom portions using the
formulas provided in Table 3.15. Distribution reinforcement is provided on both the
inner and outer faces as per IS 456:2000. The spacing for main and distribution
reinforcement is calculated and checked against the permissible limits given in Table
3.15. Crack width is verified according to the guidelines in Table 3.22 to ensure that
serviceability criteria are met. Once all checks are satisfactorily completed, the final

reinforcement detailing is carried out.
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Table 3.29: Design steps used in the design of conical dome

Step I — Calculations of ultimate forces and stresses

Factored hoop tension at

H, = 1.5 X HTension5t (3.190)
top
Factored hoop tension at

H, = 1.5 X HTension5b (3.191)
Bottom
Factored BM at Top M, = 1.5 x M3t (3.192)
Factored BM at bottom M, = 1.5 X M3b at top (3.193)

Reinforcement

calculation for hoop

tension & moment

Astrser Astrsp, Astmst andAgemsp are

calculated from formulas in Table 3.15.
Distribution reinforcement is calculated as per
IS 456:200. Main and distribution
reinforcement is provided on both the face of

dome

Check for nominal

reinforcement

Checks are applied as per IS 3370 &
IS 456

Calculation of spacing
for main & distribution

reinforcement

As per Equation “spacing” are calculated and
check for minimum & maximum spacing is

checked. (Table 3.15)

Cracked width check

Checked as per Table 3.22

If crack width is found satisfactory the loop with continue for Estimation else

Section will be redesigned (Steel is increased), if still found unsafe the thickness

is increased and loop will restart from Module 1.

Estimation of Concrete and steel used

Concrete (A4) A5 = 0.57l(ry + 15 + tseop ) (Estop + tsp) | (3.194)
2
Steel estimation (Main) | Q51 = 2m(r, + rﬂl@% sw (3.195)
Steel estimation 2
S Q52 = 2m(ry + 1)1 Em 28 (3.196)
(Distribution) pacinga
Steel Total Q5 Q5= Q51+Q52; (3.197)
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3.2.3.8. Design of the bottom dome

The Bottom dome is to be checked for meridional and circumferential stresses.

Table 3.30: Design steps used in the design of bottom dome.

Step I — Calculations of ultimate forces and stresses

Factored hoop tension H, = 1.5 X HTension6 (3.198)
Factored hoop stresses Hgtress = Hy/(tg X 1000) (3.199)
Factored meridional thrust T,=15%XT6 (3.200)
Meridional stresses Tstress = Ty /(te X 1000) (3.201)
Checks Totress & Hsress < 8N /mm?; (3.202)

Check for nominal Checks are applied as per IS 3370 &
reinforcement IS 456 )

As per Equation “spacing” are
Calculation of spacing for
o calculated and check for minimum -
main reinforcement &
and maximum spacing is checked.

(Table 3.15)

distribution reinforcement

Crack widths are checked as per
Cracked width check -
Table 3.16

If crack width is found satisfactory the loop with continue for Estimation else
Section will be redesigned (Steel is increased), if still found unsafe the thickness

is increased and loop will restart from Module 1.

Estimation of Concrete and steel used

Concrete (A6) A6 = 2mR,th, (3.203)
Steel estimation Q6 Q6 = 2R6 X 0.28 X s,,/100; (3.204)

3.2.3.9. Design of the Main girder beam

This is the Main ring beam of the superstructure. It transfers the whole load to the
column and substructure. The diameter of the column must be equal to or greater than

the width of the beam. Following equations are used for calculation:
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Step I — Calculations of ultimate forces and stresses

Factored hoop tension
Factored B.M.

Total load at MRB

Total load per span

The angle at the center
in radians
Distance of critical
Section

Angle at the critical
Section in radians

Bending moment at
the critical Section

Twisting Moment

BM by Continuity
equations

Equivalent Moment

Design Moment
Eccentricity

Distance of Hoop
force

Depth of neutral axis

Force of Tension

Force of Compression
Reinforcement
calculation for hoop
tension & moment
Check for nominal
reinforcement
Calculation for main
reinforcement

Cracked width check

H, = 1.5 X HTension7
M, =1.5x M7

TLygg = SW1+SW2 + SW3 + SW4 +

SW5+ SW6 + SW7 + capacity X 10;

TL;ps = TLyge/N where N is the Nos of
columns

Keentre= /N
2nr, DA/m
deritical = N 2
D
2X2Xrm,
BMcr = ZﬂrZTLlps (occentre Sin(occritical) +

CoS(Xcritical) _ 1)
centre
tan(%centre)

___22mr
Mt =n N (+°ccentre Cos(occritical) -

sin(Xcritical) )
centre critical centre
tan(Xcentre)

BMcontinuity = M7 X 1, /1000;
1+d,;/b; '

1.7 ’
Mpy=-(BM,, + BMcontinuity)+ MEQ

e = Mpy X 1000000/Htension7
dns = e — (0.5 X d; — 40);

la=d;, —50—¢;—0.42 X 0.48 X d,; where
50 mm is the clear cover and d- is in mm
la + dhf

Keritical™=

MEQ = Mr

Fr = Htension7 X
la

F. = Fr — Htension7

Asty7, Agem7 from formulas in Equation

Checks are applied as per IS 3370 & IS 456

As per Equation Numbers of bars for hoop
tension and
Crack widths are checked and if found unsafe
member is redesigned

(3.205)
(3.206)

(3.207)
(3.208)
(3.209)

(3.210)

(3.211)

(3.212)

(3.213)

(3.214)

(3.215)

(3.216)
(3.217)

(3.218)
(3.219)

(3.220)
(3.221)
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Table 3.32: Step II-IV- Design steps used in the design of Bottom beam

Step 1I- Calculation of forces and reinforcement at centre of
beam

BMiq = ZETZTLlps(occentre /sin(

BM at midspan (3.222)
P occentre) - 1)
Design moment Mpy= (BMpiq + BMcontinuity) (3.223)
Reinforcement Further Table 3.15 is used to calculate
calculations Reinforcement at the center of midspan
Step III- Design for shear and twisting moment
Ashearer = 0.5 deriticar — d7 —
Critical section for clcover ; Critical Section for shear is at a (3.224)
shear distance equal to effective depth from )
face of support
Shear forces SFyee = TLips X dsnearcr (3.225)
Angle for twisting _ Xcentre dshearcr .
moment Xrwist= r ; (3.226)
2
Meer = rzz % (ocTwist_occentre'i'
Twisting moment Xcentre COS(Kryist) — (3.227)
sin(Xryist)
Xcentre tan(%centre)
Design shear force SFpesign = SFues + 1.6Mc- /by (3.228)
Tmax = SFpesign/ (b7 X d7); Table 3.15
Maximum shear stress 1S used to calculate shear reinforcement. (3.229)
12 mm bars are used for shear
reinforcement
Step IV-Estimation of concrete and steel used
Concrete (A7) A7 = (2nry) X b; X d4 (3.230)
. . _ n(¢m)2
Steel estimation at top Q71 = 2mr, X Nos X sw (3.231)
of beam Q71 Where Nos is Calculated for Fr
2
Steel estimation Q72 = 2mr, X 7(Pm) X Nos X SW
(Bottom) Q72 : (3232)
Where Nos is Calculated for Fc
Steel estimation _ _ (@s)? 21Ty
(Shear) Q73 Q73 = {(3d, — 200) —, X sw—spacing} (3.233)
Steel total Q4 Q7= Q71+Q72+Q73; (3.234)

With the design and Estimation of the tank, Module III is completed. Now the

further modules will consider the design of staging and foundation and further

the cost estimation.
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3.2.4. Module I'V: Staging configurations and lateral analysis of tanks

This chapter delves into the analysis of staging configurations for water tanks,
emphasizing the importance of both structural support and stability under various
loading conditions. Staging configurations are essential for maintaining the integrity
and functionality of water tanks, ensuring they can safely contain and distribute water.
The process begins with determining the total height of the staging, which is a critical
parameter affecting the overall stability and load distribution. Several factors are
considered in this calculation, including the height from ground level to the top of the
tank, the depth of the base slab below ground level, and specific adjustments related
to the foundation. Vertical load computations are performed to assess the weight
contributions of different structural components. These include the self-weight of the
columns, the braces, and additional elements such as stairs. Each component's weight
is meticulously calculated to ensure accurate load distribution within the staging. The
design of the Staircase is not considered in this study as cost of Stair Case will be same
in case of HWT and CWT.

In addition to vertical loads, this module thoroughly analyzes lateral forces,
particularly wind and seismic loads.

Wind load analysis involves evaluating the basic wind speed, terrain category, and
the height and shape of the tank which is discussed in detail in Section 1.9.2. This
analysis helps in determining the wind pressure acting on different parts of the tank
and its staging, which is crucial for designing wind-resistant structures.

Seismic analysis is another critical aspect covered in this module. The seismic
forces acting on the tank are determined by evaluating the tank's fundamental period
in both full and empty conditions. Effective weight calculations and deflection
assessments are conducted to understand the tank's behavior during seismic events.
This analysis is vital for ensuring that the tank can withstand earthquakes without
compromising its structural integrity. The module concludes by comparing the
computed wind and seismic forces to identify the most critical load cases. This

comparison helps in designing a robust staging configuration that can endure both
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everyday operational loads and extreme conditions, such as strong winds and seismic
activities. Through detailed computations and rigorous analysis, this chapter provides
a comprehensive framework for the design and lateral analysis of water tank staging,
ensuring safety and stability throughout the tank's lifespan.

The design of staging involves determining the height and structural elements that
support the tank. Design of staging is divided in 8 steps.

Table 3.33: Step I-II — Staging configuration design and vertical load calculations

Step I — Staging configuration design and Vertical load calculations

Total height of Hrotar = Hstaging —d; + (Df)
] (3.235)
staging —dyp
Clear length of each C.l.panet = (Hstaging —d7 — 4
(3.236)
panel above FGL xdyo)/4;
c-c distance of ¢ —cdis of column
(3.237)
column = N X sin(t/N);
T
Clear length of brace Clprgce = N X sin (ﬁ) — D, (3.238)
Step II- Computation of vertical loads
Self-weight of D2
SW8 = 25— Hroral (3.239)
column 4
Self-weight of brace SW9 = 25n,bedgClyrace (3.240)
Self-weight of stair SW12=40-50 kN; (3.241)
: TLmes
Total weight per SWuptobrace = —= + SW8 +
sP ZnN (3.242)
column upto braces SWO9 + SW12;

Table 3.33 details the staging configuration design and vertical load calculations.
Step I involves calculating the total height of the staging, the clear length of each
panel, and the spacing between columns and braces. These parameters define the
structural layout of the tank. Step II computes the vertical loads by assessing the
self-weight of columns, braces, and stairs, along with the total weight per column
up to the braces. These calculations are crucial for understanding the load

distribution and ensuring the stability of the staging structure.
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Table 3.34: Step Il — Wind load calculation

Parameter

Details

Annex A of IS 875 contains the basic wind speeds of major Indian

Basic wind | cities, which is one of the input parameters displayed at the user
speed V¢ | input interface. Users can refer to this table to determine the basic
wind speed or input the value based on their own knowledge.
The value of ki depends on the basic wind speed Vys. The values are
predefined in the wind analysis Section for important structures as
follows:
For
ky o 1s=33m/s —k; =1.05
o V=39 m/s— k;=1.06
o V,=44 0or47 m/s —k, =1.07
e V,s=50o0r55m/s —k; =1.08
This is done using if else loop
k, Is calculated as per Section 1.9
Values are inbuilt as per Section 1.9.2 of IS 875 Part 3. Usually, it
s is taken as 1.
Users will be prompted to specify the region type at the input
ke interface:
o Enter'l' for coastal
o Enter '1.3' for non-coastal
e Calculation is done using Formulas mention in Section
Calculation 1.9.2.
of V, & P, o UV, =V, Xky Xk, Xky Xky

e P,= 0.6xV2
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Table 3.35: Step IV— Calculation of the wind pressure acting on the tank

Step IV- Calculation of the wind pressure acting on the tank-

WPattankbody = 0.7 B,(3hy + d, + H +

Wind load on container d,) X 2r; + 0.7 P,(r; + 15)(ry — (3.243)
ry)tan(A,);
Wind load acting at ‘x’ htankcg = 0.5(H + h; +d, + (r; —
m ry)tan(A,)) (3.249)
Effective number of Nx05—-1
column Ngsp=(NX05+1+ T); (3.245)
Wind pressure at each
panel except lower Wup = 0.7 P, X Nggs X D¢ X C.lpgner ; (3.246)
panel
Wind pressure at lower Wip = 0.7 B,Ngss X Dc(C. lpgnei— Dy
panel + dq9); (3.247)
Wind pressure at brace Whbrace = P, do(D, + 2r,); (3.248)
Shear force at panel I SF41 paner 1=WPattankbody + Wup X 0.5; (3.249)
Shear force at panel Il | SF4r panet 2=SFat panet 1 + Wup + Wbrace; (3.250)
Shear force at panel 11 | SF4r panet 3=SFar panet 2 + Wup + Whbrace; (3.251)
Shear force at panel IV | SFur panet 4=SFar paner 3 + Wup + Whbrace; (3.252)
Shear force at panel V SFar panet s5=SFar paner 4 + (Wup + Wip) X (3.253)

0.5 + Whbrace;
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Table 3.36: Step V- Seismic analysis of tanks

Effective weight for full

tank conditions EWT, EWT, = N{Loadperspan + —SWSHVZ%SWH} (3.254)
Effective weight for empty EWT, = EWT; — qy X Vs
o (3.255)
tank conditions
Def, =
Deflection for full tank (n2+1D{(CLpaner+be)®+D P} EWT; (1+cos=r)
condition Def; {12X5000,/ Feex ™= %x%} (3:256)
All dimensions in mm.
. EWT,
Deﬂectlon‘ tjor empty tank Def, = Def; EWT, (3.257)
condition Def,
Time Per1;d in full tank I =om Def1 (3.258)
Full 9810
Time Perl%(gl in empty tank Ty = 21 Def2 (3.259)
mpty 9810
Damping 5% -
Seismic Zone needs to be entered in input. As
Zone factor given in Section 3.2.4. is embedded in the code. i
With help of if else loop Zone factor is
calculated by the code.
Importance factor This is taken as 1.5 -
Response reduction factor The response reduction factor (R) is set at 4 for i
SMREF buildings
Soils are classified in Hard, Medium and Soft
. soils. Sa/g for Full & Empty tank are calculated
Caleulation of Sa/g as per F igire 2 IS 1893. gga’s are embedded in i
the code using if else loop
Calculation of design Appun = 2% 05X (Sa/g)ruu
horizontal earthquake [R/ 1] (3.260)
acceleration coefficient y _ Z X 0.5 X (84/9)Empty (3.261)
Apin Full and Empty tank HEmpty = [R //]
Base shear calculation Vg Varuuor Selsmlcga;";lefull = Anruu X (3.262)

in full and empty tank

VBEmpty = AHEmpty X EWT,
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Table 3.37: Step VI-VIII for the analysis of staging

Step VI- Calculation of maximum lateral force and overturning
moments for design of columns

Check for maximum Verun and SF4r paner 5 in Full tank and (3.263)
lateral force VeEmpty and SFur paner s in Empty tank '
OverTurningMomentwind =
WPatTankbody(htankcg + Hstaging)+
Wup{(n X Hstaging — 0.5C. l.pgnei—
1.5C. Lpgnei— dg — 2.5C. Lpgner— 2.d9 - (3.264)
3.5C. l.pgnei— 3dg)} + Wip(Hstaging —
4.5C. l.pgnei— 4dg) + Wbrace{(n x
Hstaging —n X d; — C.l.pgner (n)(n +
1)/2 —do(0.5+ 1.5+ 2.5+ 3.5)}

Overturning moment
Calculation for wind
pressure OTM,,,

Overturning moment OverTurningMomentSeismic =
Calculation for seismic Vgruy (htankcg + Hstaging); (3.265)
forces
i 4 X OverTurningMoment
Maximum thrust on MaxThrust = S (3.266)
leeward column (2ryN)
Step VII- Calculation of the final design forces for full tank conditions
It .
(Varuy<=SFat5 ) Else if
Brun~—oratopanc
Vg rui>SFat5 1
Max lateral force on each Overturning Varuu . atspanel)
. Overturning Moment=
column and overturning Moment= O.M. .
moment Wind O.M. Seismic.
' Max Lateral Load
Max Lateral Load= . _3 e . od
SFat5panel; BFull>
Maxi h 4 x OverTurningMoment
aximum thrust on MaxThrust = g (3.267)
leeward column (2r;N)
MaxThrust « 100 < 33.33
Axial force on the column ' SWuptobrace ' (3.268)
(Pu) P, = SWuptobrace; '

else P, = SWuptobrace + MaxThrust;

Step VIII- Calculation of the final design forces for empty tank
conditions

Max lateral forces and
expect overturning
moment etc

Parameters are calculated as per above
equations for E.T for conditions
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This module covered the analysis of staging configurations for water tanks, including
determining the total height of the staging, calculating vertical loads from structural
components, and analyzing lateral forces like wind and seismic loads. It detailed the
computation of wind pressures, shear forces, and effective weights under full and
empty tank conditions. The module concluded by comparing wind and seismic forces
to identify critical load cases. The next Section will focus on the design of columns

and braces.

3.2.5. Module V-Staging design

This module covers the design process for columns and braces in the staging of a water
tank. It begins with the calculation of maximum bending moments in the columns
under full load conditions, followed by the determination of the necessary
reinforcement based on various load and moment conditions. The design includes
calculating axial load and bending moment ratios to determine the required number
and size of reinforcement bars for the columns. Additionally, the bracing system is
designed by calculating moments, determining reinforcement requirements, and
ensuring adequate shear reinforcement. This module provides detailed computational
procedures to ensure the structural integrity and safety of the staging system. This
program segment automates the design of bracing for a structural framework. It
computes essential parameters such as moments, steel reinforcement requirements,
and shear forces. It determines the number and placement of reinforcement bars based
on calculated moments and ensures compliance with minimum steel standards.
Additionally, it computes the spacing and recommends the size of shear reinforcement
stirrups to effectively withstand anticipated loads. This process ensures that the
bracing design meets structural integrity and safety standards efficiently.

In this module, Column and braces are to be designed. For column design Axial
Forces & Lateral forces were calculated in the previous module. In this module at first

Bending moment are calculated for columns

133



Chapter 3: Material and methods

Table 3.38: Complete design of columns

Step I- Design of the columns

Column design- In this module, Column and braces are to be designed. For column
design Axial Forces & Lateral forces were calculated in the previous module. In

this module at first Bending moment are calculated for columns

Max B.M. in

| . B MMaxinCol
one column in 2T
lowest panel in _ Maxlatralload(1 + cos (7)) X C. Lpaner (3.269)
Full tank 2N
In this Code sp charts are used and are embedded in
the code using if else loop in this Section
_ 1.2x P, x1000
‘ &= F D% x 1000000
Calculation of 6
i 1.2 X BMygxincot X 10
Coefficient “a” = D3 % 10° (3.270)
and “b” for , ferDe (3.271)
. pc 1s calculated from the sp charts. If the
using sp charts , . o
reinforcement exeeds the permissible limit of IS 456
:2000 clauses (i.c. 0.8- 6% and 4% as per clause
number 26.5.3.1). Section needs to redesign.
Diameter of the column needs to be increased
Step II- Calculation of reinforcement
Reinforcement D? . (3.272-
calculation Astcor = Pe X 400 x 10 3.273)
AstCol
° ek
4
Number of bars  Can be even/odd but we want even numbers of bars ~ (3.274-
Ng hence following algorithm is used 3.275)
Ng =8/, Ny = 2 x (intNg + 1)
@m 1s kept at a minimum of 12 mm and max 20 mm
Distributi
'1s ribution Dist. reinforcement is calculated as per IS 456:2000
reinforcement
Step II1- Estimation of concrete and steel used in column
Concrete (A8) 48 =% x N X Hroray (3.276)
Steel estimation _ m(pm)? _
Main Q81 Q81 = X106 X Hrotar X Ng X sw; (3277)
Steel estimation T(@d)? . Hrotal
e = - — e x X 3.278
Distribution Q82 = 2nsw(D, — clearcover) X =03 ( )
Steel total Q8 Q8=Nx(Q81+Q82); (3.279)
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Table 3.39: Complete design of braces

Braces design

Braces are designed for the moment occurring due to
wind forces. This has been already discussed in
Section 3.2.4.

' BMbrace, = %M/N)(SFAT panel4 +
M(;r:;:etss . SFAT Panel 5)0-5(6- l-Panel+ d9); (iig(l))
0.5 X BMbrace; X C.l.pgner
BMbrace, = T
4C 0S
Mbracer = 1.2 X 0.5 X (BMbrace, +
BMbrace,);
Calculation of reinforcement for braces
Agimo are calculated from formulas in Equation.
Distribution reinforcement and shear reinforcement
Reinforcement  are calculated as the formula Main reinforcement is
calculation for  provided on both faces of beam. beam is to be
moment designed as Singly Reinforcement beam. If the
Section fails in bearing moments beam Cross
Sections are increased
Check for
‘nommal Checks are applied as per IS 3370 & IS 456
reinforcement
and deflections
Distribution Distribution reinforcement is calculated as per IS
reinforcement  456:2000
Estimation of concrete and steel used
Concrete (A9) A9 =4 X N X dg X bg X Clp,qce; (3.282)
.. 2
Steﬁ;i“g;?on Q91 =2 x ZE‘(”T& X Nos X Clpygee X 4N x sw;  (3.283)
Steel estimation (Pa)? Clprace
Distbution 092 = 4N x 4(dy — cc) %—szcing X S (3.284)
Steel Total Q9 Q9=NX%(Q91+Q92); (3.285)

This module automates the design process for columns and bracing, ensuring
structural integrity by calculating optimal reinforcement and dimensions based

on load conditions. It provides precise specifications for column diameters,
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reinforcement bars, and bracing configurations, thereby ensuring the structural

elements meet safety standards and performance requirements effectively.
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3.2.6. Module VI-Foundation design

This module covers the design process for Annular raft footing of a water tank. design
has already been covered in Section 1.10. Module VI, focused on foundation design,
is dedicated to the meticulous planning and calculation of structural elements crucial
for supporting the building's integrity. This Section emphasizes the critical role of
foundation beams and raft foundations in distributing loads effectively and ensuring
stability. By analyzing various parameters such as load distribution, overturning
moments, and soil pressure, the module aims to design foundation elements that can
withstand both static and dynamic forces. Through comprehensive design iterations
and considerations, the objective is to optimize dimensions, reinforcement layouts,
and material specifications to ensure the foundation's resilience and longevity. This
approach ensures that the structural integrity and safety standards are met, providing
a stable base for the entire structure. Analysis and design of foundation is divided in 8
steps and are shown in Tabular form given below:

Table 3.40: Step I-II of Analysis and design of foundation

Step I- Forces calculation for design of foundation beam

Max negative B.M.
__ (SWuptobrace+MaxThrust)XMpp)

calculations at the MaxBM = TLoon/N) (3.286)
support of Fb
__ |MaxBMatSuppofFB)x106
defri0 = \/ Foexbyx1000 (3.287)
Check for the depth of

b 4 If defr10 found safe then loop will proceed further else
cam (des10) will increase the depth of foundation beam. After

defr10 found, safe loop will proceed to reinforcement

Step 1I- Calculation of reinforcement

Agim1o are calculated from formulas in Equation

Reinforcement distribution and shear reinforcement are calculated as

calculation for the formula Table 3.15. Main reinforcement is provided

moment, distribution  on both faces of beam. Beam is to be designed as singly

and shear reinforcement beam. If the Section fails in bearing
moments beam Cross Sections are increased

Check for nominal

. Checks are applied as per IS 3370 & IS 456
reinforcement
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Table 3.41: Step III-IV of Analysis and design of foundation

Step III- Estimation of concrete and steel used

Concrete A10 = 2nrydigbyg; (3.288)
Steel Main Q101 = 27, X 71(:;1"(;)62 X Nos X sw; (3.289)
Steel Distribution 0102 = 2(dyy + by) spziriig%s‘”; (3.290)
Steel total Q10 = Q101 + Q102; (3.291)
Step IV: Basic dimensioning of Raft foundation
Total load from structure TotalLoad = SWuptobrace/N:;. (3.292)

Load is assumed to be 10 % of Total load
from structure
TLwithFoundationLoad = 1.1 X

Foundation load

Total 1 2

otal load TotalLoadFromAbove; (3.293)
TLwithFoundationLoad
Raft area RaftArea = Wt oug attonoa (3.294)
c
) RaftArea

Width of the Raft braft = TT"Z (3295)
Inner diameter raft D; = 2r, — Widthofraft + 0.1; (3.296)
Inner radius of raft R; = 0.5 X D; (3.297)
Outer diameter raft D, = 2r, + Widthofraft; (3.298)
Outer radius raft R, =0.5x%xD, (3.299)

It is important to distribute pressure
uniformly, CCR is assumed to be r,. Then
CCR is calculated using do while loop with
CCR calculation using R, & R; decreasing R;to 0.001 at every

iteration.
Once the CCR =r, Loop terminates giving
the final values of R, & R;

Area of raft provided Araftpro = (R — RY) (3.300)
if Arastpro”=Araftreq» then loop will

Check for area of raft ~ proceed forward else will have to redesign -
the area of raft.
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Table 3.42: Step V of analysis and design of foundation

Step V: Calculations of soil pressures

Upward pressure when TLwithFoundationLoad
pwardp MaxUPy; =

tank is full. MaxUP B Araftpro (3-301)
Overturning Moment from seismic and wind
Over turning moment  forces are calculated using the similar
formulas as used in Module V.
Max pressure on soil due __ OverTurningMomentxRo;
MaxP, = —
to lateral forces at outer (m(RG—R{)*0.25) (3.302)
egde
Max downward pressure,
MaxDP)zr = MaxP, + MaxUP;
when tank is full (MaxDP)pr = MaxF, + Max (3.303)
(MaxDP)
Total load —qy,
Upward pressure when MaxUPg; = = Aoaft — (3.304)
raftpro .
tank is empty MaxUPgr
Max downward pressure
MaxDPg; = MaxUP, MaxP, 3.305
at empty tank MaxDPgy L er axUler + Maxl ( )
Check e MaxDownPresFullTank <= 1.25Bc
e MaxDownPresEmptyTank < Bc
If the equations don’t satisfy the Section needs to be redesigned
Min d d
h SomAWARS prestHte, MaxDPg; = MaxUPgy — MaxP, (3.306)
when tank is empty
Maximum upthrust at
MaxUPth = MaxUP, MaxP, 3.307
outer edge, MaxUPth ax axUler + Maxl ( )
Radius at inner face of Radatinnerfaceof Beam = CCR —
(3.308)
beam 0.5d49;
Radius at outer face of Radatouterfaceof Beam (3.309)
beam = CCR + 0.5d,; '
B.M. at the inner face of BM = MaxUPth(2R;+Rirg) (Rirg—R:)? (3.310)
beam, BM; 6XRiFp
B.M. at the outer face of BM = MaxUPth(2R;+Rorg)(Rorg—R;)? (3.311)
beam, BM,, 6XRoFp

Maximum BM is checked and is called as
Max of BM; & BM, BMyazacrare
axa
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Table 3.43: Step VI-VIII of analysis and design of foundation

Step VI: Calculation of depth of raft at the face of the beam

. (BMuyqxatrafe X 108 (3.312-
Effective depth of raft = :
cCclive ep orra deffRaft \/ 0.138 Xka % 103 y 3'313)
deffRaft
diy =———+0.07 +0.1;
1= 000 0T
Depth of raft dy4 Where 70 mm is cover and 0.1 is QTm

Provide Overall Depth “d;;" at face of
beam & reducing to 0.15 m at free edge

Step VII: Calculation of reinforcement

Agipp1 are calculated from formulas in
Reinforcement Equation Distribution reinforcement and
calculation for moment  shear reinforcement are calculated as the
formula Table 13.5
Check for nominal Checks are applied as per IS 3370 &

reinforcement IS 456
Distribution Distribution reinforcement is calculated as
reinforcement per IS 456:2000
Step VIII: Estimation of concrete and steel used in raft

Concrete (A11) A11 = {m(R% — R*)(d4; + 0.15) X 0.5} (3.314)
Steel eStgrllTion Main 111 = 7 x sw(R, — R)) MOy Nos;  (3315)

Steel estimation i1z 2

Distribution Q111 = 21(R, — R,)4N m(@a)” 1000 (3316)
4  spacing
Steel Total Q11 Q11=Q111 + Q112; (3.317)

Module VI provides a detailed guide for designing the annular raft footing of a
water tank, ensuring structural integrity and stability. By thoroughly analyzing load
distribution, bending moments, soil pressures, and reinforcement needs, the design
process adheres to IS 3370 and IS 456 standards. This iterative approach optimizes
dimensions, reinforcement layouts, and material specifications to create a durable
and resilient foundation. The focus on uniform pressure distribution and effective
load management ensures a stable base for the water tank, contributing to the

structure's long-term safety and reliability.
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3.2.7. Module VII-Estimation and costing

Module VII delves into the crucial phase of evaluating various quantities and
performing cost estimations for the foundation design of the water tank. This module
systematically calculates the volumes of concrete and steel required, assesses the
shuttering area, and aggregates these values to determine the overall material
requirements. Additionally, it provides a detailed cost analysis by calculating the
expenses associated with concrete, steel, and shuttering. This thorough evaluation
ensures precise budgeting and resource management, laying the groundwork for an
efficient and cost-effective construction process.

Table 3.44: Summation of quantities and cost calculations

Summation of quantities and cost calculations

Total concrete used:

A=A1+A2+A3+A4+A5+A6+AT+AS+A9

Summation of the +A10+A11 (3.318-
quantities Total steel used: 3.319)
Q=Q1+Q2+Q3+Q4+Q5+Q6+Q7+Q8+Q9
+Q10+Ql11

Rate is taken from CPWD DAR 2021
Rate per cum of M 30 concrete used
Cost calculation =Rs10447.7 (clause 5.33.2.2)
Rate per kg of Steel used =Rs 89.65.
Rate per ton= 89650 Rs/ton (clause 5.22.4)
Summation of the cost Cost of Total Structure= 10447.7 X A + (3.320)
89650 x Q
Cost of tank elements, Staging,

For analysis purposes ) -
Foundation are also calculated separately

Module VII on Estimation and costing for the foundation design of water tanks is crucial
for accurately assessing material requirements and budgeting effectively. It

systematically calculates volumes of concrete and steel and aggregates these quantities
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to determine overall material requirements. The module utilizes rates from CPWD DAR
2021 to compute costs for concrete and steel, ensuring precise cost analysis. By breaking
down costs for tank elements, staging, and foundation separately, it facilitates detailed
budget allocation, optimizing resource management for a streamlined construction
process.

In this way, Software program is developed for the design Complete analysis, design

and Estimation of Intze water tanks.

3.2.8. Application of software program for CWT I and CWT II Intze

tanks

Two different conventional Intze software programs are further developed as per the
clause 4.4.3.1. and 4.4.3.3. of IS 3370:2021. Major changes in both the programs are
shown in table below:

Table 3.45: Major differences in software programs of CWT [ and CWT II

Sr.No Type Key Difference
1 Conventional type I e Ultimate steel stresses are kept as 130
Intze water tank N/mm? for the elements of the tank body

only. steel stresses are kept as ultimate
stresses for staging and foundation

e Crack width calculations are not
mandatory but are performed for study
purposes only

2 Conventional type II

Ultimate steel stresses are kept as 435
Intze water tank N/mm? for the elements of the tank body
only. Steel stresses are kept as ultimate
stresses for staging and foundation

e Crack width calculations are mandatory.

For coding E. Balagurusamy (2017), “Computing fundamentals and C programming” is

referred.
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3.3. Hybrid design — Detailed concept note on design of hybrid Intze

tanks and Software development

The key difference between CWT and HWTs lies in the use of IS 456:2000 (Reaffirmed
2021) for the RCC design of the tank body (the water-carrying container) and use of
ferrocement lining as an Integral part of tank body. IS 456: 2000 is a general code for
all RCC structures. The minimum dimensions prescribed by IS 3370:2021 are larger
compared to IS 456:2000. This difference is due to IS 3370:2021 being specifically for
aqueous retaining structures, where larger member sizes are used to control crack width
and reduce leakage. The stringent criteria for minimum dimensions, stresses, and
exposure in IS 3370:2021 result in material underutilization and significant material
wastage, leading to increased construction costs.

In this study, IS 456:2000 is used for designing the RCC tank body to carry
Structural Loads in HWTs while maintaining crack width limitations as per IS
456:2000 (which are the same as those in IS 3370:2021 for water-retaining structures,
i.e., 0.2 mm). Additionally, ferrocement lining is applied to further reduce crack width,
ensuring no leakage from the tank body. According to ACI standards, the maximum
permissible crack width for water-retaining structures with ferrocement is 0.05 mm.

Thus, HWTs can bear all loads through the RCC, and the ferrocement lining makes
the tank almost impermeable.
This chapter deals with
1. Design of RCC water tank elements (Container) for HWTs,
2. Design of the ferrocement lining,
3. Design of Staging and foundation
4. Software Development for HWTs.
At first this chapter will deal with the design concept of HWT and then then Software

Development process.
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3.3.1. Design of RCC water tank elements (container) for hybrid

tanks

The design of the RCC tanks is done using continuity analysis method and limit state

design. In HWTs, RCC is supposed to bear all the structural loads, designed in
accordance to IS 456:2000 (Reaffirmed in 2021). The analysis and design are done

as per Conventional tank only but the minimum exposure criteria, minimum

dimension and minimum stress criteria is followed as per IS 456:2000.

Table 3.46: Minimum cross section and thicknesses of members for HWTs

Sr.No. Member Minimum dimension
1 Top dome thickness t; 0.08 m
2 Top ring beam (b2 x d2) 0.2x0.2m
3 Cylindrical wall at top and bottom 0.1 m at top and 0.1 at
(t3top & t3bottom) bottom initially.
4 Middle ring beam (b4 x d4) 1.0x0.12m
5 Conical dome at top and at bottom 1.5 X t310p at top and
((tstop & t5bottom) 0.15 m at bottom
6 Bottom dome 0.12m
7 Main girder beam (b7 x d7) 0.4x0.5m
8 Column (D) 0.4 m
9 Braces (bo x do) 0.2x0.5m
10 Foundation beam (bio x di0) 04x0.5m
11 Raft area As per calculations
Table 3.47: Material stress criteria for HWTs
Sr.No. Material Stresses Eq. No.
1 Tensile strength of concrete 0.7/ fox (3.321)
2 Steel stresses Ultimate stresses -
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3.3.2. Design of ferrocement lining

For the first time, ferrocement is being utilized as a lining material for water tanks,
integrated into the tank's design and construction from the outset. This innovative use
of ferrocement aims to leverage its unique properties to improve the durability,
impermeability, and overall performance of water storage systems. It is important to
note that the ferrocement lining-

e Functions like reinforced plaster.

e Serves as a non-structural component of the tank.

e Impervious medium between water and RCC.

e Depends on the RCC outer lining to carry all structural loads.

Purpose of providing ferrocement as liner- The main purpose of providing
Ferrocement lining is to impart impermeability to the structure or water proofing of
the tanks. It will act as an impermeable membrane between RCC and water.
Ferrocement has lesser crack width of the order 0.0022 mm which will not permit any
kind of leakage from the structure. Ferrocement lining is to be designed for strain
compatibility criteria at the interface of RCC & ferrocement lining. Ferrocement lining
will act like reinforced plaster. The primary purpose of the lining is to provide
impermeability to the structure design has been done as per the text available and
mentioned in the references using American concrete institute standards. General
requirements are mentioned in section 1.14. Maximum allowable strain limits for
Concrete as well as Ferrocement is 0.0035. design of the water retaining structure
mandates the maximum crack width to be less than 0.2 mm for RCC. Hence the
allowable strain carrying capacity has been regulated to 0.001583. As lining is a non-
structural member, Hence it is assumed that lining is designed for imparting
impermeability only. The thickness of the lining is designed for strain compatibility
and reinforcement is designed to keep crack width is well within the limits. As lining
is to be designed for no loading criteria, hence bending theory is applied to calculate
the thickness of lining and further the reinforcement is calculated to balance the strain
at the interface and water facing face of the lining and then the crack width is checked

to assure impermeability.
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Design mythology of ferrocement lining consists of following parts-
1. Strain Calculation in RCC tank body,
2. Determination of thickness of lining and mesh reinforcement

3. Check for the Crack width.

3.3.2.1. Strain calculation in RCC tank body

Crack width calculations are used in accordance to Annextures A & B of IS
3370:2021. The equations are explained in Section 1.8.2 of this study.
Table 3.48: Strain calculation in RCC tank body

Crack width calculations for direct tension and maximum allowable
strain in RCC

Strain at level of Stress e; e; = F5/20000 (3.322)

stiffening effect of concrete 2(bxd)

) = ————— 3.323
in direct tension 2 7 3xA44X200000 ( )
em em = e1—€; (3.324)
Crack width Wer = 3acr&, and w,, < 0.2 mm (3.325)
Max permissible value of 0.19 mm
Wer
0.19
m = E; Emaxallowable =

Strain for maximum crack 0.001583: (3.326-
width Where minimum value of a, is 40 3.327)

mm;

Crack width calculations for flexure

(t—xn.a)XFs

Strain at level of Stress e; €1 = Can o —Coni)x200000 (3.328)
stiffening effect of concrete _ (t—xn.a)?
in direct tension €2 = 3 (Ast)prox200000% (@ ) (3.329)
e, for flexure em = e1—€; (3.330)
__3XacrXem
. Wer = 2(acr—Cmin)
Crack width R — (3.331)
For maximum w,,., (as — Cipin) = 0;
Strain for maximum crack Em = %; Emaxallowable = (3.332-
width 0.001583: 3.333)

Permissible strain i
ermissible strain 1in 0.0035. -
concrete
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Crack width are checked for Hoop and bending both for all the water facing
elements and are available in Section 1.8.2. Maximum Strain occurring in the water
tanks are noted down for Hoop and Bending moments. Strain in the RCC wall or
other element will always be in the permissible limits of 0.0035 as the maximum
value if strain for the maximum allowable crack width is 0.001583. Hence the lining

is to be designed for a maximum strain of 0.001583.

3.3.2.2. Basic of ferrocement lining design and assumptions

The design of ferrocement lining is focused on ensuring strain compatibility at the

interface between the RCC (RCC) and the ferrocement lining. The safety of the lining

is determined by its strain limits, with the maximum strain at the RCC interface

calculated to be 0.001583. Given that the permissible maximum strain for both

ferrocement and concrete is 0.0035, the design is within safe limits. Optimizing the

lining thickness and the reinforcement mesh is crucial for an effective design,

ensuring the most optimized Section. The composite tensile member is assumed to

be made from a brittle matrix (primarily cement-based) reinforced with steel. The

matrix is considered linear elastic up to failure with no post-failure load resistance.

The matrix strain to failure is significantly lower than that of the reinforcement,

making the reinforcement's contribution crucial after matrix cracking. The

reinforcement is modeled as elastic perfectly plastic, similar to steel with a distinct

yield plateau. The model applies to other brittle matrices and reinforcements, such as

carbon or glass fibers.

Assumptions:

e The load is applied to the reinforcement and transferred to the matrix, simulating
a through matrix crack at each composite end.

e Bond stress at the reinforcement-matrix interface is constant and slip-
independent.

e Matrix cracking occurs when matrix stress reaches its tensile strength.

e Composite stress is calculated by dividing the external tensile load by the
composite's cross-Sectional area.

e Beyond a certain distance from the free end, strains in the matrix and
reinforcement are equal, leading to em = er = &c
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. Reinforcement (elastic or @
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& elastic perfectly plastic) A 4
= - T J/
v =
=]
: e m
Matrix (elastic brittle)
— —
Strain Shear Strain
or ship
Fig. 3.1: Stress Strain Diagram of ferrocement
3.3.2.3. Basic mechanisms & modeling for uncracked tensile member

Consider an axial load N applied to the reinforcement. For the initial analysis,

assume no cracking occurs, and the stresses in the matrix remain below its tensile

strength. The equilibrium of forces and stress distribution within the member is

analyzed, demonstrating that stress varies linearly along the member length until

stabilization occurs where matrix and reinforcement strains equalize.

Modulus of elasticity
Modular ratio

Transformed area

Stress in the ferrocement

Lining

foe =V + Ve
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Fig. 3.2: Cross Section of ferrocement beam

3.3.2.4. Crack spacing and width in ferrocement

Crack spacing and crack width are crucial aspects in the analysis and design of

ferrocement linings, particularly for water-retaining structures. These parameters

help in understanding the behavior of the material under stress and ensuring the

integrity and durability of the structure.

Minimum crack spacing: The shortest distance between two consecutive
cracks, derived based on the matrix's tensile strength and the bond stress between

the matrix and the reinforcement.

Am Omu
= fnom (3.338)

h

Minimum crack spacing ALpin
Maximum crack spacing: Twice the minimum crack spacing, representing the
longest possible distance between two consecutive cracks.

Maximum Crack spacing ALpax = 2ALpin (3.339)
Average crack spacing: Provides a realistic estimation of the distance between

consecutive cracks, considering factors such as the tensile strength of the matrix,

the bond stress, and the reinforcement's geometry.

ALy, = A, Amp‘;mu (3.340)
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e Average crack width: A measure of the typical width of cracks in the

ferrocement, considering reinforcement, shrinkage strain, and tensile strain.

W,, = (ALm, {& - LALW} + egyALyy — ALy, {ﬁ ALa,,}) (3.341)

ArEr  4A;Er

3.3.2.5. Theory of bending in ferrocement linings

The theory of bending in ferrocement linings involves understanding the behavior of

this composite material under flexural loads. This includes determining the

distribution of stresses and strains across the Section, the location of the neutral axis,

and the balance between tensile and compressive forces.

Table 3.49: Theory of bending in ferrocement linings

Theory of bending equations in ferrocement linings

Calculation of neutral ~ bf X ¢ X ¢ X 0.5+ Y (n —1)A4,; (c —
axis d;) =X(Mm) XA (d;—c)

Compression force in
concrete stress block Co = 1085 xflexbxpyxc)
Compression force in
concrete stress block  C; = {(&; X E, —0.85 X f'.) X A,; }
due to reinforcement
Stain at any point on d; —c

the section Eri =T B & & < 450;
Tensile forces at each

. TTL' = ATi X 450
layer of reinforcement

Balancing tension &
. . Cc +Cy = Z Ty
compressive forces in

the lining.

(3.342)

(3.343)

(3.344)

(3.345-
3.346)

(3.347)

(3.348)
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3.3.2.6. Secondary check for crack width for ferrocement linings

To ensure durability and prevent leakage, especially for water-retaining
structures, a secondary check for crack width is performed and are shown in Table
3.30

Table 3.50: Secondary Check for Crack width for ferrocement linings

Crack width analysis for hoop tension for ferrocement lining

Hoop tension which
HTy; = 1000b 34
ferrocement plate can bear It s rerrocement (3.349)

Reinforcement area

Ast; = HT, . ‘
required Sty 71/ frensite (3.350)

2
Nos = Asts/ (%)

Deciding the number of

3.351
bars and mesh numbers Mesh Number M, ( )
= Around 80 bars per mesh
) ) ) ] 1000
Maximum spacing maximum spacing < < (3.352)
f
Volume fraction 2A,;
. = 3.353
Check for the crack width v 1000 ¢t ( )
Speciﬁc surface area S = 4v (3.354)
reinforcement
Service stress in
= < .
reinforcement 0, = (¢ X E5) & 0, < 450; (3.355)
Estimated stress at crack c=345x(1+S,)& (3.356)
stabilization o, should be less than o '
| Wmax:3 SOO/Er
Crack width check Winax should be less than 0.05  (3:357)

for water retaining structures
Further Steps: g, < o loop reduces the number of mesh one and repeat the
entire process until optimum is reached.
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| |
CEMENT SAND MORTAR 1:2
| |
SQUARE WELDED MESH OF
1 MM BAR SIZEIN 'n' NUMBER
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Fig. 3.3: Typical drawing of the cylindrical wall in HWT and CWTs with detailed

lining diagram

3.3.3. Design of staging and foundation

The analysis and design process are same as that for Conventional tank as described
in the Section 3.2.4- 3.2.6. Although the tank body of the HWT is Light weight as
compared to Conventional ones. A lighter tank body will result in lighter staging and

foundation. Thus results in the reduction of the cost.

3.3.4. Software development of hybrid tanks

3.3.4.1. Major changes in Hybrid software program

The software development process for HWTs is largely similar to that for CWT, with
a few key differences. CWT have seven modules, while HWTs have eight. Below are

the major changes and details for each module:
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Table 3.51 : Major changes in hybrid vs conventional software program
Modules Major differences
Module I Minimum exposure criteria, minimum dimension and minimum
stress criteria is followed as per IS 456:2000. Initial dimensions
are given in Table 4.1.
Module 1II: Checks and design stresses are taken as per IS 456:2000.
Analysis of Material stresses are provided in Table. The maximum crack
RCC tank width for the RCC is the same in CWT and HWTs. (i.e. 0.2 mm
body as per IS 456:2000 in HWT and IS 3370:2021 for CWT)
Module III: The specific surface area of the entire tank body is calculated.
Design of Checks and design stresses are taken as per IS 456:2000.
members of Material stresses are provided in Table. The maximum Crack
tank width for the RCC is the same in CWT and HWTs. (i.e. 0.2 mm
as per IS 456:2000 in HWT & IS 3370:2021 for CWT).
Reinforcement in wall is given on one face only both ways.
Module 1V: The modules for staging and foundation design are identical for
Staging both HWT and CWT due to adherence to consistent standards
configurations and methodologies. Both tank types of follow IS 456:2000 for

and lateral
analysis of
tanks,

RCC structures, ensuring structural integrity and durability.
Seismic and wind force calculations are performed in both
empty and fully tank conditions as per IS 1893:2016 Parts I and

Module V- IT and IITK-GSDMA guidelines for seismic loads, and IS 875:
Staging Part 3 for wind loads. Using the Response Spectrum Method,
design, equivalent weight, deflection, response time, and base shear are
Module VI- calculated. Wind calculations consider terrain category and wind
Foundation speed, as detailed in Table 2. Annular raft footings, preferred for
design their stability, are designed according to IS 11089:1984. This
uniform approach guarantees safety and performance across
both tank types.
Module VII-  This module has been replaced by a new module for HWT
Estimation design. Module is named as Module VII-Design of
and costing Ferrocement lining
Module VIII-  Module VIII for Estimation and costing is made which includes
Estimation the Estimation and costing of ferrocement lining. Rest the
and costing Module is same as per Convention Module VII.
of HWTs
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3.3.4.2. Details of software module for hybrid Intze tanks

a) Module I, Module II & Module III- The changes in Modules 1, 2, and 3 have

b)

been detailed in the previous table and discussed comprehensively in Section
3.1. Additionally, Module III for HWTs includes a new feature for calculating
the specific surface area of the water tank container. In this module, alongside
the conventional calculations for the quantity of concrete and steel after
designing each member, the surface area of each member is also calculated.

Equations of calculation of surface area are as follows-

Table 3.52: Surface area equations for ferrocement lining calculations

Member Surface area equations Eq.No.

Top dome SA; =Ry (3.358)
Top ring beam SA, = niryt, (3.359)
Cylindrical wall SA; =21 (2ry + t3portom)H (3.360)
Middle Ring beam SA, = mrity; (3.361)
Conical dome SAs = mw(ry + 13 + tseop) L (3.362)
Bottom dome SAg = mRyh,; (3.363)
Bottom Ring beam SA; = niry(b; + d7); (3.364)

Although majorly water contact members are cylindrical wall, conical dome,
bottom dome and top dome (ferrocement cover is to be provided allover inside
top dome). The rest of the T.R.B, M.R.B and B.R.B area in contact of water is
negligible.

Module IV, Module V & Module VI- These modules as discussed in Table are
same as conventional

Module VII — Design of ferrocement lining- This module is an addition to the
Hybrid design and is not present in CWT, as detailed in Section 3.2. The
following steps are utilized in this module:

e Step 1: Fetching strain values- Start by retrieving strain values from

Module III for both hoop and bending. Calculate the maximum strain,
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typically occurring at the bottom of the cylindrical wall, to ensure uniformity
in the lining.

Step 2: Strain threshold check- Verify if the maximum strain exceeds the
limit of 0.035.

Step 3: Initial lining configuration- Initially, implement a 12 mm thick
lining with 2 mm cover on both sides and three layers of reinforcement.
Ensure the spacing between bars is less than the lining thickness, using
approximately 85 bars in the first iteration.

Step 4: Basic calculations and steel stress check- Perform fundamental
calculations as per the specified Section requirements. Check steel stresses
against strain to ensure they remain below 450 N/mm?, adhering to ACI
standards. Calculate crack spacing and width in the ferrocement. If deemed
safe, proceed to the bending theory check. If unsafe, increase the lining
thickness to 15 mm with six layers of reinforcement.

Step 5: Bending analysis- Analyze the Section for bending per designated
criteria. If the tension zone predominates, reduce reinforcement to five bars
and re-evaluate from Step 1. If compression dominates, increase
reinforcement bars or meshes and repeat Steps 1-5 until achieving a balanced
Section.

Step 6: Hoop tension and secondary crack width assessment - Conduct a
secondary assessment of crack width under hoop tension. Although the
ferrocement lining is not load-bearing, assess its capacity to withstand hoop
tension. Adjust reinforcement incrementally, reducing mesh numbers until
reaching the proposed configuration from Step 5. Verify crack width at each
adjustment. If necessary, increase lining thickness to 15 mm and repeat Steps
1-6. Finalize with a maximum 20 mm lining, using three to six layers of
reinforcement as needed.

This systematic approach ensures thorough evaluation and optimization of
ferrocement lining design, maintaining compliance with safety standards and

structural integrity throughout the iterative process.
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Generally, as previously discussed, the strain values for ferrocement are
initially calculated manually and then verified using software. The thickness
of the lining depends on the strain levels are given. These thickness and
reinforcement configurations are initially determined through manual
calculations and then entered into the software. These Calculations are given
in Annexure A. The software subsequently conducts its own calculations to
verify and validate this data. These guidelines ensure that the ferrocement
lining meets the necessary strength and durability requirements based on the
calculated strain levels.

d) Module VIII — Estimation and costing- This Module is same as conventional
Module No VII with addition of the calculation of cost for ferrocement lining.
Ferrocement lining cost for cement mortar and steel bars. The cost estimation
and rate analysis for ferrocement lining were carried out by manually analyzing
rates as per CPWD DAR 2021. Since rates for 1:2 cement mortar was not
available, a rate analysis was done based on available 1:3 mortar rates, adjusting
material costs while keeping labor costs the same. Conversion factors were
applied for different plaster thicknesses (10 mm, 12 mm, 15 mm, and 20 mm) to
arrive at final rates per square meter. Additionally, the cost of HB steel wires,
recommended for ferrocement, was taken from market rates (Rs 35-50 per kg)
and verified with local centers.

Table 3.53: Estimation of quantities and cost estimations of ferrocement lining

Estimation of quantities

Total quantity of SA=SA1+ SA2 + SA3 + SA4 4+ SA5+  (3.365)
cement mortar SA6 + SA7;

Qf = Number of Mesh X (3.366)

2
Total quantity of steel Number of Bars X (Zﬂ) X SA where

@ris 0.001m (1 mm)
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Table 3.54: Cost estimations and rate analysis of ferrocement lining

Cost estimations and rate analysis

Rates
calculation

for plastering

Mortar rate

Rate analysis

steps

1:2 cement mortar is used with OPC 43 grade or PPC. OPC 43
grade 1s recommended. 1: 2 cement sand mortar rate was not
available in CPWD DAR 2021. Hence rate analysis is done to
calculate rates of 12 mm, 15 mm and 20 mm using cement sand
mortar

1:2 cm mortar rate: Rs. 5613.46 per cum (clause 3.7 CPWD DAR
2021)

Rate analysis is performed manually to determine the costs for 10
mm, 12 mm, 15 mm, and 20 mm Cement Sand Plaster. While the
rate for 1:3 Cement sand mortar is provided, the rate for 1:2
Cement Stone Dust is also given. Consequently, rate analysis is
conducted according to DAR 2021 standards. The 1:3 Cement
sand mortar is replaced with 1:2 Cement Mortar.

For item number 1.3.9.1, the labor and other costs remain
unchanged, with only the material rate being updated. The
conversion factors from cubic meters to square meters for the
different plaster thicknesses are as follows:

e For 10 mm plaster, the conversion factor is 0.12.
e For 12 mm plaster, the conversion factor is 0.144.
e For 15 mm plaster, the conversion factor is 0.172.
o For 20 mm plaster, the conversion factor is 0.244.
These conversion factors are used to calculate the required

materials and associated costs for different plaster thicknesses.

Final rates of
cement

mortar

10 mm thick plaster- Rs 233.9 per sqm; 12 mm thick plaster- Rs
249.4 per sqm; 15 mm thick plaster- Rs 281.5 per sqm; 20 mm
thick plaster- Rs 319.0 per sqm

Final rates of

steel

HB bars are recommended to be used. Rate of HB wires is not
given in DAR 2021 CPWD. However Rs 35-50 per Kg is the
Market Rate cross and is verified by TMM Building Centre and
Ferrocement Factory Tilothu Rohtas Bihar
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In conclusion, the design and development of HWTs, which integrate RCC tank
bodies with ferrocement linings, represent a significant advancement in water
storage solutions. By utilizing RCC for structural loads and ferrocement for
impermeability, these HWTs achieve superior performance, reduced leakage,
and cost-effectiveness compared to conventional RCC tanks. The detailed design
methodology encompasses four primary steps: designing the RCC water tank
elements, ferrocement lining, staging, and foundation, all while adhering to
relevant IS codes and standards. The introduction of specialized software for
HWT design further enhances accuracy and efficiency, ensuring optimal
material use and structural integrity. Ultimately, HWTs offer a robust and reliable
solution for water storage, meeting the critical demands of impermeability and

structural performance.
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3.4. Development of the software for conventional circular water

tanks

The fundamentals of conventional circular RCC water tanks were introduced in
Chapter I, Section 1.8 of this study. This chapter focuses on the development of
software tailored for the design and analysis of these tanks. Similar to the software
program developed for conventional RCC Intze tanks, the software for Conventional

circular tanks is composed of seven modules.

3.4.1. Software modules for the conventional circular water tanks

The software for conventional circular water tanks includes seven modules,

mirroring the structure of the software for conventional Intze tanks. The forces,

loadings, analysis methods, and design elements are consistent between circular
tanks and Intze tanks. However, key distinctions between the two types of tanks
impact their structural design and analysis.

Key distinctions between Intze and circular water tanks-

e The primary differences between Intze water tanks and circular water tanks lie
in their structural components and how these components are interconnected.
Intze water tanks feature seven main elements: the Top dome, Top ring beam ,
Cylindrical wall, Middle Ring beam, Conical dome, Bottom dome, and Bottom
Ring beam. These elements are interconnected by three joints. In contrast,
circular water tanks consist of six elements (Top dome, Top ring beam ,
Cylindrical wall, Middle Ring beam, Bottom dome, and Bottom Ring beam) and
only two joints (Top and Bottom). This design includes all the components found
in Intze tanks except for the Conical dome, simplifying the design and analysis
processes for circular tanks.

e As aresult of these differences, the radius of the Bottom ring beam in circular
water tanks is the same as that of the Top ring beam . In Intze tanks, however,
the radius of the Bottom ring beam is typically about 0.75 times that of the Top

ring beam .
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e This distinction requires circular water tanks to have more columns and a larger
raft area compared to Intze water tanks.

e Due to these structural requirements, the cost of staging and foundation is higher
for circular tanks compared to Intze tanks.

Modules are discussed in detail as below-
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3.4.2. Module I: Input and dimensioning of tanks

The initial step involves determining the tank dimensions, for which the primary
input is the desired capacity of the tank. This is essential as it drives the overall design
process. Additional crucial inputs include the column height, which defines the
vertical dimensions of the tank, and the bearing capacity of the soil, which assesses
the soil's ability to support the tank. The depth of the foundation is also important to
ensure stability. The seismic zone of the location, which affects the tank's design to
withstand earthquakes, along with the wind velocity and terrain topography, are vital

factors that influence the structural integrity and suitability of the tank.

3.4.2.1. Inputrequired

Input required are as follows-

Table 3.55: Input required for design of circular tanks

Sr.No Input required

1 Capacity of tanks in kL

2. Staging height

3. Bearing capacity of soil and foundation depth (As per soil report)

4. Seismic zone

5. Wind speed and terrain type along region type coastal /noncoastal

6 H/D ratio (Software is inbuilt with optimal values for 100-1000 kL

capacity tanks, but user can input as per own)

7 Optimal number of columns (Software is inbuilt with optimal values
for 100-1000 kL capacity tanks, but user can input as per own)

8 The characteristic strength of concrete for tank body elements
(fektank) and for Staging and foundation (fekstaging) 15 kept as 30
N/mm?. User can change these parameters.

9 The ultimate strength of Steel for tank body elements (fy¢qnk) and
for Staging and foundation (f;) is kept as 500 N/mm?. User can
change these parameters.

For CWT I f,ank is kept as 130 N/mm? and for CWT II fytank 18
kept as 435 N/mm? (0.87 times f,)
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3.4.2.2. Calculations of member dimensions for the desired capacity of tanks

Capacity is the basic of data required to design the tank. It is required to calculate
the dimensions of the tanks from basic mensuration formula. In this module, various
mensuration formulas are applied to calculate the dimensions and other essential
parameters of the tank. Here is a detailed description of the formulas used in Table
3.2. Loop will terminate when the required capacity is achieved. And the dimensions
are finalized.

Table 3.56: Calculation of the dimensions for conventional circular

water tanks

Dimension Formula or starting value Eq. No.

1 m (At the start of loop with

Radius of cylindrical wall increment of 0.1m ) )

H/D ratio: ci User input -
Height of the top dome h, = (2r, +0.2)/7; (3.367)
Radius of bottom girder

beam wall ERNREY i
Height of bottom dome h, = (2r; + 0.2)/5; (3.368)
Radius of the top dome R, = {(r; + 0.1)% + h;*}/hy; (3.369)
Radius of bottom dome R, = {(r; + 0.1)% + h,*}/h,; (3.370)

Volume calculation= 3R, — h,

Volume of cylinder - mry2H — mh? T (3.371)
Volume of bottom dome
Free board 0.15m -
Height of cylindrical
cIght of cylmdrica H = 2ric, + 0.15; (3.372)
portion

Once the specified capacity is reached, the iterative loop terminates, and the
final dimensions are calculated based on the last iteration. These final dimensions
incorporate the optimized parameters determined throughout the iterative

process, ensuring that the tank design meets the desired capacity requirement.
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3.4.2.3. Member properties for water tank design-

In this step, minimum cross-Sectional properties are assigned to all structural
elements of the water tank, such as the top dome, top ring beam, cylindrical walls at
the top and bottom, balcony beam, bottom dome, main girder beam, column diameter,
bracing size, and foundation beam size, in accordance with IS 3370:2021.
Additionally, concrete and steel grades are specified to meet the required standards.
Basic dimensions are given below in Table.

Table 3.57: Minimum dimensions/ Thicknesses of the

conventional circular tanks

Member Minimum dimension
Top dome thickness ti 0.12m
Top ring beam (b2 x d») 0.2x0.2m
Cylindrical wall at top and 0.2 m at top and 0.2 at
bottom (t3p & t3bottom) bottom initially.
Middle ring beam (b4 x d4) 1.0x0.12m
Bottom dome ts 0.12m
Main girder beam (b7 x d7) 0.4x0.5m
Column (D) 0.4 m
Braces (bo x do) 0.2x0.5m
Foundation beam (bio x dio) 04x0.5m
Raft area As per calculations

Nomenclature given to the dimensions of different elements of tanks are kept
same as that of Intze tank for reducing the complexity of nomenclature. Here in

this case all the parameters regarding Conical dome are kept as zero.
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3.4.3. Module II: Analysis of RCC tank body

Steps involved are as follows-

3.4.3.1. Determination of stiffnesses and member forces

e Top dome, Top ring beam , cylindrical wall, balcony/middle ring beam and
bottom dome analysis- Similar as that of Conventional Intze tanks.

e Balcony/ middle ring beam- Force analysis is different in case of Balcony beam
rest the Stiffness calculations; Calculation of displacement & Rotations are
similar as that of Intze tanks.

Table 3.58: Force calculation for the middle ring beam

Force calculations

Forces Formulas Eq.No.
Self-weight (kN/m?) wg = 25 X tg 3.373
Total weight (kN) SW6 = wg X 2mhyR, 3.374
Water load at BD 3R,—h 3.375
WLgp = yw{nr?(H) — whi —=—2}
WLlLgp 3
Total load at bottom —— SW6 + Wlgp 3.376
dome per sqm BD ™ 2mR,h,
Horizontal thrust at {SW6 + WLgp}R;cos6, 3377
HForcegp =
bottom support (1 + cosB,){2mh,R;,}

e Main ring beam or Main girder beam-

Table 3.59: Force calculation for the main ring beam

Forces calculations

Forces Formulas Eq. No.
Self-weight SW?7 SW7 = 25b,d,w, X 211y (3.378)
Total load at Main TLygg = SW1+SW2 + SW3 + (3.379)
girder beam TLy;p SW4+SWeé6 + SW7 + 10qu;

Total load /m Total Load per meter = T;“;”riB (3.380)
Net Horizontal force (3.381)

Hner=- HForce
at Bottom support NET BD
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Equations provided in Table 1.4 are used to solve for primary unknows using
Stiffness Matrices. For all the Two Joints Direct stiffness matrices are written.
The direct stiffness matrix, often referred to simply as the stiffness matrix, is a
fundamental concept in structural mechanics and finite element analysis. It
relates the forces applied to a structure to the displacements at specific points
within that structure. The stiffness matrix is typically denoted by {K} and forms
the basis of the stiffness method, which is a common approach to solving

structural analysis problems.

3.4.3.2. Defining stiffness matrix for circular tanks

Here in case of circular tanks there are only two joints with top joint having
three members and bottom joints having four members.

a) Joint I- Top Joint- Global stiffness matrix Constitutes of stiffnesses of
members joining at joint I that are top dome, top ring beam and wall.

e Global stiffness matrix at Joint |

_[MS1+ MS2+ MS3t CorrTS1 + CorrTS3t
Kitara= [CorrMSl + CorrMS3  TS1+TS2 + TS3t ] (3.382)
{K1}2><2 =
R1Ety(keg+kg]) |, Ebidq® Et, 2
4Xltd3 + 12T12 + Z‘MZtop thdzktdsinth + 2“ ZtOp
Etl 2 Etl Ebldl 3
thdzktdsinetd + 2# ZtOp AthlktdsinZth T'12 + 4M ZtOp
(3.383)

e Force vector at Joint [

B 0 — (MS1(=Y.q) + CorrTS1(—x.q) + MS3t(—yan)
P 1}2X1_<H1 — (CorrMSl(—Ci/)td) + TSl(—xtd)d+ CorrMSSt(—t/Jl‘lA,au))) (3.384)

e Displacement vector at Joint [
{Adoxa = Kidoxz X {Pi}laxa (3.385)

(1) = [MS1+ MS2 + MS3t - CornTS1 + CorrTSBt]_l (Pll)
¥1/ "~ lCorrMS1 + CorrMS3  TS1+ TS24 TS3t P,

b) Joint II- Bottom joint- This joint has four members- Wall (connected at

(3.386)

bottom), bottom dome, middle ring beam & bottom ring beam.

e Global stiffness matrix at Joint IT

{K2}ox2=
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MS3b + MS4 + MS6 + MS7 CorrTS3b + CorrTS6

CorrMS3b + CorrMS6 TS3b + TS4 + TS6 + TS7 (3.387)
{K2}2x2 =
20z, +5ade’ | RoFte(kvatkpd) | Ebyds’ 2Py + e
121y 4XApd 1272 22pa " kpasinOpg
212y + Zlbdzlizlesmebd HZy + lbdRzkiZZinzebd Ei’:j‘* + El:;b
(3.388)

e Force vector at Joint 11

{P2}2x1=

( BMat MRB — (MS3b(—,,) + CorrTS3b(—x,,) + MS6(—y,4) + CorrTS6(—xpq) )
HNET + HFatMRB — (CorrMS3b(—y,,) + TS3b(—x,,) + CorrMS6(—p4) + TS6(—xpq))

(3.389)
o Displacement vector at Joint II
{Boloxs = {K2)zx2 X {Pa)axa (3.390)

(xz) _ [MS3b + MS4 + MS6 + MS7  CorrTS3b + CorrTS6 1% (P2’> (3.391)
P CorrMS3b + CorrMS6 TS3b + TS4 + TS6 + TS7]  \P," '

3.4.3.3.  Calculation of forces acting on the members

These forces include Hoop tension, outward thrust and bending moments and are
shown below in Tables.

Table 3.60: Moment calculations

Members Moments Eq.No.
Top dome MS1 (Y1 — Yiq) + CorrTS1 (X1 — X¢q) (3.392)
Top ring beam MS2(y,) (3.393)
Wall (Top) MS3t (Y1 — Yuwau) + CorrTS3t X (xq) (3.394)
Wall (Bottom)  MS3b (Y5 — Yyau) + CorrTS3b (x; — xyqu) (3.395)
Balcony beam MS4 (Y,) (3.396)
Bottom beam MS7 (Y,) (3.397)
Bottom dome MS6 (Y, —Ppg) + CorrTS6 (X3 — Xpg) (3.398)
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Table 3.61: Outward thrusts calculations

Members Outward thrusts Eq.No.

Top dome CorrMS1 (1 — Peq) +TSI (x4 — (3.399)
Xta)

Top ring beam TS2 (x1) (3.400)

Wall (top) CorrMS3t(Y; — Yyau) + TS1 (x71) (3.401)

Wall (bottom) CorrMS3b (Y, — Yyau) + (3.402)

TS3b (X2 — Xwau)

Balcony beam TS4 (x;) (3.403)

Bottom beam TS7 (x3) (3.404)

Bottom dome CorrMS6 (Y, — Ypq) +TS6 (x, — (3.405)
Xpa)

Table 3.62: Hoop tensions calculations

Members Hoop tension Eq.No.
Top dome HTensionl = x; X 1000 X t; X 1000/r;/1000000; (3.406)
Top ring beam HTension2 = b,d,x; X 1000000/1000/7; (3.407)
Wall (Top) HTension3t = tzyopx; X 1000000/1000000/71;  (3.408)

Wall (Bottom)  HTension3b = tpottomX2 * 1000000/1000000/7; (3.409)

Balcony beam  HTension4 = 1000000(tZ + (1 —t,)(tys + 0.2) X (3.410)
0.5)x,/1000/1y;

Bottom beam HTension7 = b,d,x3 X 1000000/1000/7; (3.411)

Bottom dome HTension6 = x5 X t3 X 1000000/r;/1000000; (3.412)

3.4.3.4. Calculations of reinforcement and checks under serviceability and
application of heuristic optimization

This Subsection is the same as that of Intze tank except that of Conical

dome.

3.4.4. Module III- Design of members of tank

The design of Top dome, Top ring beam , cylindrical wall, middle ring beam,

Bottom dome and Bottom ring beam is same as that of design of Intze tanks
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3.4.5. Module IV-VII

Rest of the Modules 4-7 are same as that of Conventional Intze water tanks.
Although Circular tanks require more number of column than that of Intze tanks but
the analysis and design of staging and foundation is same.

Module IV Staging configurations and lateral analysis of

tanks

Module V Staging design

Module VI Foundation design

Module VIT  Estimation and costing

3.4.6. Application of software program for CWT I and CWT II

circular water tanks-

Two different conventional circular software programs are further developed as per
the clause 4.4.3.1. and 4.4.3.3. of IS 3370:2021. Major changes in both the programs
are —

Table 3.63: Major differences in software program of Circular CWT I and II

Sr.No Type Key difference
1 Conventional type I e Ultimate steel stresses are kept as 130
Circular water tank N/mm? for the elements of the tank body

only. steel stresses are kept as ultimate
stresses for staging and foundation

e Crack width calculations are not
mandatory but are performed for study

purposes only

2 Conventional type II e Ultimate steel stresses are kept as 435
Circular water tank N/mm? for the elements of the tank body
only. Steel stresses are kept as ultimate

stresses for staging and foundation

e Crack width calculations are mandatory.
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In this way software program for the Circular tank is developed. In this way, the software
program for circular tanks has been developed. In conclusion, the development of the
software for conventional circular water tanks has been meticulously structured,
mirroring the modular approach used for conventional RCC Intze tanks. By retaining
the same nomenclature for dimensions and elements, the complexity is reduced, and
familiarity is maintained, facilitating easier adoption and application of the software.
The key distinctions between Intze and circular tanks, particularly in their structural
components and interconnections, have been carefully addressed to ensure accurate
design and analysis. The software consists of seven modules, covering input and
dimensioning, analysis of RCC tank body, design of members, staging configurations
and lateral analysis, staging design, foundation design, and estimation and costing. Each
module follows a detailed process to ensure the final tank design is both structurally
sound and cost-effective, taking into account the specific requirements and challenges
of circular tank design. The iterative calculation process ensures optimized dimensions
and material selection, while the consistent methodology across modules guarantees
reliability and precision. In this way, the software program for circular water tanks has
been successfully developed, providing a comprehensive tool for engineers and

designers in the field.
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3.5. Design details and development of the software for hybrid

circular water tanks

Design of Hybrid Circular tanks is having Four steps-

e Design of RCC water tank elements (Container)

e Design of ferrocement lining
e Design of staging

e Design of foundation

Design methodology of RCC tank body, staging and foundation is the same as that of

conventional Circular tanks.

Design considerations of HWTs and major shifts from CWT.

3.5.1. Design of RCC water tank elements (container)

The design of the RCC tanks is done using Continuity analysis method and limit state

design. In HWTs, RCC is supposed to bear all the structural loads, designed in

accordance to IS 456:2000. Analysis and design of RCC tank body uses continuity

analysis approach and limit state method of design. The analysis and design are done

as per conventional tank only but the minimum exposure criteria, minimum dimension

and minimum stress criteria is followed as per IS 456:2000.

Table 3.64: Calculation of the dimensions for conventional Intze water tanks

Member

Minimum dimension

Top dome thickness ti
Top ring beam (b2 x d2)
Cylindrical wall at top and bottom
(t3t0p & t3b0ttom)
Middle ring beam (b4 x ds)
bottom dome
Main girder beam (b7 x d7)
Column (D)
Braces (bo x do)

Foundation beam (bio x dio)
Raft area

0.08 m

02x0.2m
0.1 m at top and bottom

initially.
1.0x0.12m

0.12 m
0.4x0.5m

0.4m
0.2x0.5m

0.4x05m
As per calculations
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3.5.2. Design of ferrocement lining

This section is same as per design of ferrocement lining for hybrid Intze water tanks.

3.5.3. Major differences in the software program of conventional and

hybrid circular tanks

The software development process for HWTs is largely similar to that for CWT, with
a few key differences. CWT have seven modules, while HWTs have eight. Below are
the major changes and details for each module are shown in Table.

The major differences between the software programs for conventional and hybrid
circular tanks mainly occur in Modules I to III and Modules VII-VIII. Modules IV to
VI, covering staging configuration, staging design, and foundation design, remain the
same for both types. In the case of hybrid tanks, the estimation and costing modules
are updated: Module VII is replaced with a ferrocement lining design module, and
Module VIII handles the estimation and costing, including the ferrocement lining,

differing from the conventional approach.
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Table 3.65: Major differences in the software program of conventional & hybrid

Circular tanks

Modules

Major differences

Module I:

Input & dimensioning module: Minimum exposure criteria,
minimum dimension and minimum stress criteria is followed as

per IS 456:2000. Initial dimensions are given in Table 4.1.

Module II:

Analysis of RCC tank body & module: Checks and design
stresses are taken as per IS 456:2000. Material stresses are
provided in Table. The maximum Crack width for the RCC is the
same in CWT and HWTs. (i.e. 0.2 mm as per IS 456:2000 in
Hybrid & IS 3370:2021 for CWT)

Module III:

Design of members of tank module: The specific surface area of
the entire tank body is calculated. Checks and design stresses are
taken as per IS 456:2000. Material stresses are provided in Table.
The maximum Crack width for the RCC is the same in CWT and
HWTs. (i.e. 0.2 mm as per IS 456:2000 in Hybrid & IS
3370:2021 for CWT)

Module IV

Staging configurations and Lateral analysis of tanks module:

same as per Conventional Circular tanks

Module V

Staging design module: Same as per Conventional Circular tanks

Module VI

Foundation design module: Same as per Conventional Circular

tanks

Module
VII

The Estimation and costing module of CWT has been replaced
by a new module for HWT design. Module is named as Module

VII-Design of ferrocement lining

Module
VIII

Estimation and costing of HWTs module: Module VIII for
Estimation and costing is made which includes the Estimation
and costing of ferrocement lining. Rest the Module is same as

per Convention Module VII.
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3.5.4. Details of the software modules

a)

Module I, Module II & Module III- The changes in Modules I, II, and III have
been detailed in the previous table and discussed comprehensively in Section 3.2
of this study. Additionally, Module III for HWTs includes a new feature for
calculating the specific surface area of the water tank container. In this module,
alongside the conventional calculations for the quantity of concrete and steel
after designing each member, the surface area of each member is also calculated.
Equations of calculation of Surface area are as follows-

Table 3.66: Calculation of the dimensions for Hybrid circular water tanks

Member Surface area equations

Top dome SA, = 2nR hy; (3.414)
Top ring beam SA, = 2mrity; (3.415)
Cylindrical wall SAz = 2 (2ry + t3portom) H; (3.416)
Middle ring beam SA, = 211 ty; (3.417)
Bottom dome SA¢ = 2mR,hy; (3.418)
Bottom ring beam SA; = 2nry(b; + dy); (3.419)

b)

d)

Module IV, Module V & Module VI- These modules as discussed in Table are
same as conventional

Module VII — Design of ferrocement lining- This module is an addition to the
Hybrid design and is not present in CWT, as detailed in Section 3.3.2.

Module VIII — Estimation and costing- This Module is same as Conventional
Module No 7 with addition of the calculation of cost for ferrocement lining.

Ferrocement lining cost for Cement mortar and steel bars.
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Table 3.67: Calculation of the estimation and cost calculations for Hybrid circular tanks

Estimation of quantities

Total quantity of SA=SA1 + SA2 + SA3 + SA4 + SA6 + SA7; (3.420)
cement mortar used

Total quantity of Qf = Number of Mesh X (3.421)
Steel

n(p%
Number of Bars (T) X SA

@ris 0.001m

Rate analysis

Rates calculation for  1:2 Cement Mortar is used with OPC 43 grade

plastering or PPC. OPC 43 Grade is Recommended. 1: 2
Cement Sand mortar rate was not available in
CPWD DAR 2021. Hence Rate analysis is
done to calculate the Rate of 12 mm, 15 mm
and 20 mm using Cement Sand mortar

1:2 Cement sand Rs. 5613.46 per cum (clause 3.7 of CPWD

mortar Rate in cum DAR 2021)

Final rates of cement 10 mm thick plaster- Rs 233.9 per sqm
mortar 12 mm thick plaster- Rs 249.4 per sqm
15 mm thick plaster- Rs 281.5 per sqm
20 mm thick plaster- Rs 319.0 per sqm

Final rates of steel HB bars are recommended to be used. Rate of
HB wires is not given in DAR 2021 CPWD.
However Steel Rate per kg of Steel as used for
Steel is used =Rs 89.65;
(clause 5.22.4)

The development of software for the design of hybrid circular water tanks represents a
significant advancement in the field of water storage infrastructure. By integrating both
RCC and ferrocement technologies, these HWTs combine the structural robustness of

traditional RCC tanks with the enhanced durability and crack resistance offered by

174



Chapter 3: Material and methods

ferrocement linings. The design process retains many conventional methodologies but
incorporates additional considerations to address the unique properties and benefits of
HWTs. The eight-module software framework provides a comprehensive approach,
covering all aspects from structural analysis and design to detailed cost estimation. This
holistic approach ensures the design of efficient, cost-effective, and long-lasting water
tanks that meet contemporary standards as per IS 456:2000 and IS 3370:2021. The
inclusion of ferrocement linings and their detailed costing within the software
underscores a forward-thinking approach, making this tool invaluable for modern water

tank design and construction projects.

3.6. Validation of software program

Before advancing to the software development phase, a preliminary manual pilot test
was conducted to evaluate the outcomes of both conventional and hybrid designs. Over
50 manual designs were carried out for tanks varying in capacity from 100 to 1000 kL,
with increments of 50 kL. These designs accounted for different staging heights,
seismic zones, and wind speeds. Specifically, staging designs were completed for all
four seismic zones and at least four basic wind speeds (39, 44, 47, and 50 m/s) for each
tank capacity. The foundation was also scrutinized for each scenario, considering
diverse soil bearing capacities ranging from 80 to 250 kN/m?.

After obtaining positive results from these manual designs, the development of the
software was initiated. The results from the manual designs were then cross-verified
using the newly developed software program. Additionally, standard problems from
reference texts were examined using the software to ensure validation.

Detailed manual design calculations for Hybrid Intze tanks of 600 kL and Hybrid
Circular water tanks of 200 kL are provided in Annexure B and C, along with the
corresponding software outputs for validation attached in Annexure D and E.
Furthermore, the calculations for ferrocement lining and the required lining thickness

for different strain values are included in Annexure A.
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