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ABSTRACT

A chimney is a means by which waste gases produced due to industrial processes are dis-

charged to the atmosphere. Height of the chimney is kept such that the gases get diluted

due to atmospheric turbulence. Chimney is particularly susceptible to the wind pressures,

and hence, it is important to correctly estimate the design wind loads. Chimney is a vertical

cantilevered shell pierced by openings where necessary and subjected to large temperature

gradients. The Indian Standard, IS: 4998 (Part � 1) 1992 lays the provisions for the analysis

and design of chimney structures. Apart internationally, various codes namely, ACI 307 �

08, CICIND � 2001, EUROCODE � 8 (Part � 6) are widely used for analysis and design of

chimney structures.

The prime focus of the present major project work is to study the behaviour of chimney

structure under the e�ect of wind loads, earthquake loads and temperature gradients. Anal-

ysis of the chimney is carried out considering typical loads, as speci�ed in IS: 4998 (Part �

1) 1992 by developing excel sheets. Chimney has been modeled in STAAD.Pro using the

lumped mass modeling approach, to calculate dynamic properties useful for seismic as well

as wind analysis.

Recently BIS has published draft code IS: 4998 (April � 2013). The provisions of the Draft

Indian Standard are studied and compared with the provisions of the existing Indian Stan-

dards viz. IS: 4998 (Part - 1) 1975 and IS: 4998 (Part - 1) 1992. Apart, a parametric study

has also been carried out for an RCC chimney by keeping its height constant and varying

the seismic zone and wind speeds. It is found that in locations with high seismicity the

earthquake forces govern the design.
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Chapter 1

Introduction

1.1 Overview

A Chimney is a tall slender structure by means of which the waste gases are discharged into

the outside atmosphere at a high enough elevation via stack e�ect. Chimneys are typically

vertical or as near as possible vertical, to ensure that the gases �ow smoothly, under the

in�uence of what is known as stack or chimney e�ect. The space inside the chimney is called

a �ue. The primary function of the chimney is to discharge pollutants into the atmosphere at

such heights and velocities that after dilution due to atmospheric turbulence the concentration

of pollutants and the entrained solid particulates deemed harmful to the environment are kept

within acceptable limits at ground level and facilitate compliance with regulatory limits.The

height of the chimney greatly in�uences its ability to transfer �ue gases to the external

environment via stack e�ect.

1.1.1 Function and Working Principle

The basic and most important function of a chimney is to convey and discharge combustion

or �ue gases away from the operating area of the industry as well as the human occupancy.

WORKING PRINCIPLE: Stack e�ect or Chimney e�ect is the driving force responsible for

conveyance and discharge of the �ue gases. Stack e�ect is the movement of air into and

out of building, chimneys, �ue gas stacks and is driven by buoyancy. Buoyancy occurs due

to di�erence in indoor - to - outdoor air density resulting from temperature or moisture

di�erences. The result is either a positive or negative buoyancy force. The greater the

thermal di�erence and the height of the structure the greater are the buoyancy force, and

thus the stack e�ect. The stack e�ect is also referred to as chimney e�ect.
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The combustion �ue gases inside the chimney or stacks are much hotter than the ambient

outside air and therefore less dense than ambient air. This causes the bottom of the vertical

column of hot �ue gases to have a lower pressure than the pressure at the bottom of the

corresponding column of outside air. The higher pressure outside the chimney is the driving

force that moves the required combustion air into the combustion zone and also moves the

�ue gas up and out of the chimney. The movement of air or �ow of combustion air and �ue

gases is called natural draft / natural ventilation / chimney e�ect / stack e�ect.

A chimney being highly reliable does not require standby.

1.2 Materials of Construction

Man has always been is search of an e�ective system to dispose of undesirable gaseous prod-

ucts of combustion. The earliest form of such a system was a small vent. Over the years there

was an increase in the both the draft requirements and volume of gases to be handled and as

a result vents were replaced by small brick chimneys. The size of such chimneys continued to

increase and those larger than 500 mm in diameter came to be known as industrial chimneys.

Until the beginning of this century, the popular materials for chimney construction were brick

and steel. As chimneys grew taller, brick chimneys were replaced by steel chimneys - both

self supporting and guyed.

1. 1876 - First concrete chimney was built in Germany

2. 1900 - Advent of RCC Chimney construction in USA and USSR

3. 1907 - Reinforced concrete chimneys introduced in UK and Europe

4. 1910 - Tapering of concrete chimney gained existence

5. 1916 - 165 m tall chimney built in Japan

6. 1928 to 1932 - Marked technical improvements observed in the �eld of concrete Chim-

neys

7. 1950 - E�ective solution to control cracking in concrete due to temperature gradient

evolved and concrete attained its present predominant status as a construction material
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The early reinforced concrete chimneys were sometimes unlined. On other occasions they

were only lined near the bottom with brick or with a second wall of concrete. They were often

insu�ciently reinforced to resist temperature stresses and many developed serious cracks. In

others the concrete su�ered as a direct result of being exposed to the heat of the hot gases. A

large number of di�erent insulation and lining materials and methods of support are available.

The four main types are, those in which the windshield is independent of the �ues, those

where the �ues are supported at intervals from the windshields, those where the �ues are

carried on skeletal frame, and �nally precast concrete chimneys.

Figure 1.1 shows a typical RCC chimney with cylindrical geometry up to certain height from
the top followed by a tapered pro�le up to the base.

Figure 1.1: RCC Chimney
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Figure 1.2 shows a typical steel chimney having a cylindrical pro�le up to certain height from
the top followed by a tapered pro�le up to the base. The cylindrical portion at the top is
provided with strakes to minimize the e�ect of vortex shedding.

Figure 1.2: Steel Chimney

1.2.1 Lining

Early chimneys were unlined. Developments in boiler and fuel technology led to low �ue

gas temperatures which aggravated the corrosion problem and forced the introduction of

protective lining. Initially, self supporting, acid - resisting brickwork backed by an insulating

medium was used as a lining, but soon insulating bricks were introduced in 1950's. As

a subsequent development, such a lining was supported from corbels (at intervals) o� the

concrete shell instead of being independent of the shell. However, gases penetrating through

the brick lining caused corrosion of the concrete shell and to overcome this de�ciency, a

ventilated air gap was introduced between the lining and concrete shell. At present, steel
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liners are popular because they are impervious to gases and compared to bricks, and permit

a higher gas velocity.

1. 1960 - Insulated steel liners made their appearance

2. 1971 - Problem of buckling of steel liners came to the forefront and design modi�cations

had to be introduced to cater for temperature di�erential e�ects etc.

In recent years, plastics are being tried out as a lining material and if new technology can

achieve cost reduction and e�cient performance, plastic may well prove to be the primary

lining material in the future.

1.3 Evolution of Tall Chimneys

With ever growing demand for power, engineering industry is churning out power plants of

progressively higher capacity. To maintain ecological balance as well as limit the environ-

mental pollution, chimneys emitting the spent �ue gases are also getting higher and higher

everyday. In India it is now mandatory that for all fossil fuel power plants the height of the

chimneys be minimum 200 m for 210 MW unit and 275 m for 500 MW.

The enforcement of stricter air-pollution control standards has led to the construction of

increasingly tall chimneys worldwide. Chimneys as an indirect means of air pollution control

are immensely popular.Height and aspect ratio are two important criterion's to classify a

chimney as a tall chimney. Usually a chimney with height exceeding 150 m and having an

aspect ratio such that it calls for evaluation of the structures response to dynamic wind loads

is considered as a tall chimney.

The recent trend to adopt multi-�ue chimneys to serve more than one boiler is a distinct asset

to an architect. Single-�ue chimneys are too thin to hold the eye but multi-�ue chimneys,

because of their larger width, lend strength and character to a chimney and hence are aes-

thetically preferred. Such chimneys are generally cylindrical but the introduction of a taper

is both technically meaningful and aesthetically desirable. The cost of a multi-�ue chimney

is greater than that of a single-�ue chimney of comparable �ue area but may produce ad-

vantages in operation and maintenance. In order to avoid acid condensation in the �ues it

is advisable to maintain high �ue velocity which in turn minimizes the loss of heat due to

downwash etc.
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1.3.1 Important Components of Parts of an RCC Chimney

A chimney primarily comprises of the following structural components.

1. Flue

2. Flue ducts and insulation.

3. Flue Lining.

4. Landings and Platforms (internal or external) for inspection and maintenance.

5. Staircase and/or elevators.

1.3.2 Governing Loads For Chimney Design

As per IS : 4998 (Part - 1) 1992 Pg. 2 Clause 5

The various loads to be taken in to account for design of chimneys shall be as follows:

• Dead loads

• Imposed loads

• Lateral and circumferential wind loads

• Earthquake loads

• E�ect of temperature both vertical and circumferential.

For the overall design of the chimney shell and foundation, imposed loads need not be con-

sidered, However, for the design of individual structural elements such as platform, etc for

local structures such as platforms, etc. and for local strengthening of the shell, appropriate

imposed loads shall be considered.
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1.3.3 Dead loads

The dead loads to be considered for design mainly comprises of the following:

• Concrete wind shield.

• Flue ducts.

• Lining together with brackets and Insulation.

• Staircases and/or Elevators

• Platforms for inspection and maintenance.

1.3.4 Wind Loads

Wind load data usually varies with location and is available in the design standards in the

form of basic wind speed for most of the important locations. At locations where wind blows

in a haphazard fashion the designers are advised to resort to wind rose. Wind forces need

to be analyzed for both static as well as dynamic e�ects. Various methods for along wind

and across wind analysis are available in majority of the internationally accepted design

standards. Circumferential e�ects of wind also need to be considered.

1.3.5 Earthquake Loads

Chimneys are particularly vulnerable to earthquake because they are tall, slender structures.

Therefore, such structures have to be very carefully designed to safely withstand the forces

likely to be imposed on them by ground motion. Tall chimneys are an important feature of

power and petrochemical industry. Damage to them during an earthquake can have a severe

consequence both in terms of economy and loss of human life.

Unlike other tall structures the most dangerous thing about chimney is that these structures

are basically a cantilever structure having one line of defense (the structure itself) and has

practically no redundancy built in it. Thus during an earthquake if any portion develops a

hinge it would invariably make the system a mechanism with collapse being imminent. It

is for this reason that the dynamic behaviour of the chimney structure under earthquake

loading is of primary importance, and needs to be very carefully addressed to during the

analysis and design.

7



An earthquake resistant design essentially consists of evaluating the structural response to

an assumed likely ground motion and then calculating the corresponding shear forces and

bending moments which the structure needs to safely resist. Chimney vibration is essentially

a dynamic problem of a transient nature. For analysis, a chimney (where the mass is never

evenly distributed) is treated as a cantilever beam with predominant �exural deformations

and is analyzed by one of the following methods:

• Response-Spectrum Method (First Mode)

• Modal-Analysis Technique (Using Response Spectrum).

• Time-History Response Analysis.

The use of response-spectrum method is limited to short chimneys (usually less than 90 m

high). Seismic analysis is usually performed using the response spectrum method. Earth-

quake forces are location speci�c and are derived using the guidelines available in the relevant

design standards. The Indian standard for stack like structures is IS : 1893 (Part - 4) 2005

which is to be used in conjunction with IS : 1893 (Part - 1) 2002. As per IS: 1893 (Part

- 4) 2005 RCC Chimney is categorized as Industrial Structure of Category 2 and has been

assigned an importance factor of 1.75 which can be increased at the discretion of the design

engineer or project authorities.

1.3.6 Temperature E�ects

Essentially, chimney structures are vertical cantilevered shells pierced by openings where

necessary and subjected to large temperature gradients.

The principle specialized problems concerning chimneys arise from the thermal and corrosive

e�ects of the elevated temperatures and di�erential temperature movements between concrete

and the insulating materials. High temperature �ue gases give rise to insulation and move-

ment problems, while low temperature gases induces di�culties due to acid condensation.

These e�ects necessitate the protection of the concrete from elevated temperatures and di�er-

ential temperature movements between concrete and the insulating materials. Temperature

gradient induced vertical and circumferential stresses can be determined after establishing

the magnitude of the thermal gradient.
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1.3.7 Type of chimneys

Chimneys may be classi�ed in a variety of ways as illustrated further in the discussion. Some

of the important aspects are as follows:

• HEIGHT: Initially chimneys with a height greater than 150 m were considered to be

tall chimneys. However with recent emphasis on structural dynamics, it is generally

accepted that a chimney may be considered as tall when its height exceeds 150 m and

in addition its aspect ratio is such that it calls for evaluation of structures response to

dynamic wind loads. Thus, it is not only a matter of height but also the aspect ratio

when it comes to classifying a chimney as tall.

• NUMBER OF FLUES: Often a single chimney serves more than one boiler. In such

a case when one of the gas sources is shut down (say for maintenance) the gas exit

velocity will reduce because of a reduction in total volume of gases to be handled. This

can lead to heavy pollution and in order to overcome this problem a chimney serving

more than one boiler can be provided with a separate �ue for each gas source with such

�ues housed in a common enclosing concrete windshield. These are popularly called

multi - �ue chimneys.

• CONSTRUCTION MATERIAL: Above a certain height, an RCC chimney requires

less materials, is lighter and is less expensive than a brick chimney. RCC chimney

o�ers great resistance against wind - induced vibrations, rheological strains, foundation

settlement. Today reinforced concrete is dominant material used for construction of

tall chimneys and for short chimneys precast concrete with or without prestressing is

used. In latter range reinforced concrete has to face severe competition from steel -

and glass - reinforced plastic. The principle specialized problems concerning chimneys

arise from the thermal and corrosive e�ects of the �ue gases. These e�ects necessitate

the protection of the concrete from elevated temperatures and di�erential temperature

movements between the concrete and insulating materials. High-temperature �ue gases

give rise to insulation and movement problems, while low-temperature gases induce

di�culties due to acid condensation.
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Figure 1.3 shows a typical single �ue RCC chimney.

Figure 1.3: Single Flue RCC Chimney

Figure 1.4 shows a typical multi-�ue RCC chimney.

Figure 1.4: Multi Flue RCC Chimney
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1.4 Need of study

With ever growing demand for power, engineering industry is churning out power plants of

progressively higher capacity. To maintain ecological balance as well as limit the environ-

mental pollution, chimneys emitting the spent �ue gases are also getting higher and higher

everyday. In India it is now mandatory that for all fossil fuel power plants the height of the

chimneys be minimum 220 m for 210 MW unit and 275 m for 500 MW unit. While this

though reduces the ground pollution concentration signi�cantly, has posed new challenges to

structural engineers to come up with a safe design of these tall chimneys under wind and

earthquake, which a�ects its behaviour signi�cantly. The following are the major concerns

to undertake the study:

• The e�ect of temperature gradient and the subsequently induced stresses is not studied

in depth.

• The design speci�cations for RCC chimney need to be clearly understood, speci�cally
the dependence of shell thickness and reinforcement requirement based on the stresses
induced in the shell due to various combination of loads.

1.5 Objective of study

The present major project work deals with the in depth study of the behaviour or response

of the chimney structure under the e�ect of wind loads, earthquake loads and temperature

e�ects. Following are the objectives of the study:

• To study in detail the loads governing the analysis and design of chimney structures

based on Indian Standard.

• To analyze and design a single �ue reinforced concrete chimney, with main emphasis

on the e�ect of temperature, wind and earthquake on the structural behaviour and

subsequently the design of the chimney.

• To carry out a parametric study with respect to di�erent seismic zones, varying basic

wind speed.
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1.6 Scope Of Major Project

• To study the governing loads, analysis and design procedure slated in IS : 4998 (Part
- ) 1992 and IS : 4998 (Part - 1) 1975 respectively for the analysis and design of RCC
chimney.

• To study the provisions of widely used chimney design standards viz. ACI 307 - 08 and
CICIND - 2001.

• To study the provisions of the latest revision of IS: 4998 published by Bureau of Indian

Standard and compare the provisions of the same with the existing chimney design

standard as well as ACI 307 -08

• To analyze and design reinforced concrete chimneys using IS 4998 (Part - 1) 1992 and

IS : 4998 (Part - 1) 1975

• To prepare excel sheets for the wind analysis of the chimney using the simpli�ed method
and random response methods for along wind loads and across wind loads as recom-
mended by IS: 4998 (Part - 1) 1192.

• To model the chimney as an assembly of beam elements using STAAD.Pro for calcu-
lation of natural frequencies and mode shapes and subsequent seismic analysis of the
chimney using Response Spectrum Method in accordance with IS: 1893 (Part - 4) 2005
used in conjunction with IS: 1893 (Part - 1) 2002.

• To prepare excel sheets to check for the stresses induced in concrete and steel due to

various combination of loads as recommended by IS: 4998 (Part - 1) 1975 and check

for their magnitudes to be limited to the permissible values.

• To perform a parametric study by varying seismic zone and wind speed for a constant

height of the chimney.
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1.7 Organization of report

Chapter 1 deals with the general overview of the topic, introduction to chimneys, important

loads and load combinations governing the analysis and design of chimneys, need of study,

objective of study and scope of work.

Chapter 2 includes the details of the literature review. A brief summary of the referred

research papers based on the work done in past basically on wind and earthquake analysis

of chimney has been given.

Chapter 3 details brief tabulated comparison of the provisions of IS : 4998 (Part - 1) 1992

and Draft Indian Standard i.e. IS : 4998 (Part - 1) - April 2013.

Chapter 4 covers the entire analysis of the RCC shell including load calculations, model-

ing procedures, seismic analysis and wind analysis in accordance with the relevant Indian

standards.

Chapter 5 starts with the calculation of stresses induced in the shell as well as the steel under

the e�ect of dead loads, wind loads and temperature loads individually as well in a set of load

combinations as mentioned in IS : 4998 (Part - 1) 1975. The design of vertical reinforcement,

circumferential reinforcement and extra reinforcement around the ducts/openings has also

been incorporated.

Chapter 6 gives details of the parametric study carried out by varying the seismic zone for

a set of four di�erent basic wind speeds.

Chapter 7 includes brief summary of the work done in the major project, important con-

clusions and future scope of work.
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Chapter 2

Literature review

2.1 General

Analysis and design of RC chimneys has been explored to a considerable extent by various re-

searchers. A variety of analytical as well as experimental approaches have been implemented

to simulate and understand the actual structural behaviour of the chimney.With passage of

time more realistic and reliable concepts have evolved. In this chapter studies carried out by

few researchers have been highlighted.

2.2 Wind Load Estimation

This section of the chapter summarizes the important �ndings from the studies carried out
by various researchers to simulate and understand the behaviour of chimneys under the e�ect
of wind loads.

Menon & Rao (1997) [1] - reviewed the prevailing international codal procedures to eval-

uate across-wind response of R/C chimneys. The paper mentions about the Vickery-Basu

Model whose modi�ed version has been incorporated as �Simpli�ed Method� in IS : 4998

(Part - 1) 1992. The paper also describes the signi�cance of chimney classi�cation based

on taper and highlights that the concept of taper should ideally relate to the slope in the

elevation of the tower and should involve slenderness ratio along with taper ratio. Only IS

: 4998 (Par - 1) 1992 is the one that takes this fact into consideration as per the author.

In the paper the author tries to establish an expression for the expected maximum bending

moment. The major �ndings of the study are as follows:
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• Across wind loading condition cannot be ignored, and is likely to govern the design,

particularly, in case of relatively stocky and cylindrically shaped chimneys (usually

multi-�ue chimneys)

• The paper highlights that the random response method of analysis based on Vickery-
Basu model incorporated in the IS : 4998 (Part - 1) 1992 gives fairly accurate results
of across-wind response but because of the codal recommendation to consider higher
estimate for designs the results of simpli�ed analysis govern.

• Author also establishes relations in terms of ratio of diameter at top and diameter
at base and height of the chimney to diameter at base to assert that the across-wind
loading dominates the along-wind loading conditions related to structure geometry.

• In towers that are slender but cylindrical, there are possibilities of second mode (across
wind) condition becoming critical - particularly with respect to moments in the upper
half of the tower.

Agarwal & Lakshmy (1993) [2] - gave an insight in to the background of codal provisions

of the revised IS : 4998 (Part -1) 1992., and even describes the methodology to be used for

the assessment of wind load on chimneys including interference e�ects and design of strakes.

Analysis of 150 mm tall RC chimney has also been done using the codal provisions for a

better understanding.

Based on the results of the analysis the author advocates that the methodology given in

the code is reasonably good for applications in design o�ces. Author also points out the

uncertainties in the wind patterns due to formation of cyclones, thunderstorms, etc.

Menon & Rao (1997) [3] - reviewed the then prevailing international codal recommenda-

tions to determined the design along-wind moments in reinforced concrete (RC) chimneys

an towers. The study revolves around the ACI 307, NBCC - 1980, DIN 1056 and CICIND

- 1984 code-based methods of analysis. The study covers a number of linearly tapered RC

chimneys with heights in the range of 100 m to 400 m, located in di�erent terrain conditions

and subject to the range of wind speeds encountered in practice. Based on the accuracy in the

prediction of Gust factor it was observed that ACI and CICIND methods re�ect considerable

accuracy.
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2.3 Seismic Analysis Of Chimneys

Carrion et. al. [4] established a simpli�ed method that allows obtaining parameters like

fundamental period of vibration, lateral displacement, shear force, and bending moment

through a set of equations with an error <10%. Two methods were used for discretization:

• Consistent masses criteria (Shear, Flexion, and Rotational Inertia)

• Lumped masses criteria (Flexion)

• In majority cases �exion only governs the height of the discrete element. Hence shear
e�ect can be ignored in the analysis. If the e�ect of rotational inertia is ignored the
error in computing fundamental vibration < 3% hence the e�ect of rotational inertia
can also be neglected.

J. L. Wilson [5] studied the behaviour of tall reinforced concrete chimneys subjected to

earthquake excitation. An inelastic analysis procedure Limited Ductility Design Approach

was developed based on the experimental results which advocates capacity based design and

seismic detailing to encourage limited ductile behaviour rather than brittle behaviour through

formation of multiple plastic hinges in the windshield away from the openings to dissipate

the seismic energy and minimize the induced seismic forces.

On comparison of analysis results for a 245 m tall power station chimney using the devel-

oped procedure and varied code recommendations the following ascending sequence of design

methodology acceptance with respect to design, construction, and cost (mainly) implications

is proposed:

• Limited ductility design approach

� UBC - 97

� EC8 - 3

� CICIND and

� ACI 307 - 95
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Jain et. al. [6] reviewed the provisions of IS 1893 : 1984 for earthquake analysis and design

of tall chimneys. Analysis results of 10 chimneys with height ranging from 107.5 m to 336.2 m

done using provisions of IS and ACI 307: 79 design standards has also been presented. Major

�ndings: IS code expression for time period gives a value around 13 % higher as compared

to ACI code based value. IS code over estimates the base shear by 45% to 71% and Base

Moment by 2% to 13%. Expression for shear distribution along the height given by the code

gives quite accurate and acceptable outputs. Expression for moment distribution along the

height gives quite conservative values near the top of the chimney.

2.4 Comparison of Wind And Seismic Forces

Reddy et. al. [7] presents the comparison of wind loads with that of earthquake loads to

decide the critical loads for design purpose. Wind analysis (along wind and across wind) is

done as per IS 4998 (Part 1) 1992 in conjunction with IS 875 (Part 3) 1987 and Earthquake

analysis as per IS 1893 (Part 4 ) 2005. For analysis purpose two chimneys of heights 217 m

and 220 m were modeled as a vertical cantilever �xed at base using beam element NKTP12

in NISA (EMRC - 1998). Chimney is idealized as MDOF system with lumped mass at �oor

levels. On studying the content of the paper the following conclusions be made:

• Along wind response is more critical as compared to across wind response in majority

cases.

• Wind loads are found to govern the design of chimneys in comparison with earthquake
loads.

• In high seismicity zone if the chimney is designed to behave in-elastically there are
chances of earthquake force to match more or less with wind forces.

Shaikh & Khan [8] carried out the analysis of tall reinforced concrete chimneys with focus on

comparison of wind analysis results with seismic analysis results.Seismic analysis of chimney

was performed by response spectrum method using STAAD.Pro 2007 wherein the chimney

was modeled as vertical cantilever structure �xed at the base and having varying cross-

sectional area, inertia, mass along the height. 220 m height of the chimney was divided into

27 elements. E�ect of wind forces is quite signi�cant as compared to earthquake forces.
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Reddy et. al. (2012) [9] presented the methods of evaluation of combined design moments

of along and across-wind response adopted by the Indian Standard, Australian/New Zealand

Standard, and the American Standard. Four di�erent type of chimneys were considered for

analysis viz. Uniformly tapered chimneys with heights 180 m, 217 m, 220 m, and 273 m.

Based on the analysis it was found that in majority of the cases it was observed that the

along wind forces are on higher side as compared to the across wind forces as well as the

combined response excepting the case of 220 m high chimney. In case of 220 m high chimney

the combined results were found to be dominating.

2.5 Summary

This chapter detailed the studies carried out by various researchers in the area of chimney

structures and their response under the e�ect of wind and earthquake. The work carried

out by Sudhir K. Jain, B.P. Singh, B.K.Gupta, J. L. Wilson, S.K.Agarwal, P. Lakshmy is

a signi�cant contribution towards increasing the understanding of the practicing engineers

and professionals regarding the response and structural behaviour of the chimney under the

e�ect of wind and earthquake. The study of temperature gradient and the stresses induced

due to various combination has a wider scope.
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Chapter 3

Comparison of Chimney Design

Standards

3.1 Introduction

At present IS: 4998 (Part - 1) 1992 and IS: 4998 (Part - 1) 1975 are the standards used

extensively by the practicing engineers for load assessment and design of chimneys to be

constructed in India.The rapid growth of RC chimney construction with a signi�cant increase

in capacity, size and height has led to several queries being raised by designers and practicing

engineers with regard to procedures recommended in IS: 4998 (Part - 1) 1992 for estimation

of dynamic wind loads and responses of chimneys. These include,

• Use of simpli�ed method for calculation of across-wind loads,

• Use of discrete strakes as aerodynamic remedial measures for suppressing or alleviating

vortex induced oscillations,

• High values of magni�cation factors to be used for wind induced interference e�ects,

and

• Incorporation of limit state design.

Keeping the above things in view the Bureau of Indian Standards published the newly revised

chimney design standard (draft) for examination and review. This chapter gives an overview
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of the draft design standard and the provisions of the same are compared with the existing

chimney design standard IS : 4998 (Part - 1) 1992 and IS : 4998 (Part - 1) 1975. Major

modi�cations in the procedures for load estimation, analysis and design criterion's have been

highlighted accordingly in the sections to follow. The provisions of the draft Indian standard

are also compared with ACI 307 - 08 and it was found that the provisions are in line with

the provisions of ACI 307 - 08.

3.2 Materials and Load Assessment

This section of the chapter compares the provisions pertaining to construction materials and
loading criteria for chimney analysis and design.

Table 3.1 gives an overview of the changes in the provisions for construction material and

loading criteria in draft Indian standard as compared to IS: 4998 (Part - 1) 1992.
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Table 3.1: Construction Material And Load Assessment

PARAMETER IS 4998 (Part - 1)
1975/1992

IS 4998 DRAFT CODE

MATERIALS
Concrete As per IS 456 : 2000

provisions which speci�es
M20 as the the minimum
grade of concrete for any
kind of construction work.

M25

Steel Fe250 or Fe415 Fe250 or Fe415
LOADS

Dead Loads In accordance with IS 875 (Part - 1)
Live Loads In accordance with IS 875 (Part - 2)

Temperature E�ects Special provisions for
calculation of temperature
gradient, and stresses

induced in concrete in steel
due to temperature alone
as well as in combination
with other type of loadings.

Provisions to consider
temperature e�ects are:
(A) Design for combined
axial load, uni-axial

bending and temperature
e�ects.

(B) Design for combined
circumferential ring

moments due to wind and
temperature e�ects.
(C) Calculations for

stresses due to temperature
e�ects.

3.3 Estimation of Wind Loads

This section of the chapter covers the modi�cations suggested in the procedure of wind

load estimation in the draft chimney design standard in circulation by Bureau of Indian

Standards. Table 3.2 gives details of the changes in the procedure for wind load estimation

as recommended by the draft Indian standard in comparison with the provisions of IS: 4998

(Part - 1) 1992. From the comparison it is evident that major modi�cations have been

introduced as far as estimation of wind loads is concerned.
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Table 3.2: Estimation of wind loads

PARAMETER IS 4998 (Part - 1)
1975/1992

IS 4998 DRAFT CODE

WIND LOAD ANALYSIS
Wind Loads Calculations in accordance

with IS 875 (Part-3) 1987
Calculations in accordance
with IS 875 (Part-3) ****

Draft Code
ALONG WIND LOADS

Analysis Approach Analysis methods used:
(A) Simpli�ed Method
(B) Random Response

Method

Use of only Random
Response Method is

recommended.

k2 (terrain, height and
structure size factor)

Value of k2 shall be
obtained from IS 875 (Part

- 3) 1987

Empirical expression is
available to determine the
value of k2 for height > 10
m. k2 = Terrain, height

and structure size factor for
hourly mean speed

Frequency Calculations Suggests to calculate the
natural frequency of the
chimney by using any of
the standard methods

involving discretization of
the structure and assuming

it be made of a
homogeneous material with
suitable young's modulus.

Dedicated formula to
approximately calculate the
natural frequency of the
chimney in the �rst and

second mode of vibration is
available.

ACROSS WIND ANALYSIS
Analysis Approach Analysis methods used:

(A) Simpli�ed Method
(B) Random Response

Method

Recommends the use of the
generalised method

developed by Vickery and
his group.

Requirement of across wind
analysis

Resonance check is given
based on the critical wind

speed in any mode
exceeding 1.1 times the
maximum possible wind
speed in that particular

town

Speci�es a particular range
in terms of critical wind
speed within which across
wind loads due to vortex
shedding needs to be

calculated.
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3.4 Grouped Chimneys, Structural Considerations and

Construction Requirements

This section of the chapter gives details regarding the consideration of the aerodynamic inter-

ference e�ect and provision of strakes, which comes in to picture when a group of chimneys

are standing close to each other. The section also throws light on the minimum sizes of

various components such as shell, corbel, lining and platforms. Reinforcement requirement

as suggested by the draft design standard and the existing chimney design standard have

also been studied and compared.

Table 3.3 gives details of the codal provisions addressing the issues of grouped chimneys

or cluster of chimneys, structural design requirements, thickness of RCC components and

Reinforcement requirement.
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Table 3.3: Construction Requirements & Structural Considerations

PARAMETER IS 4998 (Part - 1)
1975/1992

IS 4998 DRAFT CODE

GROUPED CHIMNEYS OR CLUSTER OF CHIMNEYS
Governing parameter Governing parameter is CD Governing parameter is CL

Provision of strakes Recommends strakes to
suppress the vortex excited

oscillations.

No such provision.

STRUCTURAL DESIGN OR CONSTRUCTION REQUIREMENTS:
Recommended design

approach
Working stress method Limit state method

Chimney height Height suggestions based
on down draught, down
wash & SO2 and ash

content of the �ue gases.

No such provision.

MINIMUM THICKNESS OF RCC SHELL AND COMPONENTS
Internal diameter ≤ 6 m 150 mm

Internal diameter > 6 m 15 +

(
dci − 6000

120

)
Corbels ≥ 100 mm

Hopper Shell ≥ 100 mm
Platform ≥ 100 mm

VERTICAL REINFORCEMENT
Minimum Requirement (in
% of concrete area under
consideration)

HYSD Bars : 0.25%
MS Bars : 0.30%

Minimum diameter of bar ≥ 12 mm
c/c spacing of
reinforcement

Single layers : ≤ 300 mm
Two layers : ≤ 600 mm in
each layer and staggered

symmetrically
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3.5 Structural Considerations and Serviceability Require-

ments

This section of the chapter gives information about the minimum circumferential reinforce-

ment required for the RCC shell and extra reinforcement around the openings. The maximum

permissible tip de�ection for any chimney under the e�ect of lateral loads has also been dis-

cussed.

Table 3.4 houses the provisions addressing the circumferential requirement for the RCC shell,

provisions to consider the e�ect of openings in the chimney and the tip de�ection.

Table 3.4: Structural Considerations and Serviceability Requirement

PARAMETER IS 4998 (Part - 1)
1975/1992

IS 4998 DRAFT CODE

CIRCUMFERENTIAL REINFORCEMENT
Deformed Bars 0.2% of concrete area in the vertical section under

consideration subject to a minimum of 400 mm2 per m
height of the chimney

Mild Steel Bars 0.25% of concrete area in the vertical section under
consideration subject to a minimum of 400mm2 per m

height of the chimney
Reinforcement provided in

two layers
If vertical reinforcement is provided in two layers then
the circumferential reinforcement shall also be provided
in two layers and the minimum reinforcement shall be

distributed equally in two layers.
Reinforcement spacing ≤ Minimum (300 mm, shell thickness)

OPENINGS
Reinforcement
Requirement

Suggests to replace the
steel bars cut by the

openings with equivalent
area of steel but nothing
mentioned in connection

with minimum requirement
or detailing.

Advocates the use of
additional reinforcement
around the openings with

specialized detailing
requirements.

Maximum permissible
de�ection of chimney tip
under all service conditions

H / 500
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3.6 Summary

The Gust Response Factor (GRF) method, developed by Davenport, and modi�ed later by

Vickery for the computation of response of chimney is widely recognized and being used in

most of the international codes and hence the same method is recommended in this standard.

Although a complete understanding of the across-wind response of a chimney due to vortex

shedding is presently not available, the semi-empirical method developed by Vickery and his

coworkers is regarded as most satisfactory method and it is included in the international codes

of ACI 307 - 08 and CICIND. The method that is in line with ACI 307 - 08 is recommended

in the Draft Indian Standard. In the structural design provisions, the philosophy of limit

states design is adopted in the Draft Indian Standard, in line with international practices.
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Chapter 4

Analysis Of RCC Shell

4.1 Introduction

This chapter outlines the primary design parameters, assumptions, problem formulation, load

calculations. The chapter also covers the seismic analysis of the chimney, done in accordance

with IS: 1893 (Part - 4) 2005. STAAD modeling adopted for calculation of mode shapes

and natural frequencies is also explained. Detailed procedure of estimation of wind loads in

accordance with IS: 4998 (Part - 1) 1992 is included in the chapter. The chapter ends with

a detailed comparison of the forces and moments obtained by wind and seismic analysis.

• IS: 4998 (Part - 1) 1992 � Criteria For Design Of Reinforced Concrete Chimneys :

Assessment Of Loads (Second Revision), Bureau Of Indian Standards, New Delhi.

• IS: 4998 (Part � 1) 1975 � Criteria For Design Of Reinforced Concrete Chimneys :

Design Criteria (First Revision), Bureau Of Indian Standards, New Delhi.

• IS: 456 � 2000 � Plain And Reinforced Concrete : Code Of Practice (Fourth Revision),

Bureau Of Indian Standards, New Delhi.

• IS: 875 (Part � 3) 1987 � Code Of Practice For Design Loads (Other Then Earthquake)

For Building And Structures : Wind Loads (Second Revision), Bureau Of Indian Stan-

dards, New Delhi.

• IS: 1893 (Part � 4) 2005 � Criteria For Earthquake Resistant Design Of Structures

: Industrial Structures Including Stack Like Structures, Bureau Of Indian Standards,

New Delhi.
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4.2 Problem Data

This section outlines the preliminary data de�ning the geometry of the chimney and various

other parameters such as exit velocity, maximum and minimum ambient temperature, tem-

perature of �ue gas, volume of gas to be handled, details of openings, location of the chimney

and materials of construction as shown in Table 4.1

Table 4.1: Problem Formulation

Height of the chimney above the ground level (m): 175
Clear internal diameter of the RCC shell at the top (m): 4.5

Clear internal diameter of the stainless steel venturi at exit (m): 2.8
Exit velocity of �ue gas (km/hr): 100

Flue gas volume from the �ue (s) or maximum �ow through the
chimney (m3/hour):

720000

Maximum temperature of �ue gas at chimney inlet (�C): 45
Number of �ues: 1

Number of openings (for �ue ducts or door access etc.) their sizes
and location:

Width (m) Height (m)

1. Access door at level EL (+) 0.00 1.2 2.2
2. Inspection door with bottom at level EL (+) 17.00 1.2 2.2

3. Plenum 1 with center at level EL (+) 25.50 3.5 6.7
4. Plenum 2 with center at level EL (+) 25.50 3.5 6.7
5. Plenum 3 with center at level EL (+) 18.025 5.9 1.9

Maximum ambient temperature (�C): 45
Minimum ambient temperature (�C): 15

Location: Bharuch, Gujarat
Seismic zone: III

Basic wind Speed / Location of site (m/s): 44
Safe bearing capacity of soil strata (kN/m2): 270

Required / Suggested depth of foundation after geotechnical
investigation (m):

4.8

Type of foundation suggested or required: Raft Foundation
Proximity to other chimney or any other structure whose presence
can in�uence and alter the speed, orientation and e�ect of wind

on the chimney being designed:

None

Grade of concrete used shall be as mentioned below:
RCC Shell M35

Raft M30
Floor slab or Grade slab M25
Reinforcement grade: Fe500
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Figure 4.1: Chimney Cross-Section
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Table 4.2 houses the details of the elevations of the important locations along the height of
the chimney and the density of various materials useful for dead weight calculations.

Table 4.2: Elevations of important locations of the chimney.

COMPONENT ELEVATION (m)
Chimney top 175

Finished Ground Level (FGL) 0
Finished Floor Level (FFL) 0.5

Bottom Of Raft 4.8
Assumed Thickness Of Raft 2.75

Top Of Raft 2.05

DENSITY OF VARIOUS MATERIALS FOR LOAD CALCULATIONS
Concrete (kN/m3) 25

Acid Resistant Brick Lining (kN/m3) 23
Structural Steel (kN/m3) 78.5

Sludge Layer Load (kN/m3) 4

4.3 Lining Details

75 mm thick acid resistant brick lining is provided on the inner face of the chimney from the

level EL (+) 17.100 m to EL (+) 41.9 m and PU/Epoxy painting for the remaining height

of the chimney.

4.4 Preliminary Sizing and Load Calculations

This section of the chapter gives details regarding the preliminary sizing of the chimney based

on the provisions of IS : 4998 (Part � 1) 1975 and subsequently it also houses the detailed

calculations for various loads acting on the chimney, Analysis for various loads to get the

governing force as per IS : 4998 (Part � 1) 1992 for the design of RCC wind shield and

foundation. The various loads acting on the shell are:
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4.4.1 Dead Loads & Live Loads

Weight of the chimney as well as other accessories required to be considered for the analysis
and design of the RCC shell and foundation are as listed below:

• Weight of the RCC Shell.

• Weight of Lining and Corbels.

• Weight of Full & Partial (external and/or internal) RCC Platforms.

• Weight of Hand Rails, MS Spiral Staircase, SS cage Ladders.

• Weight of Plenums, Venturi and Sludge Loads.

• On platforms live load of 5 kN/m2 is considered. As per IS : 4998 (Part � 1) 1992

Pg. 2 Clause 5.1.1, for the overall design of the chimney shell and foundation, imposed

loads need not be considered.

4.4.2 Wind loads

The wind load exerted at any point on a chimney can be considered as the sum of static and
a dynamic component. Two methods of estimating of wind loads are given in IS: 4998 (Part
- 1) 1992 and have been adopted for calculating the response of the chimney for following
cases:

• Along wind loads as per Simpli�ed Method & Random Response Method (Shell Alone

& Chimney Complete).

• Across wind loads as per Simpli�ed Method & Random Response Method (Shell Alone

& Chimney Complete).

4.4.3 Seismic loads

The seismic analysis of the chimney is done using IS: 1893 (Part - 4) 2005 used in conjunction
with IS: 1893 (Part - 1) 2002. The seismic analysis of the chimney is done using STAAD.Pro.
Chimney is modeled as free standing cantilever as an assembly of beam elements.

• Seismic analysis by Response Spectrum Method for Shell Alone & Chimney complete

condition.
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4.5 Dead loads & Live loads

This section of the chapter covers the detailed procedure for the calculation of the dead
weight of the structure and other accessories to be considered for subsequent analysis and
design.

4.5.1 Preliminary Assumptions

Shell thickness at top (mm): As per IS : 4998 (Part - I) 1975 Pg. 12 Cl. 9.1 = 250
Shell thickness at bottom (mm): As per IS : 4998 (Part - I) 1975 Pg. 12 Cl. 9.1 = 500

Internal diameter of the shell at the top (m): = 4.5
External diameter of the shell at the top (m): = 5

External diameter of the shell at the bottom (assume from H/16 to H/12) (m): = 14
Internal diameter of the shell at the bottom (m): = 13

4.5.2 Weight of RCC Shell

SAMPLE CALCULATION : SECTION PROPERTIES OF THE SHELL AT EL

(+) 100 m

Internal diameter of the shell = Id = 8.101 m
Thickness of the shell = t = 0.356 m

External diameter of the shell = Od = 8.812 m
Unit weight of RCC = δ = 25 kN/m3

Area of the shell = π × (Id + t)× t = 9.455 m2

Moment of inertia =
π

64
× (O2

d − I2d) = 84.673 m4

Area of the shell at EL (+) 100 m = A1= 9.455m2

Area of the shell at the level above i.e EL
(+) 110 m =

A2= 8.550 m2

Height interval h = 10 m

Weight of Shell = Wt =
δ ×

(
A1 + A2 +

√
A1 + A2

)
× h

3
= 2249.70kN

32



Table 4.3 gives details of regarding the section properties viz. area, moment of inertia and

weight of the chimney at the assumed lumped mass levels.

Table 4.3: Section properties of the shell at di�erent levels

Levels
(m)

Shell
Thickness

(m)

Ext.
diameter
of shell
(m)

Int.
diameter
of shell
(m)

Area
(m2)

Moment Of Inertia
(m4) [Ix = Iz]

Weight
(kN)

175 0.250 5.000 4.500 3.731 10.551 0
170 0.257 5.254 4.740 4.036 12.630 485.30
160 0.271 5.762 5.220 4.678 17.677 1088.30
150 0.285 6.271 5.700 5.365 24.080 1254.50
140 0.299 6.779 6.180 6.095 32.058 1431.60
130 0.314 7.287 6.660 6.869 41.847 1619.70
120 0.328 7.796 7.140 7.688 53.698 1818.70
110 0.342 8.304 7.621 8.550 67.879 2028.70
100 0.356 8.812 8.101 9.455 84.673 2249.70
90 0.370 9.321 8.581 10.405 104.379 2481.60
80 0.384 9.829 9.061 11.398 127.314 2724.50
70 0.398 10.337 9.541 12.436 153.809 2978.40
60 0.412 10.846 10.021 13.517 184.213 3243.20
50 0.427 11.354 10.501 14.642 218.888 3519.00
40 0.441 11.862 10.981 15.811 258.216 3805.70
30 0.455 12.371 11.461 17.024 302.592 4103.40
21.6 0.467 12.798 11.865 18.076 344.070 3685.00
17.1 0.473 13.027 12.081 18.653 367.962 2066.00
10 0.483 14.387 12.421 19.581 408.153 3392.90
2.2 0.494 13.784 12.796 20.625 455.991 3919.70
0 0.497 13.896 12.902 20.925 470.211 1142.70

-2.05 0.500 14.000 13.000 21.206 483.756 1079.60
50118.20
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4.5.3 Weight of lining

As the lining is supported by the corbels, the lining weights are calculated at corbel levels.

SAMPLE CALCULATION OF LINING WEIGHT AT EL (+) 24.4 0 m

External diameter of the lining = Internal diameter of the shell

Outer diameter of the lining = Od = 11.730m
Thickness of the lining = t = 0.075 m

Internal diameter of the lining = Id = 11.58 m
Area of the lining = π × (Id + t)× t = 2.746m2

Unit weight of lining material = δ = 23 kN/m3

Area of lining at level EL (+) 24.4 m = A1= 2.746m2

Area of lining at EL (+) 26.9 m = A1= 2.718 m2

Height of the segment = h = 2.5m

Weight of the lining = Wt =
δ ×

(
A1 + A2 +

√
A1 + A2

)
× h

3
= 157.09 kN

Table 4.4 gives details of the lining weight at the corbel levels. These weights would be

subsequently added to the corresponding levels assumed in the lumped mass modeling.

Table 4.4: Lining weight calculation

Levels
(m)

Ext.
diameter
of lining
(m)

Lining
thickness

(m)

Int.
diameter
of lining
(m)

Area
(m2)

Height
interval
(m)

Weight (kN)

41.9 10.890 0.075 10.740 2.548 0 0
39.4 11.010 0.075 10.860 2.577 2.5 147.34
36.9 11.130 0.075 10.980 2.605 2.5 148.96
34.4 11.250 0.075 11.100 2.633 2.5 150.59
31.9 11.370 0.075 11.220 2.661 2.5 152.21
29.4 11.490 0.075 11.340 2.690 2.5 153.84
26.9 11.610 0.075 11.460 2.718 2.5 155.47
24.4 11.730 0.075 11.580 2.746 2.5 157.09
21.9 11.850 0.075 11.700 2.774 2.5 158.72
19.4 11.970 0.075 11.820 2.803 2.5 160.34
17.1 12.081 0.075 11.931 2.829 2.3 148.95

24.8 1533.51
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4.5.4 Weight of corbels

SAMPLE CALCULATION OF CORBEL WEIGHT AT LEVEL EL (+) 24.4 M

Internal diameter of the shell = Id = 11.730 m
Total width of the corbel = π × Id = 36851.4 mm

Depth of corbel at shell interface = D1= 300 mm
Depth of corbel at outer face = D2= 100mm

Thickness of corbel = t = 100mm
Unit weight of RCC = δ = 25 kN/m3

Weight of corbel = π × Id × (0.5× (D1 +D2)× t× δ = 27.6 kN

Table 4.5 gives details of the corbel weights. These weights would be subsequently added to

the corresponding levels assumed in the lumped mass modeling.

Table 4.5: Corbel weight calculation

Levels
(m)

Inner dia.
of shell
(m)

Number
of

corbels

Length
of

corbel
(m)

Depth of
corbel at
shell

interface
(m)

Depth of
corbel at
projected
face (m)

Projection
of corbel
(m)

Weight
(kN)

41.9 10.890 2 34.2120 0.300 0.300 0.100 25.70
39.4 11.010 2 34.5890 0.300 0.300 0.100 26.00
36.9 11.130 1 34.9661 0.300 0.300 0.100 26.30
34.4 11.250 1 35.3431 0.300 0.300 0.100 26.60
31.9 11.370 1 35.7202 0.300 0.300 0.100 26.80
29.4 11.490 1 36.0973 0.300 0.300 0.100 27.10
26.9 11.610 1 36.4743 0.300 0.300 0.100 27.40
24.4 11.730 1 36.8514 0.300 0.300 0.100 27.70
21.6 11.865 1 37.2737 0.300 0.300 0.100 28.00
19.4 11.970 1 37.6055 0.300 0.300 0.100 28.30
17 12.085 1 12.6558 0.200 0.200 0.150 9.50
16.4 12.114 1 25.3720 0.450 0.300 0.400 95.14

374.54
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4.5.5 Ladder weight

Spiral MS staircase is considered from EL (+) 21.9 m to EL (+) 100.00 m level and SS cage

ladder is considered from EL(+) 100m to EL (+) 173.5 m level.

SAMPLE CALCULATION OF CAGE LADDERWEIGHT AND SPIRAL STAIR-

CASE WEIGHT

Assumed weight of cage ladder 0.4 kN/m

Ladder weight at EL (+) 110.0m =
= 0.4×(120 - 110)
= 4kN

Assumed weight of spiral staircase 3.75 kN/m

Spiral staircase weight at EL (+) 80.0 m level =
= 3.75×(90 - 80)
= 37.5 kN

Table 4.6 gives calculations of the weights of the spiral staircase and ladder at the correspond-

ing levels as tabulated. These weights would then be subsequently added to the corresponding

levels for lumped mass modeling.

Table 4.6: Spiral staircase and ladder weight calculation

Levels (m) Spiral stair + Ladder Weight (kN)
173.5 0.70
17 2.70
160 4.00
150 4.00
140 4.00
130 4.00
120 4.00
110 4.00
100 20.75
90 37.50
80 37.50
70 37.50
60 37.50
50 37.50
40 37.50
30 37.50
21.9 15.75

326.4000
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4.5.6 External platform loads (RCC full & Partial platforms)

Total number of full RCC platforms: 5
Width of platform (m): 1

Thickness of platform (m): 0.15
Live load on platform (kN/m2) 5

Total number of partial RCC platforms: 6
Width of platform (m): 1

Thickness of platform (m): 0.15
Live load on platform (kN/m2) 5

SAMPLE CALCULATION OF EXTERNAL PLATFORM LOAD AT
EL (+) 100.0 m

Internal diameter of platform = D1= 8.08 m
Width of RCC full and Partial platform = 1m

Outer diameter of the platform = D2= 10.808m
Area of the platform = π×(D2

2 - D1
2)×0.25 = 30.81 m2

Unit weight of concrete = δ = 25kN/m3

Assumed thickness of the slab = 0.15m
Assumed weight of the handrail / m length

=
0.2kN/m

Weight of the slab = 25×0.15×30.81 = 115.5375 kN
Length of the handrail = π×10.808 = 33.95 m

Total weight of the handrail = 0.2 ×33.95 = 6.79 kN
Total weight of the external platform = 115.5375 + 6.79 = 122.328 kN ≈ 125

kN

FOR PARTIAL PLATFORMS AT 110, 120, 130, 150, 160 AND
170 m LEVELS

Area of platform considered = 1×2.5 = 2.5 m2

Weight of slab = 2.5×25×0.15 = 9.375kN
Length of handrail = 5 m

Total weight of the handrail = 1 kN
Total weight of external partial platform = 9.375 + 1 = 10.375kN ≈12kN

Table 4.7 gives details of the platform weights at various levels which need to be added at

the corresponding levels in the lumped mass model.
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4.5.7 Miscellaneous loading

This section houses the calculations of loading due to internal RC platforms, acid resistant

bricks laid in slope, pro�le deck sheet, structural beams, sludge loads, plenum loads, and

stainless steel venturi.

SAMPLE CALCULATION OF INTERNAL PLATFORM LOAD
AT EL (+) 17.100 m

Internal diameter of the platform = D1= 12.08 m

Area of the platform =
π

4
×D2

1 = 114.62 m2

Unit weight of concrete = 25 kN/m3

Unit weight of acid resistant bricks = 23 kN/m3

Unit weight of steel = 78.5 kN/m3

Assumed thickness of slab = 0.15 m
Thickness of acid resistant bricks = 0.075 m

Weight of the slab = 0.15 ×25×114.62 = 429.825 m2

Weight of acid resistant bricks = 0.075×23×114.62 = 197.7195 m2

Ass. thickness of pro�le deck sheet = 0.001 m
Weight of pro�le deck sheet = 13.5 kN

Total weight = 429.82 + 197.92 + 13.5 = 641.24 kN
Weight of structural beams = 1.226 kN/m (ISMB600)
Average length of the beams = 10.5 m

Weight of single beam = 12.873 kN
Number of beams = 8

Total weight of structural beams = 102.984 kN
Weight of sludge deposit on slab = 5 kN/m2

Total weight of sludge = 573.1 kN
Total weight of internal platform = 1317.13 kN ≈ 1350 kN

SAMPLE CALCULATION FOR WEIGHT OF PLENUM AT EL
(+) 17.100 m

Length of plenum chamber = 4.0 m
Width of plenum chamber = 5.1 m
Height of plenum chamber = 5.1 m

Thickness of plenum chamber wall = 0.3 m
Total weight of plenum wall 1 and 2 = 2×(0.3×5.1×4×25) = 306kN

Weight of plenum wall 3 = 0.3×5.1×5.1×25 = 195.075 kN
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WEIGHT OF SLAB PROJECTION ABOVE AND BELOW THE PLENUM

Length of the slab = 4.0 m
Width of the slab = 4.5 m

Thickness of the slab = 0.3m
Total weight of top and bottom slab = 2×(0.3×4.5×4×25) = 270kN
Total weight of plenum chamber 1 = 306 + 195.075 + 270 = 771.075 kN

Total weight of plenum 1 and 2 = 2×771.075 = 1542.15 kN

ASSUME PIPE HAVING DIAMETER OF 1.5 m, THICKNESS OF 8 mm,
AND LENGTH OF 3m

Weight of pipe (say 13 pipes) = 140 kN
Hence total weight of plenum with pipes = 1542.15 + 140 = 1682.15 kN ≈1800kN

Load on the shell (plenum and pipes) = 0.5×1800 = 900kN
Total load at EL(+) 17.1 m = 1350 + (0.5×900) = 1800 kN
Total load at EL(+) 21.6m = 0.5×900 = 450 kN

Note: The load on the shell due to the plenum and pipes shall be distributed equally between

the levels EL (+) 17.10 m and EL (+) 21.6 m.

WEIGHT OF VENTURI AT LEVEL EL (+) 170.0 m

Venturi height = 6 m
Thickness of stainless steel plate = 0.01 m

Inner diameter of the shell at EL(+) 170 = 4.740 m
Perimeter of the shell = π × 4.740 = 14.891 m

Weight of the SS Venturi = 68.34 kN
Weight at EL (+) 170.0 m level = 0.5× 68.34 = 34.17 kN ≈40 kN
Weight at EL (+) 175.0 m level = 0.5× 68.34 = 34.17 kN≈40 kN
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4.5.8 Total weights

Table 4.8 summarizes the total weight of the particular segment between two lumped mass

levels as well as the total weight of the structure.

Table 4.8: Summary of total weights

Elevation
(m)

RCC Shell
Weight
(kN)

Lining
Weight
(kN)

Corbel
Load
(kN)

Ladder
Load
(kN)

External
Platform
Loads
(kN)

Miscellaneous
Loads (kN)

Total
(kN)

175 0.0 � � 0.70 80 40 120.70
170 485.3 � � 2.70 12 40 540.00
160 1088.3 � � 4.00 12 � 1104.30
150 1254.5 � � 4.00 12 � 1270.50
140 1431.6 � � 4.00 100 � 1535.60
130 1619.7 � � 4.00 12 � 1635.70
120 1818.7 � � 4.00 12 � 1834.70
110 2028.7 � � 4.00 12 � 2044.70
100 2249.7 � � 20.75 125 � 2395.45
90 2481.6 � � 37.50 � � 2519.10
80 2724.5 � � 37.50 � � 2762.00
70 2978.4 � � 37.50 � � 3015.90
60 3243.2 � � 37.50 150 � 3430.70
50 3519.0 � � 37.50 � � 3556.50
40 3805.7 296 78.00 37.50 � � 4217.50
30 4103.4 612.11 107.90 37.50 � � 4860.91
21.6 3685.0 476.15 84.00 15.75 175 450 4885.90
17.1 2066.0 148.95 104.64 � 132 1800 4251.60
10 3392.9 � � � � � 3392.90
2.2 3919.7 � � � � � 3919.70
0 1142.7 � � � � � 1142.70

-2.05 1079.6 � � � � � 1079.60
Total 50118.2 1533.51 374.5 326.40 834 2330 55516.6
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Table 4.9 houses the values of cumulative axial loads acting at various levels of the chimney.

The values are given for both shell alone as well as chimney complete condition and will be

further used in the calculations for the stress calculations in various combination of loads.

Table 4.9: Details Of Axial Loads

Levels
(m)

Shell Alone Case Chimney Completed Case
Shell Alone
Loads (kN)

Cumulative
Load (kN)

Completed Chimney
Loads (kN)

Cumulative
Load (kN)

175 0 0 120.700 120.700
170 485.300 485.3 540.000 660.700
160 1088.300 1573.6 1104.300 1765.000
150 1254.500 2828.1 1270.500 3035.500
140 1431.600 4259.7 1535.600 4571.100
130 1619.700 5879.4 1635.700 6206.800
120 1818.700 7698.1 1834.700 8041.500
110 2028.700 9726.8 2044.700 10086.200
100 2249.700 11976.5 2395.450 12481.650
90 2481.600 14458.1 2519.100 15000.750
80 2724.500 17182.6 2762.000 17762.750
70 2978.400 20161 3015.900 20778.650
60 3243.200 23404.2 3430.700 24209.350
50 3519.000 26923.2 3556.500 27765.850
40 3805.700 30728.9 4217.497 31984.347
30 4103.400 34832.3 4860.906 36844.253
21.6 3685.000 38517.3 4885.904 41730.156
17.1 2066.000 40584.3 4251.598 45981.754
10 3392.900 43976.2 3392.900 49374.654
2.2 3919.700 47895.9 3919.700 53294.354
0 1142.700 49038.6 1142.700 54437.054

-2.05 1079.600 50118.2 1079.600 55516.654
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Table 4.10 gives details of the masses of the chimney in both shell alone and chimney complete

cases at various levels assumed for lumped mass modeling. This value can be arrived at by

taking an algebraic sum of the values obtained by dividing the weight of the chimney section

at the level above and below a particular level by gravitational acceleration i.e g = 9.81 m/s2

Table 4.10: Masses Of The Chimney

Levels
(m)

Masses In Shell Alone Case Masses In Chimney Completed Case

Shell
Alone
Weight
(kN)

Shell Alone
Mass

(kN − sec2/m)

Other
Weights
(kN)

Other Masses
(kN − sec2/m)

Total Mass
(kN − sec2/m)

175 0.000 24.735 120.70 12.30 37.04
170 485.300 80.204 54.70 5.58 85.78
160 1088.300 119.409 16.00 1.63 121.04
150 1254.500 136.906 16.00 1.63 138.54
140 1431.600 155.520 104.00 10.60 166.12
130 1619.700 175.250 16.00 1.63 176.88
120 1818.700 196.096 16.00 1.63 197.73
110 2028.700 218.063 16.00 1.63 219.69
100 2249.700 241.147 145.75 14.86 256.00
90 2481.600 265.347 37.50 3.82 269.17
80 2724.500 290.668 37.50 3.82 294.49
70 2978.400 317.105 37.50 3.82 320.93
60 3243.200 344.659 187.50 19.11 363.77
50 3519.000 374.328 37.50 3.82 377.15
40 3805.700 403.114 411.80 41.98 445.09
30 4103.400 396.962 757.51 77.22 474.18
21.6 3685.000 293.119 1200.90 122.42 415.54
17.1 2066.000 278.231 2185.60 222.79 501.02
10 3392.900 372.712 0.00 0.00 372.71
2.2 3919.700 258.022 0.00 0.00 258.02
0 1142.700 113.267 0.00 0.00 113.27

-2.05 1079.600 55.025 0.00 0.00 55.03
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4.6 Seismic Analysis

Seismic analysis is carried out in accordance with IS : 1893 (Part - 4) 2005 in conjunction

with IS : 1893 (Part 1) 2002. Some of the basic parameters for seismic analysis are as follows:

Seismic zone III (Based on the location : Bharuch, Gujarat)
Seismic zone factor (Z) 0.16 As per IS : 1893 (Part - 1) 2002 Pg. 16 Table 2
Importance factor (I) 1.5 As per IS : 1893 (Part - 4) 2005 Pg. 17 Table 8

Response reduction factor (R) 3 As per IS : 1893 (Part - 4) 2005 Pg. 17 Table 9
Damping factor 5%
Type of soil Medium

The design horizontal seismic coe�cient Ahfor a structure shall be determined as follows as

per IS : 1893 (Part - 4) 2005 Pg. 15 Clause 16:

Ah =

(
Z

2

)
·
(
I

R

)
·
(
Sa

g

)
= 0.04667×

(
Sa

g

)
The values of

(
Sa

g

)
can be obtained from IS : 1893 (Part - 1) 2002 Pg.16 Fig. 2

The seismic analysis of the chimney is carried out by response spectrum method as per IS

: 1893 (Part - 1) 2002 SRSS Method. The computer program STAAD.Pro is used for the

calculation of natural frequencies and mode shapes under di�erent modes of vibration. The

chimney is modeled as an assembly of beam elements, extending from corbel to corbel level.

The mean sectional properties are used. The chimney is modeled for shell alone as well as

chimney complete condition. The details of lumped masses given as input are as follows:

• The full load of lining resting over a corbel at levels speci�ed in Table 4.4.

• Lumped mass of the shell at levels speci�ed in Table 4.3 is taken as the sum of half of

the shell mass above and below the node.

• Other lumped masses such as platforms, ladders may be considered at the respective

levels.
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Table 4.11 gives the values of spectral acceleration coe�cient values for the corresponding

values of time period. The values tabulated in table 4.11 shall be provided as input to

STAAD.Pro as a part of the seismic de�nition package of STAAD.Pro. These values are

deemed necessary for the seismic analysis of the chimney model using the SRSS model. The

values have been interpolated for the corresponding time period values based on IS : 4998

(Part - 1) 2002 Pg. 16 Fig. 2

Table 4.11: Spectral Acceleration Coe�cient

Period
(sec)

Spectral Acceleration

Coe�cient

(
Sa

g

)
0 1.0000
0.1 2.5000
0.2 2.5000
0.3 2.5000
0.4 2.5000
0.5 2.5000
0.55 2.5000
0.6 2.2667
0.7 1.9429
0.8 1.7000
0.9 1.5111
1.0 1.3600
1.1 1.2364
1.2 1.1333
1.3 1.0462
1.4 0.9714
1.5 0.9067
1.6 0.8500
1.7 0.8000
1.8 0.7556
1.9 0.7158
2.0 0.6800
2.1 0.6476
2.2 0.6182
2.3 0.5913
2.4 0.5667

Period
(sec)

Spectral Acceleration

Coe�cient

(
Sa

g

)
2.5 0.5440
2.6 0.5231
2.7 0.5037
2.8 0.4857
2.9 0.4690
3.0 0.4533
3.1 0.4387
3.2 0.4250
4.3 0.4121
3.4 0.4000
3.5 0.3886
3.6 0.3778
3.7 0.3676
3.8 0.3579
3.9 0.3487
4.0 0.3400
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Table 4.12 houses the properties viz. average area and average moment of inertia to be

provided as an input property for the beam elements used in STAAD.Pro to generate the

chimney modeled as a free standing cantilever beam �xed at bottom. In the STAAD model

the values of Ix and Iz have been provided as same and the value of Iy = Ix + Iz.

Table 4.12: Section Properties For Beam Elements : STAAD.Pro

Height Interval (m) Average area (m2)
Avg. Moment Of Inertia (m4)

Ix= Iz
175 to 170 3.883 11.590
170 to 160 4.357 15.153
160 to 150 5.022 20.878
150 to 140 5.730 28.069
140 to 130 6.482 36.953
130 to 120 7.279 47.773
120 to 110 8.119 60.789
110 to 100 9.002 76.276
100 to 90 9.930 94.526
90 to 80 10.902 115.847
80 to 70 11.917 140.562
70 to 60 12.976 169.011
60 to 50 14.079 201.550
50 to 40 15.226 238.552
40 to 30 16.417 280.404
30 to 21.6 17.550 324.331
21.6 to 17.1 18.364 356.016
17.1 to 10 19.117 388.058
10 to 2.2 20.103 432.072
2.2 to 0 20.775 463.101
0 to -2.05 21.065 476.983

46



Table 4.13 gives the details of the lumped masses provided as lateral load in STAAD.Pro to

perform seismic analysis and produce the results of natural frequency and mode shapes of

the chimney.

Table 4.13: Details Of Lumped Mass or Nodal Loads : STAAD.Pro

STRUCTURE DETAIL SHELL ALONE CHIMNEY COMPLETED
Node No. Level (m) Lumped Mass or Nodal Load Lumped Mass or Nodal Load

22 175 242.65 364.35
21 170 786.80 841.50
20 160 1171.40 1187.40
19 150 1343.05 1359.05
18 140 1525.65 1629.65
17 130 1719.20 1735.20
16 120 1923.70 1939.70
15 110 2139.20 2155.20
14 100 2365.65 2511.40
13 90 2603.05 2640.55
12 80 2851.45 2888.95
11 70 3110.80 3148.30
10 60 3381.10 3568.60
9 50 3662.35 3699.85
8 40 3954.55 4366.35
7 30 3894.20 4651.71
6 21.6 2875.50 4076.40
5 17.1 2729.45 4915.05
4 10 3656.30 3656.30
3 2.2 2531.20 2531.20
2 0 1111.15 1111.15
1 -2.05 539.80 539.80

The following �gure shows the STAAD model of the chimney. The chimney is modeled as a

free standing cantilever using assembly of various beam elements. The �gure also shows the

de�ected pro�le of the chimney in the �rst two modes. The de�ected mode of only the �rst

two modes are shown because the across wind load analysis may be carried out only for these

two modes based on the criteria speci�ed in IS : 4998 (Part - 1) 1992 subsequently checked

for in the across wind analysis calculation.
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Figure 4.2: STAAD.Pro Model For Modal Analysis And Frequency Calculation

Table 4.14 details the frequency of the chimney in the �rst six modes for both shell alone

and chimney complete condition. The values of the frequencies may be subsequently used

in the calculations of the across wind load calculations based on the procedure slated in IS :

4998 (Part - 1) 1992.

Table 4.14: Frequency Of The Chimney In The First Six Modes
DESCRIPTION FREQUENCY (Hz)

MODE SHELL ALONE CHIMNEY COMPLETE
1 0.43 0.419
2 1.624 1.575
3 3.878 3.718
4 7.214 6.842
5 11.644 11.007
6 17.162 16.238
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Table 4.15 gives details regarding the mode shape and the ordinates in shell alone as well as

chimney complete condition at the various lumped mass levels. The values may be subse-

quently used in the calculation of across wind load analysis as per the procedure slated in IS

: 4998 (Part - 1) 1992.

Table 4.15: Mode Shapes Of The Chimney

STRUCTURE
DETAIL

MODE SHAPES FOR
1STMODE

MODE SHAPES FOR
2NDMODE

Node
No.

Levels (m) SHELL
ALONE

CHIMNEY
COMPLETED

SHELL
ALONE

CHIMNEY
COMPLETED

22 175 1 1 1 1
21 170 0.951 0.95 0.856 0.852
20 160 0.852 0.851 0.573 0.561
19 150 0.756 0.754 0.308 0.292
18 140 0.662 0.66 0.077 0.058
17 130 0.572 0.569 -0.111 -0.131
16 120 0.487 0.485 -0.251 -0.27
15 110 0.408 0.406 -0.342 -0.36
14 100 0.336 0.334 -0.389 -0.405
13 90 0.271 0.269 -0.398 -0.411
12 80 0.213 0.211 -0.376 -0.386
11 70 0.162 0.161 -0.332 -0.34
10 60 0.118 0.118 -0.274 -0.28
9 50 0.082 0.081 -0.21 -0.215
8 40 0.053 0.052 -0.147 -0.15
7 30 0.03 0.03 -0.09 -0.092
6 21.6 0.016 0.016 -0.051 -0.052
5 17.1 0.011 0.01 -0.034 -0.035
4 10 0.004 0.004 -0.014 -0.014
3 2.2 0.001 0.001 -0.002 -0.002
2 0 0 0 0 0
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Table 4.16 gives details the outputs of the shear force and bending moment obtained from

analysis of the chimney using STAAD.Pro

Table 4.16: Seismic Loads On The Chimney

Levels (m)
SHELL ALONE CHIMNEY COMPLETED

Shear Force
(kN)

Bending Moment
(kN ·m)

Shear Force
(kN)

Bending Moment
(kN ·m)

175 64.9 0 97.28 0
170 224.38 324.49 262.22 486.39
160 339.96 2555.71 367.89 3104.77
150 405.53 5886.54 424.74 6693.82
140 439.88 9708.99 457.99 10636.52
130 453.94 13652.01 472.63 14599.4
120 462.84 17439.09 484.44 18373.15
110 478.68 20890.15 504 21800.04
100 515.21 23926.74 545.63 24821.95
90 581.13 26584.33 613.06 27431.52
80 674.62 29046.29 705.27 29880.93
70 791.52 31662.6 820.4 32507.52
60 923.94 34913.53 959.31 35775.5
50 1060.77 39331.13 1098.21 40200.81
40 1193.17 45338.37 1247.49 46262.44
30 1298.23 53128.39 1381.94 54191.51
21.6 1352.68 61008.03 1469.78 62342.27
17.1 1391.7 65671.23 1554.21 67249.62
10 1415.62 73567.45 1584.06 75749.16
2.2 1417.9 82822.78 1586.95 85858.59
0 1418.14 85512.33 1587.25 88815.62

-2.05 1418.14 88044.27 1587.25 91605.18

Figure 4.3 shows the variation in the magnitudes of earthquake induced shear forces along

the height of the chimney. The values of shear forces induced in case of chimney complete

condition are slightly higher than that in case of shell alone condition.

Figure 4.4 shows the variation in the magnitudes of seismic moments along the height of the

chimney. The values of bending moments induced in case of chimney complete condition are

slightly higher than that in case of chimney complete condition due to increased masses along

the height of the chimney because of presence of lining, platforms and other accessories.
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Figure 4.3: Earthquake Induced Shear Forces

Figure 4.4: Earthquake Induced Bending Moments

From the seismic analysis results it is evident that the magnitudes of shear forces show

considerably variation on the higher side in chimney complete condition as compared to the

small variation visible in the values of bending moments.
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4.7 Wind Load Analysis

Two methods of estimating wind loads are given in clause A-4 and A-5 of Annex A of IS: 4998

(Part - 1) 1992. The along and across wind analysis is done as per the procedure prescribed

therein.

4.7.1 Basic wind data

The following basic details of the structure are deemed necessary for wind load calculations.

PARAMETER DESCRIPTION
Location: Bharuch, Gujarat

Terrain category: (As per IS : 875 (Part - 3) 1987 Pg. 8 Clause
5.3.2.1)

2

Class of the structure: (As per IS : 875 (Part - 3) 1987 Pg. 11 C
Basic wind speed Vb (m/s): (As per IS : 875 (Part - 3) 1987 Pg.

53 Appendix A)
44

Assumed design life of the structure : (As per IS : 875 (Part - 3)
Pg. 11 Table 1)

SHELL
ALONE:

25 years

Assumed design life of the structure : (As per IS : 875 (Part - 3)
Pg. 11 Table 1)

CHIMNEY
COM-
PLETE

100 years

4.7.2 Along wind analysis

Along wind loads are calculated as per the �Simpli�ed Method� and �Random Response

Method� for both Shell Alone (SA) as well as Chimney Complete (CC) condition.

4.7.2.1 Simpli�ed method for along wind loads

The along wind loads are calculated as per IS : 4998 (Part - 1) 1992 Pg. 5 Clause A-4

(Annexe - A).

A sample calculation of force estimation at level EL (+) 100.00 m for shell alone condition

is detailed as follows. The following data is considered for the wind analysis of the chimney.

Basic wind speed Vb : 44 m/s

Risk coe�cient k1(As per IS : 875 (Part - 3) 1987 Pg. 11 Table 1) : 0.91 and Terrain factor

k2at EL (+) 100.00 m (Refer Table 5.18): 1.17
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Topography factor k3 (As per IS : 875 (Part - 3) 1987 Pg.12 Clause 5.4.3.1): 1

Terrain Category : 2, Class of the structure: C, Grade of concrete : M35

The terrain factor k2 for Class C Structures varying along the height of the structure has

been listed in the excel spreadsheets.

SAMPLE CALCULATION AT EL (+) 100.00 m (SHELL ALONE CONDITION)

The along wind load or drag force per unit height of the chimney at any level shall be

calculated from the equation:

Fz = pz · CD · dz

pz= design wind pressure obtained in accordance with IS : 875 (Part - 3) 1987 Pg. 12 Clause

5.4

CD = drag coe�cient of the chimney to be taken as 0.8

dz = external diameter of the chimney at height z = 8.812 m (Refer Table 5.18)

VZ = design wind velocity in m/s at height z calculated in accordance with IS : 875 (Part -

3) 1987 Pg. 8 Clause 5.3

The additional or secondary moments induced due to the de�ection of the chimney (P-δ

e�ect) has also been considered in the calculation.

Vz = Vb · k1 · k2 · k3 = 44 ×0.91×1.17×1 = 46.847 m/s

pz = 0.6× V 2
z = 0.6×(46.487)2= 1316.77 N/m2

FZ = (1316.80/1000)×0.8×8.812 = 9.28 kN/m

FZ at 110.0m = 8.87 kN/m (Refer Table 5.18)

Height of the segment = 110 - 100 = 10 m

Force CG wrt level 100.0 m =
(110− 100)× (9.28 + 2× 8.87)

3× (9.28 + 8.87)
= 4.9623 m (Refer Fig. 4.5)

Shear force at 100.0 m = (110 - 100)×
(

9.28 + 8.87

2

)
= 90.76 kN

Cumulative force at 110.0 m = 479.99 kN (Refer Table 5.18)

Cumulative force at 100.0 m = 479.99 + 90.76 = 570.74 kN

Cumulative moment at 110.0 m = 14512.68 kN ·m
Net Bending Moment at 100.0 m = 14512.68 + (90.76×4.9623) + (479.99×10) = 19762.85kN ·m
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De�ection at 110.0 m = 0.0577 m

De�ection at 100.0 m = 0.0481 m

Di�erential de�ection = 0.0577 - 0.0481 = 0.0096 m (Refer Fig. 4.6)

Axial load at 110.0 m = 9726.8 kN

Secondary moment at 110.0 m = 252.38 kN ·m
Secondary moment at 100.0 m = 252.38 + (9726.8×0.0096) = 346.11 kN ·m

Net moment at 100.0 m = 19762.85 + 346.11 = 20108.96 kN ·m

Figure 4.5: Simpli�ed Method - Along Wind Load - Shear Force And Bending
Moment Calculation

Figure 4.6: Simpli�ed Method - Along Wind Load - Secondary Moment Calculation

Table 4.17 and Table 4.18 give details regarding the along wind analysis and the corresponding

values of shear force and bending moment at various lumped mass levels of the chimney for

shell alone and chimney complete condition respectively.
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4.7.2.2 Random response method for along wind loads

The along wind loads are calculated as per IS : 4998 (Part - 1) 1992 Pg. 7 Clause A-5 (Annexe

- A). The along wind load is calculated by the Gust Factor Method. For the computation of

forces and moments the frequency of the chimney is taken from the modal analysis performed

using STAAD.Pro.

A sample calculation of force estimation at level EL (+) 100.00 m for shell alone condition

is detailed as follows. The following data is considered for the wind analysis of the chimney.

SHELL ALONE CONDITION

Basic wind speed Vb (m/s) : 44

Risk coe�cient k1: (As per IS : 875 (Part - 3) 1987 Pg. 11 Table 1) 0.91

Terrain factor k̄2 at 100.00 m (Refer Table 5.18) 0.92

Topography factor k3: (As per IS : 875 (Part - 3) 1987 Pg.12 Clause 5.4.3.1) 1

z = height in m of the section of the chimney at 100.0 m measured from the

top of the foundation

102.05

dz = external diameter of the chimney at 100.0 m 8.812

Fundamental frequency f1(Hz) 0.43

Height of the chimney above the top of the foundation: 177.05

The along wind load per unit height at any height z on a chimney shall be calculated using

the procedure detailed in IS : 4998 (Part - 1) 1992 Pg. 7 Clause A - 5 (Exurban - A) and

explained step by step as follows:

Fz = Fzm + Fzf

Fzm = wind load in N/m height due to Hourly Mean Wind at height z

= p̄z · CD · dz
p̄z = design pressure at height z, due to HMW is given by

=0.6× V̄ 2
z

V̄z = 44× 0.91× 0.92× 1 = 36.837 m/s

p̄z = 0.6× (36.837)2 = 814.17 N/m2

Fzm =

(
814.2

1000

)
× 0.8× 8.812 = 5.74 kN/m

B = background factor indicating the slowly varying component of wind load �uctuation

=

[
1 +

(
H

265

)0.63
]−0.88

=

[
1 +

(
177.05

265

)0.63
]−0.88

= 0.603

57



E = measure of the available energy in wind at the natural frequency of the chimney

=

123 ·
(
f1
V̄10

)
·H0.21[

1 +

(
330 · f1
V̄10

)2

×H0.42

]0.83
S = size reduction factor

=

[
1 + 5.78 ·

(
f1
V̄10

)1.14

·H0.98

]−0.88

V̄10 = hourly mean wind speed in m/sec at 10 m above the ground level

= Vb · k̄2 where Vb and k̄2 are as de�ned in IS : 875 (Part - 3) 1987

f1 = natural frequency of the chimney in the �rst mode of vibration in Hz

Vb = 44 m/s

Fzf = wind load in N/m due to �uctuating component of wind at height z

=
3 · (G− 1)

H2
×
(
Z

H

)
·
´
Fzm · z · dz

G = Gust factor which is given by the equation

= 1 + gf · r ·
(√

B +
SE

β

)
gf = peak factor = ratio of the expected peak value to RMS value of the �uctuating load

=
(√

2 · logevT
)

+
0.577√

2 · logevT
vT =

3600 · f1√
1 +

Bβ

SE
r = twice the turbulence intensity = 0.622− 0.178× log10H

= 0.622− 0.178× log10177.05 = 0.222

f1 = 0.43 Hz

k̄2 = 0.92

V̄10 = 44×0.92 = 29.48 m/s(
f1
V̄10

)
=

(
0.43

29.48

)
= 0.0146

S =[1 + (5.78× 0.01461.14)× 177.050.98]
−0.88

= 0.153

E =
123× 0.0146× 177.050.21[

1 + (330× 0.0146)2 × 177.050.42
]0.83 = 0.064

β = 0.016

vT =
3600× 0.043√

1 +
0.603× 0.016

0.153× 0.064

= 1099.3
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gf =
(√

2 · loge1099.3
)

+
0.577√

2 · loge1099.3
= 3.90

G = 1 + 3.90× 0.222×

(√
0.603 +

0.153× 0.064

0.016

)
= 1.954

´
Fzm · z ·

dz

= 80135.88 (Refer Table 5.20)

Fzf =
3 · (1.954− 1)

(177.05)2
×
(

102.05

177.05

)
× 80135.88 =4.216 kN/m

Total load = 5.74 + 4.216 = 9.956 kN/m

Load at 110.0 m = 10.1319 kN

Shear Force at 100.0 m =

(
9.956 + 10.131

2

)
× 10 = 100.4395 kN

Force CG wrt level 100.0 m =
(110− 100)× (9.956 + 2× 10.1319)

3× (9.956 + 10.1319)
= 5.0146 m

Cumulative force at 110.0 m = 689.606kN

Cumulative force at 100.0 m = 689.606 + 100.44 = 790.046 kN

Cumulative moment at 110.0 m = 22721.35 kN ·m
Net Bending Moment at 100.0 m = 22721.35 + (689.606×10) + (100.44×5.0146) = 30121.07kN ·m

De�ection at 110.0 m = 0.0637 m

De�ection at 100.0 m = 0.0527 m

Di�erential de�ection = 0.011 m

Axial load at 110.0 m = 9726.8 kN

Secondary moment at 110.0 m = 295.99 kN ·m
Secondary moment at 100.0 m = 295.99 + (9726.8×0.011) = 402.9848 kN ·m

Net moment at 100.0 m = 30121.07 + 402.9848 = 30524.0548 kN ·m
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Figure 4.7: Random Response Method - Along Wind Load - Shear Force And Bending
Moment Calculation

Figure 4.8: Random Response Method - Along Wind Load - Secondary Moment
Calculation
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ALONG WIND LOADS : RANDOM RESPONSE METHOD - As per IS : 4998
(Part - 1) 1992 Pg. 7 Clause A-5 (Annexe - A)

DESCRIPTION SA CC

Probability factor k1 : 0.91 1.07

Fundamental frequency f1(Hz) 0.43 0.419

β 0.016 0.016

V̄10 (m/s) 29.48 29.48

S 0.153 0.156

E 0.064 0.065

vT 1099.3 1081.7

gf 3.90 3.89

G 1.954 1.962

Table 4.19 give details in case of shell alone, of the loads Fzm and Fzf which sum up to give

the total along wind load acting at any level of the chimney under consideration and Table

4.20 gives details of the shear force and bending moment at levels assumed for lumped mass

modeling.

Table 4.21 give details in case of chimney complete condition, of the loads Fzm and Fzf

which sum up to give the total along wind load acting at any level of the chimney under

consideration and Table 4.22 gives details of the shear force and bending moment at levels

assumed for lumped mass modeling.
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4.7.3 Across wind analysis

Across wind loads are calculated as per the �Simpli�ed Method� and �Random Response

Method� for both shell alone as well as chimney complete condition.

The critical wind speed for vortex shedding for the ithmode of vibration is calculated as per IS

: 4998 (Part - 1) 1992 Pg. 7 Clause A - 4.3 (Annexe - A). And as per IS : 4998 (Part - 1) 1992

Pg. 7 Clause A - 4.4 (Annex - A), only those modes which can be excited up to wind speeds

10 % above the maximum expected wind speed at the height of the e�ective diameter shall

be considered for analysis. If the critical wind speed for any mode of oscillation exceeds the

limits speci�ed earlier, it is permissible to assume that problem of vortex excited resonance

will not be a design criterion for that and the higher modes. In such cases across-wind

analysis can be ignored.

BASIC WIND DATA

PARAMETER SHELL ALONE

CONDITION

CHIMNEY

COMPLETE

CONDITION

Elevation at chimney top (m) 175 175

External diameter at top (m) 5 5

Elevation at 1/3 height of the chimney (m) 116.666 116.666

External diameter at 1/3 height of the

chimney (m)

7.965 7.965

E�ective diameter i.e. average diameter over

the top 1/3 height of the chimney, d (m)

6.482 6.482

Strouhal number Sn : 0.2 0.2

k2max : 1.225 1.225

Maximum expected wind speed Vmax (m/s) = 40.04× 1.225 =

49.049

= 47.08× 1.225 =

57.673

Vmax increased by 10 % (m/s) = 1.10× 49.049 =

53.95

= 1.10× 57.673 =

63.44

CRITICAL WIND SPEED CALCULATION AND CHECK FOR THE REQUIREMENT

OF ACROSS WIND ANALYSIS

As per IS : 4998 (Part - 1) 1992 Pg. 7 Clause A - 4.3 (Exurban - 4) Vcri =
fi · d
Sn

Vcri= Critical wind speed for vortex shedding for ithmode of vibration

fi= natural frequency of the chimney in Hz in the ithmode of vibration
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d = e�ective diameter i.e. average diameter over the top 1/3 height of the chimney in m

Sn= Strouhal number to be taken as 0.2

SHELL ALONE CONDITION CHIMNEY COMPLETE CONDITION

Mode Frequency

(Hz)

Vcr

(m/s)

Requirement Mode Frequency

(Hz)

Vcr

(m/s)

Requirement

1 0.43 13.938 Yes 1 0.419 13.581 Yes

2 1.624 52.639 Yes 2 1.575 51.051 Yes

3 3.878 125.698 No 3 3.718 120.512 No

4 7.214 233.829 No 4 6.842 221.771 No

5 11.644 377.419 No 5 11.007 356.772 No

6 17.162 556.275 No 6 16.238 526.325 No

4.7.3.1 Basic wind speed calculation for co-existing along wind calculation

The co-existing along wind load is combined with the across wind loads as per IS : 4998 (Part

- 1) 1992 Pg. 3 Note 1 after Clause 5.3

Elevation at 1/3 height of the chimney : 116.666 m

k2c =value of terrain and height factor at elevation EL (+) 116.666 m as per IS : 875 (Part

- 3) 1987 Pg. 49 Table - 33

k2c =0.93336

V
′

b =
Vcri

k1 · k2c · k3

For Shell Alone (Mode - 1) V
′

b =
13.938

0.91× 0.933× 1
= 16.4096 m/s

VARIABLE
SHELL ALONE CHIMNEY COMPLETE

MODE 1 MODE 2 MODE 1 MODE 2

k1 0.91 0.91 1.07 1.07

k3 1 1 1 1

Vcri (m/s) 13.938 52.639 13.581 51.051

V
′

b (m/s) = 16.4096 = 61.975 = 13.599 = 51.119
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4.7.3.2 SIMPLIFIED METHOD FOR ACROSS WIND LOAD

The across wind loads are calculated as per IS : 4998 (Part - 1) 1992 Pg. 6 Clause A - 4.2

(Annexe - A)

SAMPLE CALCULATION AT LEVEL EL (+) 100.0 m (SHELL ALONE CON-

DITION : MODE - 1)

The following data has been considered for analysis of the chimney.

CL =peak oscillatory lift coe�cient to be taken as 0.16

Sn =Strouhal number to be taken as 0.2

β =Structural damping as a fraction of critical damping to be taken as 0.016

δs =Logarithmic decrement of structural damping = 2 · π · β = 2× π × 0.016 = 0.100531

σ =mass density of air to be taken as 1.2kg/m3

Diameter Dzat 100.0 m = 8.812 m

Normalized mode shape φz at 100.0 m = 0.3346

Lumped mass at 100.0 m = 241.147 kN − sec2/m2

E�ective height for the lumped mass at 100.0 m =

(
110− 100

2

)
+

(
100− 90

2

)
= 10 m

Lumped mass of shell per m height (mz) at

100.0 m

=
241.47

10
= 24.1147 kN − sec2/m

mz · (φz)2 = 24.1147× 0.3362 = 2.7225

mz · (φz)2 at 110.0 m = 3.63

dz (m) = 110 - 100 = 10

mz · (φz)2 · dz at 100.0 m =

(
2.72 + 3.63

2

)
× 10 = 31.762

(φz)
2 · dz at 100.0 m = (0.336)2 × 10 = 1.1290

Dz · φz · dz at 100.0 m = 8.812× 0.336× 10 = 29.610´
mz · (φz)2 · dz = 547.6347´

(φz)
2 · dz = 36.7728´

Dz · φz · dz = 431.870
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mei =

´
mz · (φz)2 · dz´
(φz)2 · dz

=
547.63

36.77
= 14.89

Ksi =
2 ·mei · δs
σ · (d)2

=
2× 14.89× 0.1

0.00122× 6.48× 6.48
= 58.40244

ηoi =

´
Dz · φz · dz´
(φz)2 · dz

× CL

4 · π · (Sn)2 ·Ksi
=

(
431.870

36.7728

)
×
(

0.16

4× π × (0.2)2 × 58.40244

)
= 0.0640096

Fzoi =4 · π2 · (f1)2 · ηoi ×
´
mz · (φz) · dz = 3.7858 kN ·m

Sectional shear force at 110.0 m = 4.1570 kN/m

Shear force at 110.0 m = 43.0957 kN

Shear Force at 100.0 m =

(
3.7858 + 4.1570

2

)
× (110− 100) =39.7144 kN

Cumulative Shear Force at 110.0 m = 303.4393kN

Cumulative shear force at 100.0 m = 303.4393 + 39.7144 = 343.1537 kN

Cumulative bending moment at 110.0 m = 10017.414 kN ·m
Cumulative bending moment at 100.0 m = 13253.472 kN ·m

Figure 4.9: Simpli�ed Method - Across Wind Load - Shear Force And Bending Moment
Calculation
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SHEAR FORCE DUE TO CO-EXISTING ALONG WIND LOADS

VZ = 16.410× 0.91× 0.92× 1 = 13.738 m/s

pz = 0.6× (13.7381)2 = 113.24 N/m2

External diameter dz = 8.812 m

FZ =
113.24

1000
× 0.8× 8.812 = 0.798 kN/m

FZ at 110.0m = 0.765kN/m

Height of the segment =

(
0.798 + 0.7650

2

)
× (110− 100) =7.82 kN

Force CG wrt level 100.0 m =
(110− 100)

3
×
(

0.798 + 2× 0.765

0.798 + 0.765

)
= 4.965 m

Shear force at 100.0 m =

(
0.798 + 0.765

2

)
× (110− 100) =7.82 kN

Cumulative shear force at 110.0 m = 41.93kN

Cumulative shear force at 100.0 m = 41.93 + 7.82 = 49.75 kN

Cumulative moment at 110.0 m =1274.31 kN ·m
Moment due to co-existing along wind load

at 100.0 m

=1732.46 kN ·m

Resultant shear force at 100.0 m = 343.1537 + 49.75 = 346.742 kN

Resultant bending moment at 100.0 m = 13253.472 + 1732.46 = 13366.22 kN ·m

Table 4.23 to Table 4.26 summarize the values of shear force and bending moment at various

levels of the chimney, calculated using the Simpli�ed Method for across wind analysis for

shell alone condition for 1st and 2nd mode.

Table 4.27 to Table 4.34 house the values of shear force and bending moment at various levels

of the chimney, calculated using the Simpli�ed Method for across wind analysis for chimney

complete condition for 1st and 2nd mode.
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4.7.3.3 Random response method for across wind analysis

The across wind loads are calculated on the chimney as per IS : 4998 (Part - 1) 1992 Pg. 7

Clause A - 5.3 (Annexe - A)

The calculation is made by �rst calculating the peak response amplitude at the speci�ed

mode of vibration (usually the �rst or second).

SAMPLE CALCULATION AT EL (+) 40.0 m (CHIMNEY COMPLETE CONDITION :

MODE - 1)

Peak Response Amplitude, ηoi =

(
1.25× C̄L × d× φHi

(π)2 × (Sn)2

)
×


σ × d2 ×

√ √
π · L

2 · (∩+ 2)

mei


([

1

H

´
(φ)2 · dz

]0.5
×
√
β − Ka · σ · d2

mei

)
Sectional shear force Fzoi =4 · π2 · (f1)2 · ηoi ×

´
mz · (φz) · dz

Elevation at half height of the chimney = 87.5 m
External diameter at half height of the

chimney
= 9.448 m

Average outer diameter over the top 1/2
chimney dav

= 7.276 m

Taper: = 2×
(
dav − dtop

H

)
= 0.0257

Equivalent aspect ratio
⋂

=

(
H

d

)
=27.3114

Aerodynamic damping coe�cient Ka = 0.5
Correlation length in diameters L = 1

RMS Lift coe�cient C̄L = 0.12
Peak Response Amplitude ηoi = 0.025777

Sectional shear force Fzoi = 0.3745 kN/m
Sectional shear force Fzoi at 50.0 m = 0.5403

Segment height h m = 50− 40 = 10

Shear force at 40.0 m =

(
0.3745 + 0.544

2

)
× 10 = 4.574 kN

From Fig. 4.10 CG of shear force at 40.0 m =

(
10

3

)
×
(

0.3745 + 2× 0.544

0.3745 + 0.544

)
= 5.3075 m

Cumulative shear at 50.0 m = 180.78 kN
Cumulative shear at 40.0 m = 180.78 + 4.574 = 185.3553 kN

Co-existing along wind shear force at 40.0 m = 95.47 kN

Resultant shear force at 40.0 m =
√

(185.36)2 + (95.47)2 = 208.50 kN
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Cumulative moment 50.0 m = 13023.26 kN ·m
Moment due to cumulative shear at 50.0 m = 180.78× 10 = 1807.8 kN ·m

Moment due to shear force at 40.0 m = 4.574× 5.301 = 24.2467 kN ·m
Bending moment at 40.0 m = 13023.26 + 1807.8 + 24.24 = 14855.3 kN ·m

Moment due to other lumped mass = 713.25 kN ·m
Total bending moment = 14855.3 + 713.25 = 15568.55 kN ·m

Co-existing along wind moment at 40.0 m =5905.482 kN ·m
Resultant bending moment at 40.0 m =

√
(15568.55)2 + (5905.482)2 = 16650.96 kN ·m

Figure 4.10: Random Response Method - Across Wind Loads - Shear Force & Bending
Moment Calculation

ACROSS WIND LOADS : RANDOM RESPONSE METHOD - As per IS : 4998

(Part - 1) 1992 Pg. 7 Clause A - 5.3 (Annexe - A)

DESCRIPTION SA CC

Mode 1 : Peak tip de�ection due to vortex shedding ηoi 0.0270 0.0257

Mode 2 : Peak tip de�ection due to vortex shedding ηoi 0.0288 0.0263

Table 4.35 and Table 4.36 house the values of shear force and bending moment for 1st and

2nd mode respectively, acting at various levels for shell alone condition.

Table 4.37 to Table 4.40 detail the value of shear force and bending moment for 1st and 2nd

mode in case of chimney complete condition. The contribution of lumped masses other then

the RCC shell have also been tabulated in detail and considered in calculation.
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4.8 Summary of results

This chapter contains the summary of axial forces, shear forces and bending moments acting

at various levels considered across the height of the chimney. The values for shell alone as

well as chimney complete conditions have been tabulated. Table 4.41 gives details of the

axial loads, Table 4.42 gives the details of the shear forces and Table 4.43 gives the details

of the bending moments. Figure 4.11 and 4.12 show the variation in the magnitudes of

shear force along the height of the chimney. Figure 4.13 and 4.14 show the variation in the

magnitudes of bending moment along the height of the chimney. The results obtained by

various methods of analysis recommended by IS : 4998 (Part - 1) 1992 have been compiled

in the following table and the maximum of the same shall be considered for the design of the

RCC shell. A magni�cation factor or 1.1 has been applied to the governing forces to consider

the �uctuations the amplitude of transverse oscillations in the case of rare load combinations.

The following things are evident from the plots:

• From the graphs shown in Fig. 4.11 and Fig. 4.12 it is evident that the shear forces in-
duced in the chimney owing to the seismic forces show a consistently uniform increment
along the height of the chimney, whereas the shear forces induced due to wind loads
show a sharp variation over a particular range of height in which the wind achieves its
critical wind speed.

• The values of shear force and bending moment calculated using the random response
method for along wind loads are higher than those obtained using simpli�ed method
both in presence as well as absence of lining.

• Across wind load analysis done for the 2nd produces the governing values of shear force
and bending moments may it be shell alone or chimney completed condition.

• Nature of variation in magnitudes of shear force and bending moment along the height
of the chimney remains more or less the same in both the cases namely shell alone
and chimney complete, except the values being higher in case of chimney complete
condition.
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Table 4.41: Summary Of Axial Loads

Levels (m)
AXIAL LOADS (CUMULATIVE)

Shell Alone Case Chimney Completed Case
175 0 120.70
170 485.3 660.70
160 1573.6 1765.00
150 2828.1 3035.50
140 4259.7 4571.10
130 5879.4 6206.80
120 7698.1 8041.50
110 9726.8 10086.20
100 11976.5 12481.65
90 14458.1 15000.75
80 17182.6 17762.75
70 20161 20778.65
60 23404.2 24209.35
50 26923.2 27765.85
40 30728.9 31984.35
30 34832.3 36844.25
21.6 38517.3 41730.16
17.1 40584.3 45981.75
10 43976.2 49374.65
2.2 47895.9 53294.35
0 49038.6 54437.05

-2.05 50118.2 55516.65
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Figure 4.11: Summary Of Magni�ed Shear Forces (Shell Alone Condition)

Figure 4.12: Summary Of Magni�ed Shear Forces (Chimney Complete Condition)
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Figure 4.13: Summary Of Magni�ed Bending Moments - Shell Alone Condition

Figure 4.14: Summary Of Magni�ed Bending Moments - Chimney Complete Condition
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Chapter 5

Design Of RCC Shell

5.1 Introduction

This chapter houses the details of the RCC wind shield design. RCC wind shield is designed

as per working stress method given in IS : 4998 (Part - 1) 1975. The calculations of stresses at

important or controlling sections are given for both Shell Alone (SA) and Chimney Complete

(CC) conditions.

The following load combinations have been considered for design of the RCC shell:

• Dead Load + Governing Moments

• Dead Load + Temperature

• Dead Load + Governing Mom9ents + Temperature

• Circumferential Loads

� Due to wind

� Due to temperature

� Due to wind + temperature
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5.2 Calculation of stresses in RCC shell due to DL

Grade of concrete used for shell construction = M35

Permissible stress in concrete in bending compression : σcbc = 11.5 (N/mm2)

Modular ratio m =
280

3 · σcbc
= 8.1159

Plenum size = 4.5 m×4.5 m
Access door size = 2.2 m×2.5 m

SAMPLE CALCULATION OF STRESSES IN RCC SHELL AT EL (+) 30.0 m

(SHELL ALONE CONDITION)

Thickness of the shell = 0.455 m

Internal diameter of shell = 11.46 m

Axial load (kN) = 34832.3 kN

Modular ratio m = 8.12

Area of the shell = 17.024 m2

Stress in the shell σ
′
cv (N/mm2) =

34832.3× 103

17.024× 106
= 2.047

Allowable stress as per IS : 456 - 2000 Pg. 81 Table 21 = 9 N/mm2

The area of plenums, access doors etc has been deducted from the actual shell area for stress

calculations.
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Table 5.1details the stresses induced in the RCC shell (Shell Alone Condition) under the

e�ect of dead loads individually.

Table 5.1: Stress In RCC Shell Due To Dead Loads (DL) : Shell Alone Condition
Levels
(m)

Internal
diameter of
shell (m)

Thickness
of shell

(m)

Axial load
(kN)

Area
(m2)

σ
′
cv

(N/mm2)
Allowable

σcv
(N/mm2)

Check

175 4.50 0.250 0 3.731 0.000 9 Safe
170 4.74 0.257 485.3 4.036 0.120 9 Safe
160 5.22 0.271 1573.6 4.678 0.336 9 Safe
150 5.70 0.285 2828.1 5.365 0.527 9 Safe
140 6.18 0.299 4259.7 6.095 0.699 9 Safe
130 6.66 0.314 5879.4 6.869 0.856 9 Safe
120 7.14 0.328 7698.1 7.688 1.001 9 Safe
110 7.62 0.342 9726.8 8.550 1.138 9 Safe
100 8.10 0.356 11976.5 9.455 1.267 9 Safe
90 8.58 0.370 14458.1 10.405 1.390 9 Safe
80 9.06 0.384 17182.6 11.398 1.507 9 Safe
70 9.54 0.398 20161 12.436 1.621 9 Safe
60 10.02 0.412 23404.2 13.517 1.731 9 Safe
50 10.50 0.427 26923.2 14.642 1.839 9 Safe
40 10.98 0.441 30728.9 15.811 1.944 9 Safe
30 11.46 0.455 34832.3 17.024 2.046 9 Safe
21.6 11.86 0.467 38517.3 13.800 2.791 9 Safe
17.1 12.08 0.473 40584.3 14.400 2.818 9 Safe
10 12.42 0.483 43976.2 19.581 2.246 9 Safe
2.2 12.80 0.494 47895.9 19.550 2.450 9 Safe
0 12.90 0.497 49038.6 19.320 2.538 9 Safe

-2.05 13.00 0.500 50118.2 21.206 2.363 9 Safe
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Table 5.2 houses the stresses induced in the RCC shell (Chimney Complete Condition) due

to dead loads individually.

Table 5.2: Stresses In RCC Shell Due To Dead Loads (DL): Chimney Complete Condition
Levels
(m)

Internal
diameter of
shell (m)

Thickness
of shell

(m)

Axial load
(kN)

Area
(m2)

σ
′
cv

(N/mm2)
Check

175 4.50 0.250 120.70 3.731 0.032 Safe
170 4.74 0.257 660.70 4.036 0.164 Safe
160 5.22 0.271 1765.00 4.678 0.377 Safe
150 5.70 0.285 3035.50 5.365 0.566 Safe
140 6.18 0.299 4571.10 6.095 0.750 Safe
130 6.66 0.314 6206.80 6.869 0.904 Safe
120 7.14 0.328 8041.50 7.688 1.046 Safe
110 7.62 0.342 10086.20 8.550 1.180 Safe
100 8.10 0.356 12481.65 9.455 1.320 Safe
90 8.58 0.370 15000.75 10.405 1.442 Safe
80 9.06 0.384 17762.75 11.398 1.558 Safe
70 9.54 0.398 20778.65 12.436 1.671 Safe
60 10.02 0.412 24209.35 13.517 1.791 Safe
50 10.50 0.427 27765.85 14.642 1.896 Safe
40 10.98 0.441 31984.35 15.811 2.023 Safe
30 11.46 0.455 36844.25 17.024 2.164 Safe
21.6 11.86 0.467 41730.16 13.800 3.024 Safe
17.1 12.08 0.473 45981.75 14.400 3.193 Safe
10 12.42 0.483 49374.65 19.581 2.522 Safe
2.2 12.80 0.494 53294.35 19.550 2.726 Safe
0 12.90 0.497 54437.05 19.320 2.818 Safe

-2.05 13.00 0.500 55516.65 21.206 2.618 Safe
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5.3 Calculation of stresses in the shell under DL + WL

combination (Governing Moments)

(A) Annular section without opening:

SAMPLE CALCULATION OF STRESSES AT EL (+) 30.0 m (CHIMNEY COMPLETE

CONDITION)

Axial load = 36844.25 kN

Bending Moment = 167379.83 kN ·m
Thickness of shell t = 0.455 m

Internal diameter of the shell Id = 11.461 m

Mean radius of the shell r =
11.461 + 0.455

2
=5.96 m

Grade of concrete = M35

Grade of steel = Fe500

Modular ratio m = 8.12

Total steel ratio p = 0.005

Eccentricity e =

(
M

W

)
= 4.4853(e

r

)
=

4.4853

5.96
= 0.7525

α = position of neutral axis and its value needs to be such that the ratio
(e
r

)
=

(
A

B

)
.

A =
1

2
· [(1− p) · (α− sinα · cosα) + (mp) · π]

A = 1.069

B = (1− p) · (sinα− αcosα)− (mp) · π · cosα

B = 1.404

(
A

B

)
=

(
1.069

1.404

)
= 0.7612
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σ
′

cv =
W · (1− cosα)

2 · r · t ·B

σ
′
cv = 5.94 N/mm2

σcv = σ
′

cv ·
[
1 +

t

2 · r · (1− cosα)

]

σcv = 6.12 N/mm2

Allowable σcvN/mm
2 as per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.1 (a)

Allowable σcv = 0.38× σcu = 0.38×35 = 14.3 N/mm2 > 6.12 N/mm2.... Hence Safe.

σsv = m · σ′

cv ·
[

1 + cosα

1− cosα

]

σsv = 39.280 N/mm2

Allowable σsv N/mm
2as per Is : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.2 (a)

Allowable σsv= 0.57×fy = 0.57×500 = 285 N/mm2 > 39.280 N/mm2.... Hence Safe.

φ = angle between the direction of wind and the center line of the opening.

In our case the openings are located such that its value remains zero in all the cases.

Figure 5.1 shows the details of the openings at EL (+) 21.9 and even de�nes β and α and
shows the calculations for the same.
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Figure 5.1: Details Of Opening At EL (+) 21.9 m

Table 5.3 to Table 5.5 house the magnitude of the stresses induced in the RCC shell (Shell

Alone Condition) under the combination of DL and WL. The details regarding the de�nition

of φ, β and α are as mentioned in the text and �gure 4.1.
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Table 5.3: Stresses In RCC Shell Due To DL + WL (Shell Alone Condition)
Elevation

(m)

Axial

Load

(kN)

Governing

Moment

(kN �m)

Eccentricity Radius Section

Property
φ(radian) β(radian)

e = M/W r (m)

175 0.00 0.00 0.000 2.38 Annular 0 0.00

170 485.30 542.28 1.117 2.50 Annular 0 0.00

160 1573.60 4585.08 2.914 2.75 Annular 0 0.00

150 2828.10 11751.91 4.155 2.99 Annular 0 0.00

140 4259.70 20935.67 4.915 3.24 Annular 0 0.00

130 5879.40 30916.27 5.258 3.49 Annular 0 0.00

120 7698.10 40480.73 5.259 3.73 Annular 0 0.00

110 9726.80 48593.19 4.996 3.98 Annular 0 0.00

100 11976.50 54591.43 4.558 4.23 Annular 0 0.00

90 14458.10 58412.88 4.040 4.48 Annular 0 0.00

80 17182.60 60873.51 3.543 4.72 Annular 0 0.00

70 20161.00 64866.09 3.217 4.97 Annular 0 0.00

60 23404.20 77352.32 4.305 5.22 Annular 0 0.00

50 26923.20 90802.22 4.373 5.46 Annular 0 0.00

40 30728.90 105169.09 3.422 5.71 Annular 0 0.00

30 34832.30 124865.56 3.585 5.96 Annular 0 0.00

21.6 38517.30 148314.31 3.851 6.17 2 open. 0 0.50

17.1 40584.30 161804.03 3.987 6.28 1 open. 0 0.10

10 43976.20 184077.90 4.186 6.45 Annular 0 0.00

2.2 47895.90 209583.82 4.376 6.64 Annular 0 0.00

0 49038.60 216933.85 4.424 6.70 1 open. 0 0.09

-2.05 50118.20 223831.07 4.466 6.75 Annular 0 0.00
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Following expressions for eccentricity ratio and stresses in concrete and steel have been used

for the typical cases of annular cross-sections of the chimney shell:

Eccentricity Ratio
(e
r

)
=

(
A

B

)

(B) Annular section with single opening: (Sample Calculation At EL (+) 17.1 m)

Axial load = 45981.75 kN

Governing moment = 196222.06 kN ·m
Thickness of the shell = 0.473 m

Internal diameter of the shell = 12.081 m

Mean radius r =

(
12.081 + 0.473

2

)
= 6.277 m

Total steel ratio p = 0.0045

Eccentricity e =

(
M

W

)
=

(
196222.06

4581.75

)
= 4.2673(e

r

)
=

(
4.2673

6.277

)
= 0.6798

A =
1

2
·[(1− p) · (α− sinα · cosα)− (1− p+mp) · (β + sinβ · cosβ − 2 · cosα · sinβ) + (mp) · π]

A = 1.101

B = (1− p) · (sinα− α · cosα)− (1− p+mp) · (sinβ − βcosα)− (m · p · π · cosα)

B = 1.641

(
A

B

)
=

(
1.101

1.641

)
= 0.6709

σ
′

cv =

[
W · (cosβ − cosα)

2 · r · t · β

]
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σ
′
cv = 6.66 N/mm2

σcv = σ
′

cv ·
[
1 +

t

2 · r · cosβ · (cosβ − cosα)

]

σcv = 6.84 N/mm2

Allowable σcvN/mm
2 as per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.1 (a)

Allowable σcv = 0.38× σcu = 0.38×35 = 14.3 N/mm2 > 6.84 N/mm2.... Hence Safe.

σsv = m · σ′

cv ·
[

1 + cosα

(cosβ − cosα)

]

σsv = 38.110 N/mm2

Allowable σsv N/mm
2as per Is : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.2 (a)

Allowable σsv= 0.57×fy = 0.57×500 = 285 N/mm2 > 38.110 N/mm2.... Hence Safe.

(C) Annular section with two diametrically opposite equal openings: (Sample calculation at

EL (+) 21.6 m)

Axial load = 41730.16 kN

Governing moment = 185973.82 kN ·m
Thickness of the shell = 0.467 m

Internal diameter of the shell = 11.865 m

Mean radius r =

(
11.865 + 0.467

2

)
= 6.166 m

Total steel ratio p = 0.0050

Eccentricity e =

(
M

W

)
=

(
185973.82

41730.16

)
= 4.4565(e

r

)
=

(
4.4565

6.166

)
= 0.723

A =
1

2
[(1− p) · (α− β − sinα · cosα− sinβ · cosβ + 2 · cosα · sinβ) +mp · (π − 2β − sin2β)]
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A = 0.407

B = (1− p) · (sinα− αcosα− sinβ + βcosα)− (π − 2β) ·mp · cosα

B = 0.564

(
A

B

)
=

(
0.407

0.564

)
= 0.7216

σ
′

cv =

[
W · (cosβ − cosα)

2 · r · t · β

]

σ
′
cv = 12.68 N/mm2

σcv = σ
′

cv ·
[
1 +

t

2 · r · cosβ · (cosβ − cosα)

]

σcv = 13.23 N/mm2

Allowable σcvN/mm
2 as per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.1 (a)

Allowable σcv = 0.38× σcu = 0.38×35 = 14.3 N/mm2 >13.23 N/mm2.... Hence Safe.

σsv = m · σ′

cv ·
[

(cosβ + cosα)

(cosβ − cosα)

]

σsv = 78.990 N/mm2

Allowable σsv N/mm
2as per Is : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.2 (a)

Allowable σsv= 0.57×fy = 0.57×500 = 285 N/mm2 > 78.990 N/mm2.... Hence Safe.
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Table 5.5: Stresses In RCC Shell Due To DL + WL (Shell Alone Condition - Contd.)
Elevation

(m)

STRESSES

σ
′

cv

(N/mm2)

σcv(N/mm
2) Allowable

σcv

Check σsv

(N/mm2)

Allowable

σsv

Check

175 0 0 14.3 Safe 0 285 Safe

170 0 0.23 14.3 Safe 0 285 Safe

160 1.41 1.52 14.3 Safe 16.755 285 Safe

150 3.17 3.49 14.3 Safe 55.424 285 Safe

140 4.04 4.39 14.3 Safe 60.079 285 Safe

130 5.08 5.52 14.3 Safe 79.287 285 Safe

120 5.57 6.03 14.3 Safe 84.157 285 Safe

110 5.78 6.22 14.3 Safe 83.172 285 Safe

100 5.45 5.79 14.3 Safe 66.437 285 Safe

90 4.57 4.77 14.3 Safe 39.056 285 Safe

80 4.02 4.14 14.3 Safe 25.548 285 Safe

70 3.72 3.82 14.3 Safe 19.012 285 Safe

60 3.85 3.95 14.3 Safe 18.773 285 Safe

50 4.06 4.15 14.3 Safe 19.411 285 Safe

40 4.19 4.28 14.3 Safe 19.415 285 Safe

30 4.30 4.39 14.3 Safe 18.636 285 Safe

21.6 9.97 10.34 14.3 Safe 51.734 285 Safe

17.1 5.62 5.76 14.3 Safe 30.272 285 Safe

10 5.51 5.64 14.3 Safe 28.141 285 Safe

2.2 5.75 5.89 14.3 Safe 29.911 285 Safe

0 6.50 6.67 14.3 Safe 36.287 285 Safe

-2.05 6.35 6.51 14.3 Safe 33.691 285 Safe
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Table 5.6 to Table 5.8 house the stresses induced in the RC shell due to DL + WL in case of

Chimney Complete Condition.

Table 5.6: Stresses In RCC Shell Due To DL + WL (Chimney Complete Condition)
Elevation

(m)

Axial

Load

(kN)

Governing

Moment

(kN ·m)

Eccentricity Radius Section

Property

φ

(radian)

β

(radian)

e = M/W r (m)

175 120.70 0.00 0.000 2.38 Annular 0 0.00

170 660.70 747.42 1.131 2.50 Annular 0 0.00

160 1765.00 5141.66 2.913 2.75 Annular 0 0.00

150 3035.50 12396.52 4.084 2.99 Annular 0 0.00

140 4571.10 21440.97 4.691 3.24 Annular 0 0.00

130 6206.80 31125.09 5.015 3.49 Annular 0 0.00

120 8041.50 40275.32 5.008 3.73 Annular 0 0.00

110 10086.20 47916.42 4.751 3.98 Annular 0 0.00

100 12481.65 53427.60 4.280 4.23 Annular 0 0.00

90 15000.75 59748.26 3.983 4.48 Annular 0 0.00

80 17762.75 74266.82 4.181 4.72 Annular 0 0.00

70 20778.65 90229.46 4.342 4.97 Annular 0 0.00

60 24209.35 107584.31 4.444 5.22 Annular 0 0.00

50 27765.85 126276.70 4.548 5.46 Annular 0 0.00

40 31984.35 146238.86 4.572 5.71 Annular 0 0.00

30 36844.25 167379.83 4.543 5.96 Annular 0 0.00

21.6 41730.16 185973.82 4.457 6.17 2 open. 0 0.50

17.1 45981.75 196222.66 4.267 6.28 1 open. 0 0.10

10 49374.65 212751.56 4.309 6.45 Annular 0 0.00

2.2 53294.35 231338.89 4.341 6.64 Annular 0 0.00

0 54437.05 236657.46 4.347 6.70 1 open. 0 0.09

-2.05 55516.65 241637.48 4.353 6.75 Annular 0 0.00
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5.4 Calculation of temperature drop in RCC shell

Temperature drop Tx across the shell for the lined chimneys with unventilated air space

between the lining and shell is calculated as per IS : 4998 (Part - 1) 1975 Pg. 29 Clause D -

2.2.3 (c) - Annexe D:

Tx =
t ·Dbi

Cc ·Dc

×

 T − To
1

K1

+
tb ·Dbi

Cb ·Db

+
Dbi

Kr ·Ds

+
t ·Dbi

Cc ·Dc

+
Dbi

K2 ·Dco


SAMPLE CALCULATION AT EL (+) 30.0 m IS DETAILED AS FOLLOWS

Internal diameter of the shell, Dci = 11.46 m

Thickness of the concrete shell, t = 0.455 m

Thickness of the air space, ts = 0 m

Thickness of lining, tb = 0.075 m

Co-e�. of thermal conductivity of concrete,

Cc

= 1.488 KCal/m/hr/0C

Coe�. of thermal conductivity of lining, Cb = 1.25 KCal/m/hr/0C

Internal diameter of the lining, Dbi = 11.31 m

Mean diameter of the concrete shell, Dc = 11.46 + 0.455 = 11.9147m

CALCULATION OF GAS FLUE FILM COEFFICIENT K1 = K1c +K1r

Temperature of �ue gas = 45 0C

K1r = 0

Exit velocity of �ue gas through line = 100 km/hr

K1c = 50 KCal/m/hr/0C

K1 = 50 KCal/m/hr/0C

Max. temp. of �ue gas, T = 45.000C

Min. ambient temp. To = 15.000C

Kr = 0.0732T + 1.3 = 4.594

K2 = 58.59

116



t ·Dbi

Cc ·Dc

=

[
0.455× 11.31

1.488× 11.916

]
= 0.290

1

K1

= 0.020

tb ·Dbi

Cb ·Db

=

(
0.075× 11.31

1.25× 11.386

)
= 0.06

Dbi

Kr ·Ds

=

(
11.311

4.594× 11.461

)
= 0.215

Dbi

K2 ·Dco

=

(
11.31

58.59× 12.371

)
= 0.016

Hence, Tx = 0.290×
[

30

0.020 + 0.06 + 0.215 + 0.290 + 0.016

]
= 14.5 0C

SAMPLE CALCULATION AT EL (+) 60.0 m IS AS DETAILED

Temperature drop Tx across the shell for unlined chimneys is calculated as per IS : 4998 (Part

- 1) 1975 Pg. 29 Clause D - 2.2.3 (c) - Annexe D:

Tx =
t ·Dci

Cc ·Dc

×

 T − To
1

K1

+
t ·Dci

Cc ·Dc

+
Dci

K2 ·Dco


Thickness of concrete shell, t = 0.412 m

Inside diameter of the concrete shell, Dci = 10.02 m

Outside diameter of the concrete shell, Dco = 10.85 m

Mean diameter of the concrete shell, Dc = 10.43 m

Ccas per IS 4998 (Part - 1) 1975 Pg. 30 (Notes) = 1.488 KCal/m/hr/0C

Velocity of gas through the liner =100 km/hr

K2 = Coe�cient of heat transmission from outside surface of the chimney to the surrounding

area as per IS 4998 (Part - 1) 1975 Pg. 30 (Notes) = 58.6 KCal/m/hr/0C

K1=Coe�cient of heat transmission from gas to inner surface of the the chimney shell (As

per IS : 4998 (Part - 1) 1975 Pg. 31 Fig. 3 = 50 KCal/m2/hr/0C

Hence, Tx= 26.45 0C

Table 5.9 and Table 5.10 house the details temperature drop at various levels across the

height of the chimney. A sharp decrement in the values of temperature drop can be observed

along the height of the chimney where lining is present, the values being uniform in that

particular height range.
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5.5 Check for stresses in shell under DL + Temperature

condition

SAMPLE CALCULATION AT EL (+) 30 m (Chimney Complete Condition)

Internal diameter of the shell = 11.460 m

Thickness of the shell = 0.455 m

Vertical compressive stress in concrete at mean diameter

due to DL alone σ
′

cv

= 2.164 N/mm2

Temperature drop in the shell Tx = 14.52039 0C

Outside vertical steel ratio p =
0.0025

2
=

0.00125

Inside vertical steel ratio Cp =
0.0025

2
=

0.00125

C =
Cp

p
= 1

Clear cover = 50 mm

Diameter of main reinforcement = 16 mm

Diameter of circumferential reinforcement = 12 mm

Z =
455− (50 + 12 + 0.5× 16)

455
= 0.8461

Modular ratio = 8.12

Coe�cient of linear thermal expansion of concrete and

steel L:

0.000011 0C
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K = −mp · (C + 1) +
√
[mp · (C + 1)]2 + 2 ·mp · [Z + C · (1− Z)] = 0.1236

Vertical compressive stress in concrete due to temperature alone

σ
′

cv = L ·K · Tx · Ec

= 0.51 N/mm2

For dead load alone compressive stress in concrete is σ
′

cw =
P

A
(as M = 0.0

kN ·m)

=
36843.20

16.2012
=2.164

N/mm2

Kc = −mp · (C + 1) +√
[mp · (C + 1)]2 + 2 ·mp · (Z + C · (1− Z) + 2 ·K · (1 +mp · (C + 1)) · σ

′

cv

σc · Tv

= 1.0240

If Kc> 1, σcwc = σ
′

cw +

(
σ

′

cv

2K

)
and If Kc< 1 then σcwc =

(
Kc

K

)
· σ′

cv Here

Kc> 1 hence,

=σcwc = 4.2297 N/mm2

Allowable compressive stress in concrete due to DL + temperature as per IS :

4998 (Part - 1) 1975 Pg. 11 Clause 7.1 (c)

= 0.33× 35 = 11.55

N/mm2

Vertical tensile stress in steel due to temperature σsv = L · (Z −K) · Tx · Es = 24.23 N/mm2

Allowable tensile stresses in steel as per IS : 4998 (Part - 1) 1975 Pg. 11

Clause 7.1.2 (c)

= 0.55× 500 = 275

N/mm2

K
′

c = −mp · (C +

1)+

√
[mp · (C + 1)]2 + 2 ·mp · [Z + C · (1− Z)] + 2 ·mp · (Z −K) · (C + 1) ·

(
σsw
σsv

)
,

For dead load alone σsw = 0 N/mm2

= K
′

c= 0.1236

σswc = σsv ×

(
Z −K ′

c

Z −K

)
= 24.2325 N/mm2

The compressive stresses in concrete as well the tensile stress in concrete are fairly

within permissible limits hence the provided shell thickness is su�cient.

Table 4.11 and Table 4.12 house the details of stresses induced in the concrete and steel

due to combination of DL and Temperature loading.
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5.6 Check for stresses in shell under DL + WL + Tem-

perature combination

SAMPLE CALCULATION AT EL (+) 30.0m IS DETAILED BELOW (Chimney Completed

Condition)

Internal diameter of the shell = 11.461 m

Vertical compressive stress in concrete due to DL + WL, σ
′

cw = 5.953 N/mm2

Temperature drop across the shell Tx = 14.52039 0C

Modular ratio m = 8.12

C = 1

Kc = −mp · (C + 1) +√√√√[mp · (C + 1)]2 + 2 ·mp · [Z + C · (1 + Z)] + 2 ·K ·

[
1 +mp · (C + 1) ·

(
σ

′

cw

σ′
cv

)] =1.7006

σcwc =

(
σ

′

cv

K

)
× σcTv = 8.019 N/mm2

Allowable stress in concrete as per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.1

(e)

= 0.50× 35 = 17.5 N/mm2

Tensile stress in steel due to DL + WL, σsw = 30.704 N/mm2

Vertical stresses in steel due to temperature alone σstv = L× (Z −K)× Tx × Es = 24.23 N/mm2

σswc = σstv ×

(
Z −K ′

c

Z −K

)
= 42.312 N/mm2

Allowable tensile stresses in steel as per IS : 4998 (Part - 1) 1975 Pg. 11 Clause

7.1.2 (d)

= 0.65× 500 = 325 N/mm2...

Table 4.13 houses details of the stresses induced in the concrete and steel due to

combination of DL + WL and Temperature...
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5.7 Circumferential Stresses

5.7.1 Circumferential stresses in concrete due to temperature alone

As per IS : 4998 (Part - 1) 1975 Pg. 32 Clause. D - 2.2.5 Maximum circumferential stress in

concrete due to temperature alone is given by, σcTc = L ·K ′ · Tx · Ec

L =Co-e�. of linear thermal expansion of concrete & steel /0C = 0.000011 /0C and K
′

=

−p′·m+
√
p′ ·m× (p′ ·m+ 2 · Z

p
′
= ratio of the cross-sectional area of the circumferential reinforcing steel per unit of height

to the cross-sectional area of the chimney shell per unit of height, and

At level EL (+) 175.0 m σcTc = 0.000011× 0.16× 24.55× 29580.39 = 1.2781 N/mm2

As per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.1 (f) Allowable σcTc = 0.30 × σcu =

0.30× 35 = 10.5 N/mm2 > 1.2781 N/mm2.... Hence Safe.

Table 5.14 houses the values of circumferential stresses induced at di�erent levels in the RC

shell.
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Table 5.14: Circumferential Stresses In Concrete Due To Temperature Alone

Levels (m) K Tx σcTc (N/mm
2) Permissible σcTc N/mm

2 Check
175 0.16 24.55 1.286 10.5 Safe
170 0.16 24.67 1.298 10.5 Safe
160 0.16 24.90 1.319 10.5 Safe
150 0.16 25.12 1.338 10.5 Safe
140 0.16 25.31 1.356 10.5 Safe
130 0.17 25.49 1.373 10.5 Safe
120 0.17 25.66 1.388 10.5 Safe
110 0.17 25.81 1.402 10.5 Safe
100 0.17 25.96 1.415 10.5 Safe
90 0.17 26.09 1.428 10.5 Safe
80 0.17 26.22 1.439 10.5 Safe
70 0.17 26.34 1.450 10.5 Safe
60 0.17 26.45 1.460 10.5 Safe
50 0.17 26.55 1.469 10.5 Safe
40 0.17 14.23 0.789 10.5 Safe
30 0.17 14.47 0.804 10.5 Safe
21.6 0.17 14.66 0.817 10.5 Safe
17.1 0.17 14.77 0.823 10.5 Safe
10 0.17 26.91 1.502 10.5 Safe
2.2 0.17 26.98 1.508 10.5 Safe
0 0.17 26.99 1.509 10.5 Safe

-2.05 0.17 27.01 1.511 10.5 Safe
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5.7.2 Circumferential stresses in steel due to temperature alone

As per IS : 4998 (Part - 1) 1975 Pg. 32 Clause D - 2.2.6 Maximum circumferential tensile

stress in steel due to temperature alone σsTc = L · (Z ′ −K ′
) · Tx · Es

The de�nition of all the parameters remain same as de�ned earlier.

At EL (+) 175.0 m σsTc = 0.000011× (0.80− 0.16)× 24.55× 210000 = 36.2947 N/mm2

As per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.2 (f) Permissible σsTc = 0.50 × fy =

0.50× 500 = 250 N/mm2.... > 36.2497 N/mm2....Hence Safe.

Table 5.15 details the magnitudes of the tensile stresses induced in the steel at various levels

across the height of the chimney.

Table 5.15: Circumferential Stresses In Shell Due To Temperature Alone

Levels (m) Z K Z - K Tx σsTc (N/mm2) Permissible σsTc (N/mm2) Check
175 0.80 0.16 0.64 24.55 36.23 250 Safe
170 0.81 0.16 0.64 24.67 36.69 250 Safe
160 0.82 0.16 0.65 24.90 37.56 250 Safe
150 0.82 0.16 0.66 25.12 38.35 250 Safe
140 0.83 0.16 0.67 25.31 39.08 250 Safe
130 0.84 0.17 0.68 25.49 39.75 250 Safe
120 0.85 0.17 0.68 25.66 40.37 250 Safe
110 0.85 0.17 0.69 25.81 40.95 250 Safe
100 0.86 0.17 0.69 25.96 41.49 250 Safe
90 0.86 0.17 0.70 26.09 41.99 250 Safe
80 0.87 0.17 0.70 26.22 42.46 250 Safe
70 0.87 0.17 0.71 26.34 42.91 250 Safe
60 0.88 0.17 0.71 26.45 43.32 250 Safe
50 0.88 0.17 0.71 26.55 43.71 250 Safe
40 0.89 0.17 0.72 14.23 23.53 250 Safe
30 0.89 0.17 0.72 14.47 24.04 250 Safe
21.6 0.89 0.17 0.72 14.66 24.45 250 Safe
17.1 0.89 0.17 0.72 14.77 24.66 250 Safe
10 0.90 0.17 0.72 26.91 45.07 250 Safe
2.2 0.90 0.17 0.73 26.98 45.30 250 Safe
0 0.90 0.17 0.73 26.99 45.37 250 Safe

-2.05 0.90 0.17 0.73 27.01 45.43 250 Safe
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5.7.3 Circumferential tensile stresses in concrete due to wind in-

duced ring moment

As per IS : 4998 (Part - 1) 1975 Pg. 32 Clause D - 2.2.7 Maximum circumferential tensile

stress in concrete due to wind induced ring moment is given by,

σcwct =
(2× 10−4)×Wd × (r)2

(t)2
.... HereWd= Wind pressure in kg/cm2

At level EL (+) 175.0 m σcwct =
(2× 10−4)× 199.57× (250)2

(25)2
= 3.991 kg/cm2

As per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.1 (g) Permissible σcwct = 0.07 × σcu =

0.07× 35× 10 = 24.5 kg/cm2... > 3.991 kg/cm2...Hence Safe.

Table 5.16 details the tensile stresses induced at various levels across the chimney height due

to wind induced ring moment.
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Table 5.16: Circumferential Tensile Stresses In Concrete Due To Wind Induced Ring Moment

Levels
(m)

Wd

kg/m2

Radius
r (cm)

Avg. Shell
Thickness
t (cm)

σcwct kg/cm
2 Permissible

σcwct

kg/cm2

Check

175 199.57 250.00 25.00 3.991 24.5 Safe
170 198.59 262.50 25.71 4.142 24.5 Safe
160 196.65 288.00 27.12 4.436 24.5 Safe
150 194.71 313.50 28.53 4.702 24.5 Safe
140 192.15 339.00 29.94 4.926 24.5 Safe
130 189.60 364.50 31.35 5.125 24.5 Safe
120 187.07 390.00 32.77 5.300 24.5 Safe
110 184.55 415.00 34.18 5.442 24.5 Safe
100 182.05 440.50 35.59 5.578 24.5 Safe
90 177.72 466.00 37.00 5.637 24.5 Safe
80 173.44 491.50 38.41 5.679 24.5 Safe
70 169.22 517.00 39.83 5.703 24.5 Safe
60 165.04 542.50 41.24 5.712 24.5 Safe
50 160.92 567.50 42.65 5.698 24.5 Safe
40 152.26 593.00 44.06 5.516 24.5 Safe
30 143.84 618.50 45.47 5.322 24.5 Safe
21.6 135.02 640.00 46.66 5.080 24.5 Safe
17.1 128.40 651.50 47.30 4.873 24.5 Safe
10 115.02 669.50 48.30 4.420 24.5 Safe
2.2 115.02 689.00 49.40 4.475 24.5 Safe
0 115.02 695.00 49.71 4.497 24.5 Safe

-2.05 115.02 700.00 50.00 4.509 24.5 Safe
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5.7.4 Circumferential compressive stresses in concrete due to wind

induced ring moments

As per IS : 4998 (Part - 1) 1975 Pg. 32 Clause d - 2.2.8 Maximum circumferential compressive

stress in concrete due to wind induced ring moment.

σcwct =
(2× 10−4)×Wd × (r)2

(t)2
.... HereWd= Wind pressure in kg/cm2

At level EL (+) 175.0 m σcwct =
(2× 10−4)× 199.57× (250)2

(25)2
= 3.991 kg/cm2

As per IS : 4998 (Part - 1) 1975 Pg. 11 Clause 7.1.1 (g) Permissible σcwct = 0.07 × σcu =

0.07× 35× 10 = 24.5 kg/cm2... > 3.991 kg/cm2...Hence Safe.

Table 5.17 details the compressive stresses induced at various levels across the chimney height

due to wind induced ring moment.
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Table 5.17: Circumferential Compressive Stresses In Concrete Due To Wind Induced Ring
Moment

Levels
(m)

Wd

(kg/m2)
Radius
r (cm)

Avg. Shell
Thicknesst

(cm)

σcwcc (kg/cm2) Permissible
σcwcc

(kg/cm2)

Check

175 199.57 250.00 25.00 3.991 140 Safe
170 198.59 262.50 25.71 4.142 140 Safe
160 196.65 288.00 27.12 4.436 140 Safe
150 194.71 313.50 28.53 4.702 140 Safe
140 192.15 339.00 29.94 4.926 140 Safe
130 189.60 364.50 31.35 5.125 140 Safe
120 187.07 390.00 32.77 5.300 140 Safe
110 184.55 415.00 34.18 5.442 140 Safe
100 182.05 440.50 35.59 5.578 140 Safe
90 177.72 466.00 37.00 5.637 140 Safe
80 173.44 491.50 38.41 5.679 140 Safe
70 169.22 517.00 39.83 5.703 140 Safe
60 165.04 542.50 41.24 5.712 140 Safe
50 160.92 567.50 42.65 5.698 140 Safe
40 152.26 593.00 44.06 5.516 140 Safe
30 143.84 618.50 45.47 5.322 140 Safe
21.6 135.02 640.00 46.66 5.080 140 Safe
17.1 128.40 651.50 47.30 4.873 140 Safe
10 115.02 669.50 48.30 4.420 140 Safe
2.2 115.02 689.00 49.40 4.475 140 Safe
0 115.02 695.00 49.71 4.497 140 Safe

-2.05 115.02 700.00 50.00 4.509 140 Safe
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5.8 Design of vertical reinforcement

As per IS : 4998 (Part - 1) 1975 Pg. 12 Clause 9.2.1.1

Minimum vertical reinforcement = 0.25% of the concrete area of the section under consider-

ation, for HYSD bars.

As per IS : 4998 (Part - 1) 1975 Pg. 12 Clause 9.2.1.3

The minimum diameter of bars shall be 12mm and the maximum center to center distance of

reinforcement shall not exceed 300 mm when provided in a single layer and shall not exceed

600 mm in each layer and shall be staggered symmetrically when provided in two layers.

As per IS : 4998 (Part - 1) 1975 Pg. 13 Clause 9.3.2

The clear concrete cover over the reinforcement shall not be less than 5 cm.

SAMPLE CALCULATION FOR VERTICAL REINFORCEMENT AT EL (+) 30.0 m

Diameter of circumferential bars = 12 mm

Clear cover to the circumferential bars = 50 mm

Clear cover to the vertical bars = 50 + 12 = 62 mm

Diameter of vertical reinforcement = 16 mm

Internal diameter of the shell, Id = 11.46 m

Thickness of the shell, t = 454.74 mm

Grade of concrete = M35

Grade of steel = Fe500

Outer diameter of the shell, Od = 12.36948 m

Cross-Sectional area of the shell = 17.021 m2

No. of bars in each layer based on minimum

% required

=

(
0.0025× 17.021× 106

0.25× π × 162
× 0.5

)
+ 1 =107

No. of bars in each layer base on spacing

criterion

=

(
π × (11460 + 2× 454.74

250

)
+ 1 = 157

Hence, governing number of bars = Max (107, 157) = 157

Actual number of bars provided 238

Hence spacing provided 163.29 mm < 250 mm... Hence Safe

Table 5.18 and Table 5.19 house the details of the vertical reinforcement provided across the

height of the chimney. More or less a uniformity has been maintained in the diameter of the

bars as well as spacing of the bars for easy placement.
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Table 5.19: Requirement Of Vertical Reinforcement (Contd.)

Levels(m) No. of
bars

provided

φ (DIA)
(mm)

Spacing
based on
reinforce-
ment

provided

Area of steel
provided
(mm2)

Check

175 108 12 145.44 12214.51 Safe
170 108 12 152.84 12214.51 Safe
160 108 12 167.62 12214.51 Safe
150 108 12 182.41 12214.51 Safe
140 178 16 119.65 35789.02 Safe
130 178 16 128.62 35789.02 Safe
120 178 16 137.59 35789.02 Safe
110 178 16 146.56 35789.02 Safe
100 178 16 155.53 35789.02 Safe
90 178 16 164.51 35789.02 Safe
80 178 16 173.48 35789.02 Safe
70 178 16 182.45 35789.02 Safe
60 178 16 191.42 35789.02 Safe
50 178 16 200.39 35789.02 Safe
40 178 16 209.37 35789.02 Safe
30 238 16 163.29 47852.74 Safe
21.6 238 16 168.93 47852.74 Safe
17.1 238 16 171.95 47852.74 Safe
10 238 16 176.71 47852.74 Safe
2.2 238 16 181.95 47852.74 Safe
0 238 16 183.42 47852.74 Safe

-2.05 238 16 184.80 47852.74 Safe
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5.9 Design of circumferential reinforcement

As per IS : 4998 (Part - 1) 1975 Pg. 12 Clause 9.2.2.1

The circumferential reinforcement shall not be less than 0.2% , when deformed bars are

used, of the concrete area in vertical section under consideration subject to minimum of 400

mm2per m height of the stack. When mild steel bars are used the percentage shall be 0.25%.

If the vertical reinforcement is provided in two layers, then the circumferential reinforcement

shall be provided in two layers and the minimum reinforcement speci�ed above shall be

divided equally in each layer. the spacing of the bars shall not exceed minimum of 300 mm

or shell thickness whichever is smaller.

SAMPLE CALCULATION : CIRCUMFERENTIAL STEEL AT EL (+) 30.0 m

Internal diameter of the shell = 11.46 m

Shell thickness = 454.74 mm

Grade of concrete = M35

Grade of steel = Fe500

Minimum % of steel required in one layer = 0.20 %

Number of bars required in one layer =

(
0.20× 454.74× 1000× 4

2× 100× π × (12)2

)
= 4.021

Required spacing =

(
1000

4.021

)
= 248.5 mm

Maximum allowable spacing = 250 mm

Steel provided = φ 12 mm at 1500 mm c/c

Area of steel provided = 754 mm2 > 400 mm2....Hence Safe.

Table 5.20 houses the details of the circumferential reinforcement provided in two layers

across the height of the stack.
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5.10 Design of extra reinforcement around openings

VERTICAL REINFORCEMENT AROUND PLENUM OPENING AT EL (+) 21.6 m

Size of opening = 4.5 m × 4.5 m

Width of opening, W (m) = 4.5 m

Height of opening, H (m) = 4.5 m

Thickness of the shell at EL (+) 21.6 m = 467 mm

Spacing provided at EL (+) 21.6 m = 168 mm

Number of bars in the width of opening =

(
4500

168
+ 1

)
× 2 ≈ 56

Bar diameter = 16 mm

Total area of steel required = π × 162 × 0.25× 56 =11259.46 mm2

Extra reinforcement required on either side = 0.5× 11259.46 = 5629.73 mm2

Diameter of bars to be used as extra reinforcement = 32 mm

No. of bars required =

(
5629.73

π × 322 × 0.25

)
= 6.99 ≈ 8

Area of extra steel provided on each side of the opening = 8× π × 322 × 0.25 = 6433.98 mm2

CIRCUM. REINFORCEMENT AROUND PLENUM OPENING AT EL (+) 21.6 m

Size of opening = 4.5 m × 4.5 m

Width of opening, W (m) = 4.5 m

Height of opening, H (m) = 4.5 m

Thickness of the shell at EL (+) 21.6 m = 467 mm

Spacing provided at EL (+) 21.6 m = 150 mm

Number of bars over the height of the opening =

(
4500

150
+ 1

)
≈ 31

Number of layers = 2

Area of steel required on each side of the opening = 32×
(
π × 122

4

)
= 3619.11 mm2

φ32 mm number of bars required on each side =
3619.11

0.25× π × 322
≈ 5

Area of extra steel provided on each side of the opening = 5× 0.25× π × 322 = 4021.235 mm2
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DIAGONAL REINFORCEMENT AROUND PLENUM OPENING AT EL (+) 21.6 mm

Thickness of the shell = 467 mm

Minimum area of diagonal reinforcement in cm2 = 0.5× 46.7 = 23.35 cm2

Assume diameter of bars as = 25 mm

No. of bars required =
2355

0.25× π × 252
= 4.75 ≈ 5

Providing 6 bars the area provided is = 6×π× 252× 0.25 = 2945.24 mm2

Table 4.21 gives details of the extra vertical reinforcement around the openings, Table

4.22 gives details of the extra circumferential reinforcement around the openings, and

Table 4.23 gives the details regarding the details of the extra diagonal reinforcement

around the openings
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5.11 Foundation Design

A circular RC slab foundation is designed for the chimney

Total vertical load on the base = 55516.65 kN

Net bending moment = 241637.48 kN ·m

Allowable bearing pressure = 270 kN/m2

Self weight of the footing (assumed to be 10% of total vertical load)

= 0.10 ×55516.65 = 5551.665 kN

Total load on the soil = 55516.65 + 5551.665 = 61068.315 kN

If D is the diameter of circular footing then for no tension to develop,(
W

A

)
=

(
M

Z

)
i.e.

61068.315
π

4
×D2

 =

241637.48
π

32
×D3


4× 61068.315×D = 32× 241637.48 Hence, D = 31.6547 ≈ 32 m

The loading on the base is taken as annular loading on the mean diameter. The bending

moments in the base are obtained by superposing two types of loading as shown below:

Figure 5.2: Nature Of Bending Moment Diagram For Footing
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Intensity of soil pressure w =

61068.315
π

4
× (32)2

 = 75.9322 kN/m2

Here, 2a = 32 m means a = 16 m and 2b = 14 m means b = 7 m

Maximum bending moment in the section is governed by the radial moment,

Mr =Bending moment at the center of the footing

Mr =

(
W

8π

)
·

[
2loge

(a
b

)
+ 1−

(
b

a

)2
]
−
(

3

16

)
· w · a2

Mr =

(
61068.315

8π

)
·

[
2loge

(
16

7

)
+ 1−

(
7

16

)2
]
−
(

3

16

)
· (75.9322) · (16)2

Mr = 2337.48 kN ·m/m

Mrmax =Moment at the junction of footing and chimney wall at a radius of 7 m

Mrmax =

(
W

8π

)
·

[
2loge

(a
b

)
+ 1−

(
b

a

)2
]
−
(

3

16

)
· w · (a2 − b2)

Mrmax =

(
61068.315

8π

)
·

[
2loge

(
16

7

)
+ 1−

(
7

16

)2
]
−
(

3

16

)
· (75.9322) · (162 − 72)

Mrmax = 3035.10 kN ·m/m

Design ultimate moment = Mu =1.5×Mrmax= 1.5 ×3035.10 = 4552.637 kN ·m/m

Using M30 grade concrete and Fe500 grade steel

E�ective depth required, Mulim = 0.133 · fck · b · d2

3035.10 ×106 = 0.133×30× 1000× d2

d = 872.1678 mm

Since the moments are very heavy, adopt a larger depth of footing to reduce the quantity of

reinforcement.

Adopt an overall depth of 3000 m and assuming a cover of 100 mm the provided e�ective

depth turns out to be 2900 mm(
Mu

b · d2

)
=

(
4552.637× 106

1000× 29002

)
= 0.60

As per SP : 16 Pg. 50 Table 4

pt = 0.15 % Hence Astreq =

(
0.150× 1000× 2400

100

)
= 3600mm2

Provide φ25 mm bars at 100 mm c/c in perpendicular direction both ways. Also provide φ

12 mm bars both ways at the top of the footing.
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Hence Astpro =4908.73 mm2...... Hence Safe.

5.12 Check for shear

Intensity of soil pressure = 75.93 kN/m2

Ultimate soil pressure = 1.5×75.93 = 113.895 kN/m2

Cantilever projection = (0.5×32)− 7 = 9 m

Maximum shear force at a distance � d � from the support is given by,

Vu =113.895×(9− 2.9) = 694.7595 kN

τv =

(
Vu
b · d

)
=

(
694.7595× 103

1000× 2900

)
= 0.2395 N/mm2

ptpro =
4908.73× 100

1000× 2900
= 0.17 %

As per IS : 456 - 2000 Pg. 73 Table 19

τc =0.306 N/mm2..

As per IS : 456 - 2000 Pg. 72 Clause 40.2.1.1 k = 1

And k · τc = 1× 0.306 = 0.306 N/mm2..... Hence the slab is safe against shear failure.

5.13 Summary

In this chapter the entire design of RCC shell and foundation has been detailed. The calcu-

lation of stresses induced due to dead load, wind load, and temperature loads individually as

well as in combination have been calculated and checked for acceptance within permissible

limits based on the provisions of IS : 4998 (Part - 1) 1975. The main highlight of the chapter

is the stress calculation for the combination of DL + WL because it governs the reinforce-

ment requirement of the chimney. The chapter also details the calculations for requirement

of extra reinforcement around the ducts/openings and design for the same. The foundation

has been checked for shear.
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Chapter 6

Parametric study

6.1 Introduction

This chapter houses the details of the parametric study carried out to understand the vari-

ation in the structural behaviour and response of the reinforced concrete chimney under

di�erent intensities and combinations of wind and earthquake forces. The parametric study

has been carried out for 175 m tall reinforced concrete for two di�erent seismic zones viz.

zone III and zone V and four di�erent basic wind speeds namely 39 m/s, 44m/s, 49m/s and

50 m/s. Two di�erent STAAD models were created for two di�erent seismic zones. Wind

load estimation was done using the procedure slated in IS : 4998 (Part - 1) 1992. The para-

metric study has been limited only to the study of the changes in the magnitudes of shear

force and bending moment. The results of the analysis are tabulated as well as graphically

represented as follows.

6.2 Details of Parametric Study

146



F
ig
u
re

6.
1:

P
ar
am

et
ri
c
S
tu
d
y
:
F
lo
w
C
h
ar
t

147



6.3 Parametric Study For Two Di�erent Seismic Zones

and Four Di�erent Basic Wind Speeds

6.3.1 Combination (A)

Combination (A) houses the comparison of variation in shear force and bending moment

values in case of a 175 m tall RCC chimney located in Ahmedabad and Srinagar having a

similar basic wind speed of 39 m/s and seismic zones of III and V respectively. Table 6.1

houses the details of variation in shear forces due to varying parameters and on the same line

Table 6.2 houses the variation in bending moments.

Table 6.1: Combination (A) - Variation Of Shear Forces

GOVERNING SHEAR FORCES
CITY AHMEDABAD (ZONE : III &

BASIC WIND SPEED : 39 m/s)
SRINAGAR (ZONE : V &

BASIC WIND SPEED : 39 m/s)
Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA -
Seismic

SA -
Wind

CC -
Seismic

CC -
Wind

SA -
Seismic

SA -
Wind

CC -
Seismic

CC -
Wind

175 65 0 97 0 146 0 219 0
170 223 195 262 179 503 195 590 179
160 340 525 368 482 765 525 828 482
150 406 762 425 694 912 762 956 694
140 440 892 458 806 990 892 1030 806
130 454 915 473 819 1021 915 1063 819
120 463 847 484 751 1041 847 1090 751
110 479 742 504 733 1077 742 1134 733
100 515 715 546 840 1159 715 1228 840
90 581 875 613 945 1308 875 1379 945
80 675 1190 705 1177 1518 1190 1587 1177
70 792 1571 820 1548 1781 1571 1846 1548
60 924 1958 959 1917 2079 1958 2158 1917
50 1061 2312 1098 2254 2387 2312 2471 2254
40 1193 2610 1247 2536 2685 2610 2807 2536
30 1298 2840 1382 2753 2921 2840 3109 2753
21.6 1353 2981 1470 2885 3044 2981 3307 2885
17.1 1392 3038 1554 2939 3131 3038 3497 2939
10 1416 3105 1584 3001 3185 3105 3564 3001
2.2 1418 3157 1587 3050 3190 3157 3571 3050
0 1418 3169 1587 3061 3191 3169 3571 3061

-2.05 1418 3175 1587 3067 3191 3175 3571 3067
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Figure 6.2: 39 - III - Variation Of Shear Forces

Figure 6.3: 39 - V - Variation Of Shear Forces
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Table 6.2: Combination (A) - Variation Of Bending Moments
GOVERNING BENDING MOMENTS

CITY AHMEDABAD (ZONE : III &
WIND SPEED : 39 m/s)

SRINAGAR (ZONE : V &
WIND SPEED : 39 m/s)

Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

175 0 0 0 0 0 0 0 0
170 324 493 486 679 730 493 1094 679
160 2556 4168 3105 4674 5750 4168 6986 4674
150 5887 10684 6694 11270 13245 10684 15061 11270
140 9709 19032 10637 19492 21845 19032 23932 19492
130 13652 28106 14599 28296 30717 28106 32848 28296
120 17439 36801 18373 36614 39238 36801 41339 36614
110 20890 44176 21800 43560 47003 44176 49050 43560
100 23927 49629 24822 48571 53835 49629 55849 48571
90 26583 53103 27432 51440 59812 53103 61720 51440
80 29046 55340 29881 53072 65354 55340 67232 53072
70 31663 58095 32508 62745 71240 58095 73141 62745
60 34914 63891 35776 74848 78555 63891 80494 74848
50 39331 74880 40201 87892 88494 74880 90451 87892
40 45338 91678 46262 101833 102011 91678 104090 101833
30 53128 113514 54192 116609 119538 113514 121930 116609
21.6 61008 134831 62342 129611 137267 134831 140269 129611
17.1 65671 147095 67250 141381 147759 147095 151311 141381
10 73567 167344 75749 161449 165526 167344 170434 161449
2.2 82823 190531 85859 184422 186350 190531 193180 184422
0 85512 197213 88816 191039 192401 197213 199834 191039

-2.05 88044 203483 91605 197369 198098 203483 206110 197369

150



Figure 6.4: 39 - III - Variation Of Bending Moments

Figure 6.5: 39 - V - Variation Of Bending Moments
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6.3.2 Combination (B)

Combination (B) houses the comparison of variation in shear force and bending moment

values in case of a 175 m tall RCC chimney located in Bharuch and Kohima, Nagaland

having a similar basic wind speed of 44 m/s and seismic zones of III and V respectively.Table

6.3 houses the details of variation in shear forces due to varying parameters and on the same

line Table 6.4 houses the variation in bending moments.

Table 6.3: Combination (B) - Variation Of Shear Forces
GOVERNING SHEAR FORCES

CITY BHARUCH (ZONE : III &
BASIC WIND SPEED : 44 m/s)

KOHIMA (ZONE : V & BASIC
WIND SPEED : 44 m/s)

Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

175 65 0 97 0 146 0 219 0
170 223 195 262 179 503 195 590 179
160 340 525 368 482 765 525 828 482
150 406 762 425 694 912 762 956 694
140 440 892 458 806 990 892 1030 806
130 454 915 473 819 1021 915 1063 819
120 463 847 484 817 1041 847 1090 817
110 479 742 504 959 1077 742 1134 959
100 515 790 546 1098 1159 790 1228 1098
90 581 888 613 1235 1308 888 1379 1235
80 675 1190 705 1367 1518 1190 1587 1367
70 792 1571 820 1548 1781 1571 1846 1548
60 924 1958 959 1917 2079 1958 2158 1917
50 1061 2312 1098 2254 2387 2312 2471 2254
40 1193 2610 1247 2536 2685 2610 2807 2536
30 1298 2840 1382 2753 2921 2840 3109 2753
21.6 1353 2981 1470 2885 3044 2981 3307 2885
17.1 1392 3038 1554 2939 3131 3038 3497 2939
10 1416 3105 1584 3001 3185 3105 3564 3001
2.2 1418 3157 1587 3050 3190 3157 3571 3050
0 1418 3169 1587 3061 3191 3169 3571 3061

-2.05 1418 3175 1587 3067 3191 3175 3571 3067
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Figure 6.6: 44 - III - Variation Of Shear Forces

Figure 6.7: 44 - V - Variation Of Shear Forces
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Table 6.4: Combination (B) - Variation Of Bending Moments
GOVERNING BENDING MOMENTS

CITY BHARUCH (ZONE : III &
BASIC WIND SPEED : 44 m/s)

KOHIMA (ZONE : V & BASIC
WIND SPEED : 44 m/s)

Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

175 0 0 0 0 0 0 0 0
170 324 493 486 679 730 493 1094 679
160 2556 4168 3105 4674 5750 4168 6986 4674
150 5887 10684 6694 11270 13245 10684 15061 11270
140 9709 19032 10637 19492 21845 19032 23932 19492
130 13652 28106 14599 28296 30717 28106 32848 28296
120 17439 36801 18373 36614 39238 36801 41339 36614
110 20890 44176 21800 43560 47003 44176 49050 43560
100 23927 49629 24822 48571 53835 49629 55849 48571
90 26583 53103 27432 54317 59812 53103 61720 54317
80 29046 55340 29881 67515 65354 55340 67232 67515
70 31663 58969 32508 82027 71240 58969 73141 82027
60 34914 70320 35776 97804 78555 70320 80494 97804
50 39331 82547 40201 114797 88494 82547 90451 114797
40 45338 95608 46262 132944 102011 95608 104090 132944
30 53128 113514 54192 152163 119538 113514 121930 152163
21.6 61008 134831 62342 169067 137267 134831 140269 169067
17.1 65671 147095 67250 178384 147759 147095 151311 178384
10 73567 167344 75749 193411 165526 167344 170434 193411
2.2 82823 190531 85859 210308 186350 190531 193180 210308
0 85512 197213 88816 215143 192401 197213 199834 215143

-2.05 88044 203483 91605 219670 198098 203483 206110 219670
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Figure 6.8: 44 - III - Variation Of Bending Moments

Figure 6.9: 44 - V - Variation Of Bending Moments
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6.3.3 Combination (C)

Combination (C) houses the comparison of variation in shear force and bending moment

values in case of a 175 m tall RCC chimney located in Agra and Imphal, Manipur having

a similar basic wind speed of 47 m/s and seismic zones of III and V respectively. Table 6.5

houses the details of variation in shear forces due to varying parameters and on the same line

Table 6.6 houses the variation in bending moments.

Table 6.5: Combination (C) - Variation Of Shear Forces
GOVERNING SHEAR FORCES

CITY AGRA (ZONE : III & BASIC
WIND SPEED : 47 m/s)

IMPHAL (ZONE : V & BASIC
WIND SPEED : 47 m/s)

Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

175 65 0 97 0 146 0 219 0
170 223 195 262 179 503 195 590 179
160 340 525 368 482 765 525 828 482
150 406 762 425 694 912 762 956 694
140 440 892 458 806 990 892 1030 806
130 454 915 473 819 1021 915 1063 819
120 463 847 484 947 1041 847 1090 947
110 479 799 504 1112 1077 799 1134 1112
100 515 915 546 1273 1159 915 1228 1273
90 581 1029 613 1430 1308 1029 1379 1430
80 675 1190 705 1583 1518 1190 1587 1583
70 792 1571 820 1731 1781 1571 1846 1731
60 924 1958 959 1917 2079 1958 2158 1917
50 1061 2312 1098 2254 2387 2312 2471 2254
40 1193 2610 1247 2536 2685 2610 2807 2536
30 1298 2840 1382 2753 2921 2840 3109 2753
21.6 1353 2981 1470 2885 3044 2981 3307 2885
17.1 1392 3038 1554 2939 3131 3038 3497 2939
10 1416 3105 1584 3001 3185 3105 3564 3001
2.2 1418 3157 1587 3050 3190 3157 3571 3050
0 1418 3169 1587 3061 3191 3169 3571 3061

-2.05 1418 3175 1587 3067 3191 3175 3571 3067
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Figure 6.10: 47 - III - Variation Of Shear Forces

Figure 6.11: 47 - V - Variation Of Shear Forces
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Table 6.6: Combination (C) - Variation Of Bending Moments
GOVERNING BENDING MOMENTS

CITY AGRA (ZONE : III & BASIC
WIND SPEED : 47 m/s)

IMPHAL (ZONE : V & BASIC
WIND SPEED : 47 m/s)

Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

175 0 0 0 0 0 0 0 0
170 324 493 486 679 730 493 1094 679
160 2556 4168 3105 4674 5750 4168 6986 4674
150 5887 10684 6694 11270 13245 10684 15061 11270
140 9709 19032 10637 19492 21845 19032 23932 19492
130 13652 28106 14599 28296 30717 28106 32848 28296
120 17439 36801 18373 36614 39238 36801 41339 36614
110 20890 44176 21800 43560 47003 44176 49050 43560
100 23927 49629 24822 49278 53835 49629 55849 49278
90 26583 53103 27432 62996 59812 53103 61720 62996
80 29046 56254 29881 78280 65354 56254 67232 78280
70 31663 68335 32508 95078 71240 68335 73141 95078
60 34914 81467 35776 113332 78555 81467 80494 113332
50 39331 95607 40201 132985 88494 95607 90451 132985
40 45338 110704 46262 153966 102011 110704 104090 153966
30 53128 126689 54192 176177 119538 126689 121930 176177
21.6 61008 140744 62342 195705 137267 140744 140269 195705
17.1 65671 148489 67250 206466 147759 148489 151311 206466
10 73567 167344 75749 223818 165526 167344 170434 223818
2.2 82823 190531 85859 243327 186350 190531 193180 243327
0 85512 197213 88816 248908 192401 197213 199834 248908

-2.05 88044 203483 91605 254134 198098 203483 206110 254134
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Figure 6.12: 47 - III - Variation Of Bending Moments

Figure 6.13: 47 - V - Variation Of Bending Moments
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6.3.4 Combination (D)

Combination (D) houses the comparison of variation in shear force and bending moment

values in case of a 175 m tall RCC chimney located in Bhubhaneshwar and Bhuj having a

similar basic wind speed of 50 m/s and seismic zones of III and V respectively. Table 6.7

houses the details of variation in shear forces due to varying parameters and on the same line

Table 6.8 houses the variation in bending moments.

Table 6.7: Combination (D) - Variation Of Shear Forces
GOVERNING SHEAR FORCES

CITY BHUBHANESHWAR (ZONE :
III & BASIC WIND SPEED : 50

m/s)

BHUJ (ZONE : V & BASIC
WIND SPEED : 50 m/s)

Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

175 65 0 97 0 146 0 219 0
170 223 195 262 179 503 195 590 179
160 340 525 368 482 765 525 828 482
150 406 762 425 694 912 762 956 694
140 440 892 458 806 990 892 1030 806
130 454 915 473 898 1021 915 1063 898
120 463 847 484 1090 1041 847 1090 1090
110 479 919 504 1278 1077 919 1134 1278
100 515 1052 546 1462 1159 1052 1228 1462
90 581 1181 613 1643 1308 1181 1379 1643
80 675 1307 705 1817 1518 1307 1587 1817
70 792 1571 820 1986 1781 1571 1846 1986
60 924 1958 959 2150 2079 1958 2158 2150
50 1061 2312 1098 2307 2387 2312 2471 2307
40 1193 2610 1247 2536 2685 2610 2807 2536
30 1298 2840 1382 2753 2921 2840 3109 2753
21.6 1353 2981 1470 2885 3044 2981 3307 2885
17.1 1392 3038 1554 2939 3131 3038 3497 2939
10 1416 3105 1584 3001 3185 3105 3564 3001
2.2 1418 3157 1587 3050 3190 3157 3571 3050
0 1418 3169 1587 3061 3191 3169 3571 3061

-2.05 1418 3175 1587 3067 3191 3175 3571 3067
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Figure 6.14: 50 - III - Variation Of Shear Forces

Figure 6.15: 50 - V - Variation Of Shear Forces
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Table 6.8: Combination (D) - Variation Of Bending Moments
GOVERNING BENDING MOMENTS

CITY BHUBHANESHWAR (ZONE :
III & BASIC WIND SPEED : 50

m/s)

BHUJ (ZONE : V & BASIC
WIND SPEED : 50 m/s)

Levels
(m)

Shell Alone
Case

Chimney
Completed Case

Shell Alone
Case

Chimney
Completed Case

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

SA
Seismic

SA
Wind

CC
Seismic

CC
Wind

175 0 0 0 0 0 0 0 0
170 324 493 486 679 730 493 1094 679
160 2556 4168 3105 4674 5750 4168 6986 4674
150 5887 10684 6694 11270 13245 10684 15061 11270
140 9709 19032 10637 19492 21845 19032 23932 19492
130 13652 28106 14599 28296 30717 28106 32848 28296
120 17439 36801 18373 36614 39238 36801 41339 36614
110 20890 44176 21800 43560 47003 44176 49050 43560
100 23927 49629 24822 56685 53835 49629 55849 56685
90 26583 53103 27432 72444 59812 53103 61720 72444
80 29046 64659 29881 89996 65354 64659 67232 89996
70 31663 78524 32508 109279 71240 78524 73141 109279
60 34914 93589 35776 130225 78555 93589 80494 130225
50 39331 109804 40201 152768 88494 109804 90451 152768
40 45338 127110 46262 176823 102011 127110 104090 176823
30 53128 145427 54192 202279 119538 145427 121930 202279
21.6 61008 161527 62342 224653 137267 161527 140269 224653
17.1 65671 170397 67250 236979 147759 170397 151311 236979
10 73567 184696 75749 256850 165526 184696 170434 256850
2.2 82823 200773 85859 279186 186350 200773 193180 279186
0 85512 205373 88816 285575 192401 205373 199834 285575

-2.05 88044 209680 91605 291557 198098 209680 206110 291557
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Figure 6.16: 50 - III - Variation Of Bending Moments

Figure 6.17: 50 - V - Variation Of Bending Moments
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6.3.5 De�ection

This section of the chapter gives details of the maximum allowable tip de�ection and the

de�ection values for the chimney under the in�uence of wind induced loads for di�erent basic

wind speeds. Table 6.9 houses the values of de�ection of 175 m tall chimney under the

in�uence of di�erent magnitudes of basic wind speed.

The maximum allowable tip de�ection as per IS : 4998 (Part - 1) 1975 Pg. 12 Clause 8.1(
H

500

)
=

(
175

500

)
= 0.35 m = 350 mm

Table 6.9: De�ection Values Across The Chimney Height
De�ections (mm)

Levels (m)
Basic Wind Speed (m/s)

39 m/s 44 m/s 47 m/s 50 m/s
175 163 213 247 283
170 155 203 235 270
160 139 182 211 242
150 124 162 187 215
140 109 142 164 189
130 94 123 143 164
120 81 105 122 140
110 68 89 103 118
100 56 73 85 97
90 45 59 69 79
80 36 47 54 62
70 27 36 42 48
60 20 26 31 35
50 14 18 21 24
40 9 12 14 16
30 5 7 8 9
21.6 3 4 4 5
17.1 2 2 3 3
10 1 1 1 1
2.2 0 0 0 0
0 0 0 0 0

-2.05 0 0 0 0
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Figure 6.18: De�ection

6.4 Summary and discussion of results

• In this chapter a parametric study was undertaken for a 175 m tall RC chimney by

studying the response of the chimney under the in�uence of four di�erent basic wind

speeds in two di�erent seismic zones. An attempt has been made to study the domi-

nance of the type of loading viz. wind and earthquake over the design of the chimney

and to establish a zone of transition of the dominant forces. The de�ection of the

chimney under the in�uence of di�erent wind speeds was also checked to be within

permissible limits.

• From the graphs shown from Fig. 6.1 to Fig. 6.17 and the magnitudes of shear force

and bending moment it is evident that in seismic zone III irrespective of the intensity of

the wind speed , the magnitude of wind induced forces is higher and govern the design.

In the graphs a sharp variation is seen in magnitude of forces over a dedicated zone

irrespective of the seismic zone or wind speed. This because of wind speed reaching its

critical value over that height range.

• From the plots it is also evident that the values of shear force and bending moment in

case of chimney complete condition is more than that in case of shell alone condition

irrespective of basic wind speed. Whereas if the seismic response of the chimney is
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looked at then it is found to have a fairly uniform and conservative increment in the

response of the structure.

• In all the cases the bending moment is found to have a constant value almost up to half

the height from the chimney top. The validation to such a nature of seismic response

are the moment distribution factors given in IS : 1893 (Part - 4) 2005 Pg. 18 Table

1, which portray a similar variation. From the plots it can be seen that the values of

shear force induced due to seismic forces is more for seismic zone V irrespective to wind

speeds. The magnitude of earthquake induced bending moments are also considerably

higher in zone V except some unduly variation observed for the values of the same in

the combination of Zone V and Basic Wind Speed being 50 m/s.

• The de�ection of the chimney as shown in Fig. 6.18 for all the di�erent basic wind

speed values and seismic zone combinations are very well within permissible limits.

With the increase in the basic wind speed the magnitude of wind induced lateral forces

and subsequently the de�ections increases.
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Chapter 7

Conclusions and future scope of work

7.1 Summary

Following theory summarizes in brief the entire work carried out in this major project.

• The loads governing the analysis and design of the chimney have been studied.

• The provisions of IS : 4998 (Part - 1) 1975 / 1992 and IS : 4998 (Part - 1) - April 2013

(Draft Indian Standard) for the analysis and design of reinforced concrete chimney have

been studied.

• The provisions of widely used international chimney design standards ACI 307 - 08 and
CICIND 2001 have been studied.

• The provisions of draft Indian standard has been compared with the existing chimney

design standard as well as ACI 307 - 08 to check the e�cacy and acceptability of the

draft design standard as a national standard.

• Generalized excel sheets for the along wind and across wind analysis of the chimneys

for both simpli�ed method as well as random response method slated in IS : 4998 (Part

- 1) 1992 have been prepared. The in�uence of P-δ e�ect on the bending moments has

also been studied and subsequently calculated. The e�ect of co-existing along wind

load has been taken care of.

• Generalized excel sheets for the calculation of stresses induced in the concrete and steel

have been prepared for various load combinations in accordance with IS : 4998 (Part -

1) 1975.
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• Manual calculations for foundation design have been incorporated in the report along

with the reinforcement detailing sketch.

• Generalized excel sheets for the design of RCC shell (Working Stress Method) viz. verti-

cal reinforcement, circumferential reinforcement and reinforcement around ducts/openings

have been prepared.

• Software STAAD.Pro has been used for the seismic analysis to obtain natural frequen-

cies and mode shapes of the chimney over and above the magnitudes of earthquake

induced forces and bending moments.

• Parametric study has also been done for the chimney by considering two di�erent seis-

mic zones and four di�erent basic wind speeds to establish an understanding regarding

the governance of wind induced forces or seismic forces with varying seismic zone and

wind speeds.

7.2 Conclusions

The following conclusions can be asserted from the work carried out in this major project:

• Across wind analysis by simpli�ed method yields results which are around 30 % to 50

% higher than the results of along wind analysis using Random Response Method in

both the di�erent analysis conditions.

• The reason for the conservative results produced by this method as mentioned in the

few research papers and Indian standard as well is the paucity of basic �uid-elastic

interaction information, su�ciently acceptable data on atmospheric turbulence in sev-

eral parts of our country and absence of any systematic full scale investigation on tall

structures in our country.

• Wind induced base shear is having values considerably higher than the seismic base

shear. Along wind moments computed by random response method are higher in top

portion of the chimney up to a certain height.

• In a higher seismic zone the earthquake induced forces and bending moments govern

the design.
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• Moment and shear distribution along the height of the chimney show very minimal

variation up to half the height of the chimney from the bottom irrespective of the

seismic zone.

• The tip de�ection values computed by simpli�ed method give conservative results. The

tip de�ection values are increase with the increase in the basic wind speed values. The

tip de�ection values are within the permissible limit for all the basic wind speed values

considered.

• The temperature gradient observed across the entire height of the chimney is fairly

uniform except in the region where lining is present and a sharp decrement in the

value of temperature gradient is observed. The temperature gradient in the region

where lining is absent ranges from 240C to 270C and in the area where lining is present

the temperature gradient is in the range of 14.230C to 14.770C, which refers to a

considerably controlled value.

• The variation in the stresses due to (DL + WL) and the subsequently �uctuating

position of neutral axis govern the reinforcement requirement of the chimney. The

reinforcement across the height of the chimney varies from 0.45 % to 0.80 %.

• The stress calculations show that shell thickness usually provided is such that it is
always adequate enough to control the stresses and the remaining part is played by the
vertical steel in addressing the stresses induced in the shell. Hence minimum amount
of circumferential reinforcement is usually su�cient for any chimney and so was the
case in the present study.
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7.3 Future Scope Of Work

• Design of chimney according to the latest revision of IS : 4998 (April 2013) � Draft

Indian Standard.

• Design of chimneys considering soil structure interaction.

• Detailed study, analysis and design of Solar chimney and its foundation system.

170



References

1. Devdas Menon, P. Srinivas Rao - Uncertainties in codal recommendations for across-

wind analysis of R/C chimneys - Journal Of Wind Engineering And Industrial Aero-

dynamics

2. S.K.Agarwal, P. Lakshmy -Wind resistant design of RC chimney - International Journal

Of Structures - (June 1993)

3. Devdas Menon & P.Srinivas Rao - Estimation Of Along Wind Loads - Engineering

Structures (1997)

4. Leonardo E Carrion, Rodrigo A Dunner, and Ivan Fernandez - Davila, Seismic Analysis

and Design Of Industrial Chimneys, World Conference On Earthquake Engineering -

(2000)

5. J. L. Wilson, Code Recommendations For Aseismic Design Of Reinforced Concrete

Chimneys, World Conference On Earthquake Engineering - (2000)

6. Sudhir K. Jain, B.P. Singh, B.K.Gupta, IS Code Provisions For Seismic Design Of Tall

Chimneys, International Journal Of Structures, (Paper No. 106, Vol - 10, July 1990)

7. K.R.C Reddy, O.R. Jaiswal, P.N.Godbole, Wind and Earthquake Analysis Of Tall

RC Chimneys, International Journal Of Earth Sciences and Engineering, Volume 04,

(October-2011)

8. M.G.Shaikh, H.A.M.I Khan, Governing Loads For Design Of A Tall RCC Chimney,

IOSR Journal Of Mechanical and Civil Engineering - 1994

9. K.R.C. Reddy, O.R. Jaiswal, P.N.Godbole, Combined design moments of tall reinforced

concrete chimneys - VI National conference on wind engineering (Dec - 2012)

10. IS : 4998 (Part - 1) - 1992 - Criteria For Design Of Reinforced Concrete Chimneys :

Assessment Of Loads (Second Revision), Bureau Of Indian Standards, New Delhi

171



11. IS : 4998 (Part - 1) - 1975 - Criteria For Design Of Reinforced Concrete Chimneys :

Design Criteria (First Revision), Bureau Of Indian Standards, New Delhi.

12. IS : 456 - 2000 - Plain And Reinforced Concrete : Code Of Practice (Fourth Revision),

Bureau Of Indian Standards, New Delhi.

13. IS : 875 (Part - 3) - 1987 - Code Of Practice For Design Loads (Other Than Earth-

quake) For Building And Structures : Wind Loads (Second Revision), Bureau Of Indian

Standards, New Delhi

14. IS : 1893 (Part - 1) - 2002 - Criteria For Earthquake Design Of Structures : General

Provisions And Buildings (Fifth Revision), Bureau Of Indian Standards, New Delhi.

15. IS : 1893 (Part - 4) - 2005 - Criteria For Earthquake Design Of Structures : Industrial

Structures Including Stack Like Structures, Bureau Of Indian Standards, New Delhi.

16. S. N. Manohar - Tall Chimneys : Design and Construction , Tata McGraw Hill Pub-

lishing Company Limited, New Delhi.

17. Geo�rey M. Pinfold - Reinforced Concrete Chimneys and Towers, Viewpoint publica-

tions

18. N. KrishnaRaju - Advanced Reinforced Concrete Design (Second Edition), CBS Pub-

lishers & Distributors Pvt. Ltd., New Delhi.

172


	Declaration
	Certificate
	Acknowledgments
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Nomenclatures
	Introduction 
	Overview
	Materials of Construction
	Evolution of Tall Chimneys
	Need of study
	Objective of study
	Scope Of Major Project
	Organization of report

	Literature review
	General
	Wind Load Estimation
	Seismic Analysis Of Chimneys
	Comparison of Wind And Seismic Forces
	Summary

	Comparison of Chimney Design Standards
	Introduction
	Materials and Load Assessment
	Estimation of Wind Loads
	Grouped Chimneys, Structural Considerations and Construction Requirements
	Structural Considerations and Serviceability Requirements
	Summary

	Analysis Of RCC Shell
	Introduction 
	Problem Data
	Lining Details
	Preliminary Sizing and Load Calculations
	Dead loads & Live loads
	Seismic Analysis
	Wind Load Analysis
	Summary of results 

	Design Of RCC Shell
	Introduction
	Calculation of stresses in RCC shell due to DL
	Calculation of stresses in the shell under DL + WL combination (Governing Moments)
	Calculation of temperature drop in RCC shell
	Check for stresses in shell under DL + Temperature condition
	Check for stresses in shell under DL + WL + Temperature combination
	Circumferential Stresses
	Design of vertical reinforcement
	Design of circumferential reinforcement
	Design of extra reinforcement around openings
	Foundation Design
	Check for shear
	Summary

	Parametric study 
	Introduction
	Details of Parametric Study
	Parametric Study For Two Different Seismic Zones and Four Different Basic Wind Speeds
	Summary and discussion of results

	Conclusions and future scope of work
	Summary 
	Conclusions
	Future Scope Of Work


