
EARTHQUAKE RESISTANT DESIGN,  OF 

BUILDING * ELEMENTS 

A Dissertation 

submitted in partial fulfilment 

of the requirements for the Degree- 

' 	 Of 

MASTER OF ENGINEERING 

in 

CIVIL ENGINEERING 

By 

VINEET PRAKASH JAIN 

CHF ((ED 

l/-  

DEPARTMENT OF CIVIL ENGINEERING 

UNIVERSITY OF ROORKEE 

ROORKEE 

July,. 1970 



CERT I F I CAT E 

Certified that the dissertation entitled "E_ARTH- 

QUAK= 	SIST.ANT DESIGN Or BUILDING ELEMENTS" which is being 

submitted by Shri Vineet Prakash Jain in partial fulfilment 

for the award of degree of Master of Engineering in Civil 

Engineering with specialisation in 'Earthquake Engineering' 

of University of Roorkee,Roorkee is a record of student's 

own work carried out by him under my supervision and guidance. 

The matter embodied in this thesis has not been submitted for 

the award of any other degree or diploma. 

This is further to certify that he has worked for 

a period of S-x months from 	 J«M- `7°_ to 

in preparing this thesis for Master of Engineering degree 

at this University. 

Dated July. 9 . ,1970 ( B.C.iA^4athur 
Reader in Civil Engineering 
School of Resear-ch and 
Training in Earthquake 
Engi neeri ng ,University 

of Roorkee,Roorkee 
U.P. 



ACKNOWLEDGEMENT :: 

. . . 

The author expresses immense sense of gratitude 

towards Shri B.C.Mathur,Reader in Civil Engineering,School 

of Research and Training in Earthquake Engineering,University 

of Roorkee,Roorkee, whose expert and indispensable guidance 

has been responsible for the present shape of the work. 

Sincere thanks are extended to the staff of 

Workshop and Structural Dynamics Laboratory of Earthquake 

Engineering Department, for their cooperation and help 

during casting and testing of models. 



C 0 N T L N T S 

PAGE 

CERTIFICATE ... (i)  

ACKNOWLEDGEMENT ... (ii)  

CHAPTER I-INTRO,'XJCTION , , . 1. 

II-BRIEF REVIEW .44  5 

III-ANALYSIS OF BRICK SHEAR WALLS 

WITH OPENINGS. ... 11 

3.1- 	Analysis ....  11 

3.2- 	Example-A single room 
building.. ...: 18 

IV-INELASTIC BEHAVIOUR OF PIERS ... 34 

4.1- 	General ... 34 

4.2- 	R.B.Sections ... 34 

.4.3- , 	R. C. Secti ons .... 40 

4.4- 	Illustr3ti on. ... 43 

V-EXPERIMENTAL STUDY 62 

5.1- 	General .., 62 

5.2- 	Description of Models ... 62 

5.3- 	Testing Apparatus •.., 65 

5.4- 	Experimental Results ... 66 

5.5— 	Discussion .•• 75 



PAGE 

u 
	 VI -CONCLUSIONS 	 e.. 	77 

APPENDIX 

A. Computer Program 	... 	79 

B. Notations 	 ... 81 

C. References 	 ... 83 

I] 



-1— 

CHAPTER  I 

INTRODUCTION 

1.1.  Considerable knowledge has been gained in the, 

last three decades about the phenomena of ground motion, 

the characteristics of structures and their behaviour in 

earthquakes. Whenever an earthquake occurs, it induces 

forces in structures due to inertia effect of the mass of 

the structure. These forces tend to fear apart the various 

parts of the structure. 

Since in India, an area of about 6,00,000 Sq. 

miles falls under heavy earthquake zone which have been 

subjected to severe earthquakes in the past seventy years, 

hence a earthquake resistant design of building elements is. 

needed. The basic philosophy of earthquake resistant 

design is that the structure designed for earthquake region 

must serve two functions: 

(i) For frequent small shocks, they must be 

capable of controlling damage to non-struc-

tural elements in the building. 

(ii) For severe earthquakes they must have adequ-

ate ductility to accomodate large lateral 

deflections whereby the energy given by the 

earthquake can be absorbed. 

Thus, to achieve an earthquake resistant design 
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of  the structure, they should be so designed that all parts 

of the structure are tied together and that combined stre-

sses at any point, due to both static and dynamic forces 

should not exceed the strength of material at that point. 

Since earthquake loadings are dynamic in- nature, it 

becomes necessary to copsider the possible, effects of rate of 

loading on the strength and deformation c-ipacity of struct- 

ural element.  Investigations have revealed that rein- 

forced concrete exhibits an increase in strength which is 

primarily due to increased yield strength of steel. These 

increases can reach 40 percent for intermediate grade steel 

under the fastest laboratory loadings, with yielding occur-

ing within 0.005 second of application of load(l4) 

But in case of an earthquake, the loads are, however, app-

lied much slowly and increase in yield strength is not 

more than 5 to. 10 percent. It is not advised that this 

increase be considered directly in design, because not 

all components of structure will yield together, consequ-

ently, it is recommended that static strength of structur-

al elements be used in design for earthquake loads, an app-

roach that should be conservative (9). 

1.2.  To make a structure earthquake resistant, it 

should be so designed that its energy absorption capacity 

should not be more than the energy fed by the ground 

motion. This aim can be achieved by allowing the stru- 

cture to go in inelastic range. In steel we 	can allow 

+ "lumbers refers to correspondingly numbered items in the 

list of referent. 
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strains  upto 2.5 percent and in concrete the strains 

could be upto 0.3 percent to 0.5 percent and consequen-

tly the energy. absorp tion capacity of the structure can be 

increased. But with this, many other factors come into 

picture e.g. percentage . of steel, cover, stresses in build-

ing materials etc. and these factors also impose certain 

restrictions in accomodating these strains. 

In India about 65 percent of population live 

in villages and build houses in brick masonary with mud, 

lime surkhi or cement sand mortar. Since economic condi-

tions do not permit the use of costly and expensive mat-

erials, we look forward to reinforced brick masonary. In 

past few years efforts are going on for strengthening the 

buildings in seismic zones. As such the lateral force 

which a building can stand is very small. To increase this 

some methods have been tested. These methods consists of 

providing horizontal and vertical steel at:(3) 

a) lintel band 

b) lintel and plinth bands 

c) vertical steel at corners only 

d) vertical steel at Jambs only 

e) vertical steel at Jambs as well as 

at corners. 

f) lintel band in combination with (c) , 

(d), (e). 

In nrresent study, a theoretical analysis of 
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brick shear walls with openings is carried out.. The 

moments shear. and axial forces' in piers are worked out using 

Bent method for various level of lateral loads. Equal 

amount of reinforcement is placed on both faces in piers 

and, by carrying out an elastic analysis stresses in 

brick and steel, position of neutral axis etc. are work-

ed out. 

Further, these columns are analysed in bending 

by taking into account the ductility considerations. Gen-

eralized expressions for the equilibrium equations are 

developed for reinforced brick and reinforced concrete 

sections. Their ultimate moment of resistance is obtain-

ed in terms of ductility in steel and concrete. In an 

effort to achieve th,_ desired ductility in materials and 

to verify the developed expressions, some test specimens 

of reinforced brick and reinforced concrete are constru-

cted. The experimental results are compared with the 

theoretical values for verification of the expressions 

developed. 



-5— 

CHAPTER  II 

BRIEF - REVIEW 

2.1. GENERAL 

A brief description of the theoretical and 

experimental work done in.this direction is given here 

to prepare a background for the `-work undertaken by the 

author at the School of Research and Training in Earth-

quake Engineering. 

2.2. 

2.2.1.  In year 1952, Portland Cement Association(1) 

of America gave an approximate method to analyse shear walls 

with openings. According to this method, the doors and 

windows divide the wall into piers. These'piers have def-

lections due to bending and shear and for a lateral load P, 

itis given by 

_  Ph3  1.2 Ph, 

 

12EI  GA 

in which  E = 	Horizontal deflection at top of 

piers. 

h = 	Height of pier. 

E = 	Modulus of Elasticity of pier. 

G = 	Modulus of rigidity of pier. 

Z = 	Equivalent moment of Inertia •about 

centroidal axis. 

A = 	Cross-secticnal area of pier. 
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For brickwork, Poisson's ratio is too small and hence 

by taking E = 2G 

121 

and, the proportion of load sheared by each pier can be 

cal-culated from 

pi 	i 

	

<' 1 
	P ..(2.3) 

Knowing this, the distribution of shears and mo-

ments in piers and resulting bending and shear stresses, can 

be computed easily. Beside _these stresses, the piers carry. 

direct stresses due to vertical load and overturning effect 

of ho.rizohtal forces which must be taken into account. 

	

2.2.2. 	Agnihotri,V. K. (2) , concluded that if the 

opening moves upwards, shear in the piers decreases there-

by increasing the strength of wall. If the size and verti-

c=al placing of opening remains fixed, then for smaller 

openings (approx.. upto 40 percent of the height and length 

of wall) , the strength of wall increases as opening moves 

towards the centre of wall. 

	

. 2.2.3. 	Chandra, B. (5) , concluded that an u.nrein- 

f_orced brick building can resist earthquakes having a 

fairly high value of the seismic coefficient, if care is 
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taken to see that the openings are, as far as possible, 

centrally and symet-ri cally placed. 

2.2.4.  The authors(15) concluded that the wall exhibits 

its capacity to take more load even after all the piers 

crack and this is the reason which enable a designer 

to choose a seismic coefficient much lovw:-r than the actual 

force.  to which a structure is subjected during an earth-

quake. 

2.2.5.  JaiKrishna and B. Chandra(3) studied the effect 

of reinforcement at various positions on the lateral streng-

th of brick building through model tests. The authors 

conclude that:- 

1. Horizontal steel alone at lintel level does not 

contribute to strength as failure occurs at 

plinth level. 

2. Vertical steel at corners is very effective and 

increases the strength of str-ucture consider- 

ably. It will delay the initial cracking and 

take much more load before the final collapse. 

3. Vertical steel at jambs only does not prevent 

the initial failure of the structure but does 

increase the overall resistance of the structure 

since corners near jambs are vulnerable to 

failure due to diagnol tension. 



4.  Combination of horizontal .steel at lintel level 

and vertical steel at corners is.still stronger 

a combination and of course, if vertical steel 

at jambs is also present, the effect is very 

much pronounced. 

2.2.6.  M.Lal (13) suggested bent method because in 

Portland Cement Association method, the shear force in piers 

is obtained by pier action and axial force is .obtained by 

treating the wall as cantilever. These two assumptions are 

inconsistent. Moreover, it is assumed that the depth of ri-

gid common element connecting the top of piers, does not 

have any influence on the pier action, but effects only the. 

overturning moment and hence the axial forces in piers. 

2.3  After the distribution of forces has been obtain- 

ed, the problem remains of designing R.B.Section subjected 

to direct and bending forces. 

Jai Krishna and B.Chandra(4) analysed the R.B. 

Sections taking into account the ductility of brick and 

steel. If he resistance of brickwork in tension was as good 

as in compression, the columns would have taken large hori-

zontal forces without damage. It, therefore, appears nece-

ssary that its energy capacity is increased by providing 

steel reinforcement on tension faces. Energy absorption 

capacity can be increased appreciably by accepting some 

damage through yielding of steel and some inelastic 



deformations. Also energy of steel should not exceed the 

energy of brickwork because it would have no use when brick 

has failed. 

A maximum and minimum percentage of steel was 

obtained based on criteria that energy of steel is not more 

than energy of brickwork, from the following equations: 

N = _ 1 _..._. 	 .. (2. 4) 
1 + p'  

tt.'m"b  

°b  N 	 1  
p 	26st L  . 

m: •iV 	1 + 3 	µ' - 1 	6b 	s 
st 

..(2.6) 

in which, 

p = 	percentage of steel 

db  = 	stress in brickwork 

°st= 	stress in tensile steel 

4 t = . ductility in brick work. 

µ = 	ductility in tensile steel 

m = 	modular ratio Es 

Eb 
;J = 	Di s ,:ante of neutral axis from the 

extreme compression fibre. 
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Hence the percentage of steel should lie in 

between these two limits to have a full utilization of 

steel and brickwork. 

The above work was done for singly reinforce 

sections to begin with. One must consider however that 

in order to have a section which is earthquake resistant, 

it must be reinforced with equal amount of reinforcement 

on both the faces, as tension can occur on any face in 

the event of an earthquake. 



-11- 

CHAPTER -  III 

ANALYSIS OF BRICK SHEAR WALLS 

WITH OPENINGS 

3.1  ANALYSIS:  

Fig. 3.1 shows the model chosen for the analysis. 

The openings divide the wall into a series of piers which 

will have moment, and force (thrust or tension) and shear 

due to vertical and lateral load ( due to wind and earth-

quake force). To analyse these piers, a method similar to 

the one used for analysis of bents, has been used. This 

is described in the following paragraphs. 

THE BENT METHOD: 

According to this method, piers are assumed to be 

tied together by the upper and lower portions of the wall. 

The portion above (called spandrel) and below piers is 

assumed to be rigid. The lateral force is carried to bott-

om by shear and moments in piers (Fig. 3.2) and this 

action is similar to the action in a continuous beam. The 

spandrel of equivalent bent has much greater flexural 

rigidity as compared to piers. 

For analysing a bent, it is convenient to make 

use of an equivalent frame concept in which the bending 
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moment diagram for the bent is modified as shown by the 

dotted line in Fi!7. 3.3. 	This modification is made such 

that the shearing force produces the same strain energy 

for the columns of substitute frame as that for the origi-

nal bent. The columns have uniform cross section along 

their heights. The strain energy due to flexure in bent 

columns is given by  

(, 

U 	
(Hy .-Ma)2dy 	'! (Hh _M)2 ( 	)2 

J 	2 EI 	 j 	2E1 

Case I. 

If the slope at the base of piers is zero 

e= —-r-= 0 a a r: a 

or,

ea 	 J 

(H 	y_ Ma ) (-1) dy +]a hl-Ma) ( 	) 2( 1) 
2 EI 	2 EI 	y 

Since EI = constant 

Ha h2 	 H h M 	s (- a 	1 + M hl ) - a 1- a 	h =0 a 
2 	h2 	3 

H h 
2 	h h 

IMM a ( hl + 3 ) = 	at 1 + 	 H 3~? .. 
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Hahl 	(h + 3 h) 
and.,hence, M = ( 	) -  a 	2 	(hl 3 

2 h (Ha  . h) ( 1  + 	hl) 
2 	- 

(1 + 3 hl ) 

Ha  h' 1  

2 

Therefore, for the corrosponding column in conti-

nuous frame, the height h1 1  is equal to 
2 1+-- h 
3 1 h 1 1  = 2ho = hl ( 	1 h 

1+— -- 
'3 h  1 

But 

1  + 2 h 
h 

( 	1 hl  ) 	- 1+ 3 h -- - 	1  (i 	) 2  + .. .  

3h1  

_ ( 1 + h  ) 1./3  fit 

h' 1  = hl  ( 1 + h )1/3 	 ..(3.2a) 
i 

Case II 

If the column at based is not restrained i.e. 

0 a 
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frr, 

(Hy) 2 dy 

2 EI 

~Hh1 y~(Hy ) 2 

2 EI  Y  2 El  
dY 

0 

Solving it we obtain 

h' 3 	= h31 ( 1 + hl ) 

or 	h' 1 	= hl ( 1 + - ) 1/3 
.  z 

..(3.2b) 

Thus it is seen that conditions of restraints 

of column at base do not effect the equivalent height h' 

of the column. From this, horizontal reactions and moments 

in the columns of the bent can be obtained from an equivalent 

continuous frame for any degree of restraint at base. 

For equilibrium, the following condition must 

be satisfied. 

P = Ha + Hb + Hc  ..(3.3) 

Now, if a horizontal force is applied at top 

of spandral, then all the piers will move by the same 

amount unless any crack or failure occurs in the system. 

As long as the system is in elastic range, the distribu- 

tion of force in each pier will be proportional to their 

stiffness ( E - ) against deflection. The deflection 
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is due to bending and shear and 'so. 

h' 3 	1.2 ht E = p, i 	+  ~ 12EI 	GA 	i f 
where  G = 0.5 E. 

.. 	E = +  28.8 hI f 
12E`_  

in which, 

E = 	Deflection at top of piers 
E = 	Modulus of elasticity in compression 
G = 	Modulus of rigidity 

I = 	Moment of inertia. 

A =  Cross-sectional area of pier 

h' = 	Equivalent height of piers 

Now, the part of load shared by each pier can be 

calculated as 

From this equation, Ha , Hb, Hc .... etc. in each 

'pier can be calculated. Then pier having shear Ha will 

produce a moment 

h 
M — H . _ a 

a 	a 	2 .,(3.7) 

Besides this, piers will have axial forces due to 

vertical load and overturning momen::s. To calculate 
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vertical reaction due to overturning moment, the follOw-

ing steps are involved.  

Considering the spandral as a continuous beam, 

the applied couples are - 

MA= 	Ma + Ha ( h + ha ) 

MB = 	Mb + Hb ( h + hb 

iMC 	= 	MC + He ( h + he ) 

Here Ma , Mb , Mc are all -ve but 'V'A , MB and 

MC are all + ve. 

Hence, the vertical reactions are - 

V
A 	

MA + 1 M B 	c 
~ 	 2 	4 

1 
2 ( L - L1 ) 

5MA + '2 MB - M 	 ..(3.9) 
2 ( L - L1) 

VC T  - 
4 MA + 'SMB + 4 (vfC 

2 ( L - L1 ) 

MA + 2MB + 5MC 
.(3.10) 

2 ( L - L1) 



• V_

~ MA+ 2MBS ~ MC - ~ MA+ MB- MC 

BJ, 
2( L-L1) 	

2 
	 . L) L1) 

3(M - MA) 

(L - L1) 

3(M~ - MC 
VB fi  =  

(L -L1) 

And, if the reactions due to dead load be RA, 

AB and RO , then 

3 w * T RA =~~ = RC 

, (81.2). 

RB = 	~v 

Where W consists the weight of top spandral and 

a part of slab. Hence, total vertical force on each pier 

can be calculated by the algebraic sum of these reactions 

( i.e. due to vertical load and due to overturning moment.) 

3.2. EXAMPLE - A SINGLE ROOM BUILDING 

To have an idea about the stress condition, a 

single room single storey building is chosen. To simulate 
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the forces during an earthquake, the lateral force is 

applied in both directions separately. 

The building adopted for analysis is shown 

in Fig. 3.4. _ The lateral force is varied from 4'percent 

to 20 percent g in increments of 2 percent g. To make 

an elastic analysis of the piers, a computer program was 

made which is given in the end of this thesis. 

IS: 4326-1967 recommends 12 mm diameter bar for 

1 	brick thick walls for single storey building and for 
any other thickness of wall, the area of bar should be inc-

reased or decreased accordingly. In present case, since 

walls are 20 cm thick, hence a 10 mm dia, bar is provided 

on each face of pier. 

The axial forces, moments and shears due to different 

lateral forces are tabulated in Table 3.1. Table 3,2 gives 

moments and vertical .reaction including reaction due to 

vertical loads of spandral and slab; and when lateral force 

is applied from left hand side. 

Calculation of lateral force and reaction due to 

vertical load: 

Wt. of slab = 5 x 3.5 x 0.15 x 2400 

= 6300 kg. 
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Wt. of front wall = 	5 x 3.5 - 1.2 x 1 - 1 x 2. 1l x 0.2 x 1900 

5400 Kg . 

Wt. of side wall 	- 3.5 x 3.5 x 0.2 x 1900 

= 4650 Kg. 

:gat. of all 4 walls = .20100 Kg. 

Accln. , 6300 + 	20100 P ..  

P = 	Acceleration x 6500 

Wt. of Spandral 	= 1.4 x 5 x 0.2 x 1900 

2660 Kg 

Wt. of part of slab= 2,050 'Kg•1 

Total load = 4710 Kg. 

RA  = RO  = 	W 

883 Kg. 

and R3 	= — w 

.2944 Kg. 
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Table  3.a and 3.5 give the stresses in brick 

and steel and also the position of neutral axis in each 

case. These are shown graphically in Figs. 3.6 to 3.11. 

A study of the above analysis shows that 

1. Upto a lateral load corrosponding to 8 percent 

of acceleration, all the piers are in compression. 

2. Pier Battracts the largest force and gives rise 

to worst conditions of stresses when the lateral 

load is applied from right hand side. 

3. Stresses in reinforcing steal and brickwork 

under worst conditions are well within the per-

missible range of stress even at a lateral load 

corrosponding to 20 percent g acceleration. 
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CHAPTER 	IV 

INELASTIC BEHAVIOUR OF  PIERS 

4.1. GENERAL 

A •knowled ge of stress strain relationship is 

essential for the understanding of the dynamic behaviour 

of structures since it provides a link between the defor-

mation and external forces. In the linear range, it is 

sufficient to know only the initial slope of the stress 

strain curve i.e. the modulus of elasticity. However, in 

order to understand and describe the response of the stru-

cture beyond the elastic limits, complete stress - strain 

curve must be known to us. This Chapter describes the beha-

viour of reinforced brick and reinforced concrete piers 

which form part of an earthquake resistant building. 

4.2.  REINFORCED BRICK SECTIONS 

In present case, the stress-strain for rein-

forcing steel is assumed to be elasto-plastic (Fig. 4.2), 

and for brick, a linear relationship between stress and 

strain is adopted (Fiq. 4.3) . Also in a dynamic case, since 

any face can be a tension face, so equal amount of rein-

forcement has to be provided on both faces. 

• Fig. 4.1 shows the section chosen for the 
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?urpose of 'study. Equal percentage of reinforcement is 

?laced on each face at a cover ' ad' . 

From the strain diagram, we get 

• sc 	m 

	

N 	 .,(4.l) d - db N 

in which, 

dsc 	= 	Stress in compressive steel 

m 	= 	Modular ratio 	Es 
b 

6b  =  Stress in brick 

N  =  Distance of N-axis from compress- 

ion edge (fraction of d) 

a 	= 	cover of steel (fraction of d) 

.Also, the distance of neutral axis from the 

compression fibre is given by 

N 	= 	1 

1T 	YS 

m ab 

in which, 

6yst 	= 	Yield stress in tensile steel 

►~-  =  ductility in steel. 

Further, equating the force of tension to force 

of compression, one obtains- 

 

bNd °h + pbd o'sc  pbd c
yst 
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Rearranging 

N °b 

P. = 	._. 
2( cyst dsc ) 

..(4.3) 

From this equation it can be seen that the 

stress in compressive steel should always be less than the 

stress in tensile steel. In other words, the stress in 

compressive steel should not reach upto its yield limit. 

Hence from Equation 4.1 it can be argued that the value 

of N should not be less than a and the maximum value of 

N  should be such that compressive steel does not reach its 

yield value. 

Taking moment about tensile steel, the ultimate 

moment of resistance ( Mbu) can be worked out as follows: 

~utbu = 1 bNd ab ( d - ---) + m pbd % 
2 

( i~Na ) ( d - ad) 	..(4.4) 

Rearranging 

Mbu -2 b Nd 2 ( 1 - 3 ) + m p b d 2 

( 	NNa •) (. 1 - a) j Crb ..(4.5) 

From above five equations a section can be 

designed for any desired ductility in steel and for 

a;:irnum stress level in brickwork. 

0 
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For  illustration certain values of p, a, and 

cab are adopted and corresponding values of dsc 	N o µ 

and Mbu are worked out. The. results are tabulated in 

Table 4.1. 

The assumed values are: 

	

~b = 	61 Kg/cm2 ( for 1:3 ratio) 

	

yst= 	2600 Kg/cm2. 

m = 125 

TABLE 4.1 

a 	p 	 N 	 4 	 Mbu 

0.1  1 percent  0.14  18  23.65 bd2 

1.5 	" 0.145 17.3 _36.2 bd2 

2.0 	" 0.150 16.6 50.0 bd2 . 

0.15 	1 0.2 11.7 21.9 bd2 

• 1.5 0.205 11.3 31.9 bd2 

2.0 	" 0.215 10.7 45.2 bd2 

0.2 	1 0.26 8.4 21.0 bd2 

1..5 0.27 7.9 31.2 bd2 

2.0 0-.28 7.5 42.6 bd2 
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4.3. 	REINFORCED CONCRETE SECTIONS 

Behaviour of concrete in terms of its stress 

strain diagram has-been assumed parabolic by a number of 

investigators ( 10, 11, 12) . It is proposed to use this 

form of stress - strain relationship in the present study 

also. The reinforced steel is assumed to exhibit elasto-

plastic stress-strain curve as in earlier case. 

The ductility in concrete p' is defined as the 

ratio of ultimate strain in concrete to the strain corros-

ponding to maximum stress. Normally, the strain (cm) 
corrosponding to maximum stress level is about 0.2 per-

cent and the ultimate strain ranges from 0.3 percent to 0.5 

percent (7) . So in concrete ductility varying from 1.5 to 

2.5 can be expected. 

A convenient form of the equation for the .stress-

strain curve for concrete could be as follows: (Fig. 4.5) . 

2 oM  e 
 mc  e e  2 	-  e 	 ..(4.6 

cm 	 e 2• 
cm 

in which, 

me 	-  maximum stress in concrete, 

e  =  strain corresponding to maximum 
cm 

stress. 

The distance of the centre of gravity 



of the area from the origin can be worked out using the 

following integral expression:  

e.. de 

= 
e 
Cu 

dde 

using equations( 4.6) and (4.7) ,_ one obtains 

• 21 
- 	N'e 	

_
cm   

	

1 	 µ t 

'in which p denotes, the ductility in concrete. 

From Fig. (4.4) , stress in compressive steel is 

= 	µ' E 	0cm 	—NN-  a, 
	..(4.9) 

From equation (4.9) , it is clear that this will 

 

be valid only if the value of N 	is greater than a. In 

other words, the minimum value of N is fixed from this 

consideration. 

Again from Fig. (4.4) 

e 
cu  N 
e  -  (4.10) 
s 

or, 

- w,  ._ems 	N (  -1 )  ..(4.11) 
ys 
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in which 

eys =  yield strain in tensile steel 

The force of compression in concrete Fc can be 

obtained as: 
' 	 4 

Fc 	= 	I4 b 	( x) dx 	 ..(4.12) 

or 

r 
Fc 	- 	bNd µ' dmc 	1 - 3 	..(4.13) 

For equilibrium, the force of tension must be 

equal to force of compression. So equating them, one obtains 

pbd yst  
= pbd asc + bNd p' ~mc l 

3 

..(4.14) 

Rearranging, 

d 	_ d 	_ ____ a . t 1 _ µ! 
sc  yst  p L  3 

In this equation, if the stress in compression 

steel becomes equal to yield stress, then the contribu- 

tion of concrete would be nothing. So, the stress in cornp- 

.ression steel should be such that the concrete is utilized 

unto •the required ductility. Hence, again from Equation 

(4.9) , the maximum v,~lue of N is also fixed. And any 
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value of N between these limits will keep . the stress in 

compression steel below the yield limit and will allow the 

concrete to reach its desired ductility. 

The ultimate moment of resistance (Mcu) in such cases 

can be obtained as follows: 

M'cu  yst obd2   l - N + N.K.  + FCS. d [N - a 

in which, 

0.66.6 .'- 0.25 u,' 
K 	1 -0.333p.' 

L 

Hence, making use of above equations, a section in 

bending. can be designed for the required cluctilities in 

concrete and steel. 

4.4. ILLUSTRATION 

To illustrate the method certain values of p, a and 

µ.' are adopted and corrosponding values of p, N, dsc ' Fcs 

and M,cu  are worked out for two different grades. These 

values are tabulated in table 4.3 and 4.4.  Table • 4.2 

lives the maximum and minimum values of N in terms of 

cover for different ductilities in concrete. 

A 
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rhe values adopted are: 

dmc 	= 10 ( for M 150 Grade) 

dm~ — 250 Kg/cm2 ( for M 250 Grade) 

dy 5 = 2600 Kg/cm2  

ecm  — 0.2 percent 

ES 	-- 2.1 x 106 Kg/cm2. 

TABLE 4.2 

Nmin 	r~max. 

1.0 	 a 	2.63t a 

1.2 	 a 	2.1 a 

1.5 	 a 	1.71 a 
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• TABLE 4.3 

GR%DE: M150 

a =0.10 

p 	p.' N 4 dsc  Fc.sx -bd McU bd 2  
(Kg/cm 2)  ( 	Kg 	) (Kg. cm) 

1% 	1.0 0.14 9.9 1200 12.0 24.10 

1.2 0.131 12.8 '1190 11.9 24.20 

1.5 0.123 17.2 1170 11.7 24.30 

1.5% 	1.0 0.158 8.6 1540 23.10 35.70 

1.2 0.146 11.3  1590 23.80 35.80 

1.5 0.133 15.5 1560 23.40 35.90 

2% 	1.0 0.172 7.7 1760 35.2 47.34 

1.2 0.156 10.4 1810 36.2 47.46 

1.5 0.140 14.8 1820 36.25 47.50 

Contd/... 

J 



1 

Table -4.3(contd,) 
a = 0.15 

p µ' N Esc FcSxbd Mcuxbde 
(Kg/cm2 ) (kg) (kg. cm) 

1 % 1.0 0.184 7.15 775 7.75 23.55 

1.2 0.175 9.10 720 7.20 23.60 

1.5 0.169 11.9 708 7.08 23.65 

1.0 0.21 6.05 1200 18.0 34.60 

1.2 0.197 7.85 1200 18.00 34.70 

1.5 0.185 10.60 1190 17.80 34.80 

2 	1.0 0.23 5.40 1460 29.20 45.56 

1.2 0.213. 7.15 1490 2.) . 8 45.70 

1.5 0.197 9.80 1500 30.0 45.80 

a = 0.20 

1% 	1.0 	022 	5.70 	382 	3.32 	2336 

1.2 0.213 7,10 308 3.08 	23.45 

1.5 	a 	- .. not acceptable. 	 - 
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TABLE 4.3(Contd) 

p 	41  N  µ °sc Fc,sxbd Mcuhbd2 
( Kg/cm2 ) (Kg) (Kg/cm) 

1.5 % 	1.0 0.254 4.74 893 13.40 33.80 

1.2 0.242 6.05 875 13.10 33.90 

1.5 0.230 8.0 820 12.40 34.0 

2.0 % 	1.0 0.28 4.15 1200 24.0 44.24 

1.2 0.262 5.45 1190 23.80 44.40 

1.5 0.246 7.40 1180 23.60 44.55 
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TABLE  4.4 

GRADE: M250 

a=0.10 

o 	u,t N µ d F 	x bd M 	xbd 2 
( K~cm'1 CS Cu 

( Kg) (Kg. cm) 

1.0 % 	1 0.117 12.5 640 6.40 24.45 

1.2 0.113 15.2 580 5.80 24.50 

1.5 0.109 19.8 515 5.15 24.52 

1.5% 1 0.135 10.6 1090 16.35 36.0 

1.2 0.127 13.3 1070 16,0 36.2 

1.5 0.120 17.7 1050 15.75 36.4 

2.0% 1 0.150 9.1 1440 28.80 47.6 

1.2 0.138 12.1 1390 2.7.80 48.0 

1.5 0.128 16.4 1370 27.40 48.10 

2.5% 1 0.158 8.6 1540 38.5 59.50 

1.2 0.146 11.3 1590 39.8 59.60 

1.5 0.133 15.5 1560 39.0 59.70 

contd/- 
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Table 	4.4 (Contd.) 

a=0.15 

p N p' dsc 	Fcsxbd Mcuxbd2 
(Kg/cm 2 ) 	(K9) (K9,. cm) 

1% 	1 a - 	not acceptble 

1.5% 	1 0.176 7.5 620 	. 	9..30 35.40 

1.2 0.169 9.45 566 	8.50 35..60 

1.5 0.164 12.30 537 	8.05 35.70 

a=0,15 

2% 	1 0.195 6.6 970-  19.40 46.60 

1.2 0.184 .8.55 930 18.60 46.70 

1.5 0.176 11.30 920 1.8.40 46.80 

2.5%o 	1 0.21 6.05 1200 30.0 57.60 

1.2 0.197 7.85 1200 30.0 57.75 

1.5 0.185 10.60 1190 29.8 57.90 

a=0.20 

1% 	1 	` a 	- not 	acceptable - 

1.5 	1 	a 	- not 	acceptable - 
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Table  4.4 (Contd. ) 

p  N  A  Esc  
F 
cs 

 xbd  Mcuxbd2 

(Kg/CM 2 ) 	( Kg.)  (Kg.cm)
.  

2%  1 0.236 5.20 640 12.80 46.40 

1.2 0.226 • 6.50 580 11.60 46.60 

1.5 0.219 9.15 545 10.90 •46.75 

2.5% 	1 0.254 4.70 894 21.10 .56.70 

1.2 0.237 5.20 788 19.70 57.0 

1.5 0.225 3.35 700 17.50 57.30 

Fig. 4.6 and 4.7 show the variation, in steel 

ductility with cover. Fig. 4.8 to 4.23 show the variation 

of steel ductility and 11 -,axis with concrete ductility,  and 

variation of moment of resistance with ductility in steel: 

A study of these curves reveals that the ductility 

in tensile steel decreases with the increase in cover. 

Secondly, there is decrease in moment ofrnsistance with the 



C) 

increase in cover. However, it is seen that by increas:-.. 

ing the ductility in concrete, the ductility in steel 

increases.. 

These curves will be found useful in designing R.C.. 

sections. Nith the help of these curves, for the desired duc-

tility in steel and concrete, the value of N, p, cover a 

and Mcu  can be directly obtained.. 
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C HAPTER TER 	V 

EXPERIMENTAL STUDY 

5.1 	Very little information is available about the 

actual performance of 'i~.3. and R.C. sections when certain 

ductility is allowed in both reinforcing steel and concrete 

or brick. It, * therefore, becomes necessary to `study exp- 

erimental behaviour and compare the results with the theo-

retical values. With this objective, models were construc-

ted and experiments were performed. 

5.2. 	DESCRIPTION OF MODELS 

The concrete columns ( 10 cm x 18 cm) were made 

in two different grades i.e. M 150 and M 250 giving cement, 

sand; aggregate proportion as 1:2:4 and 1:1:2 respectively. 

For reinforcement, 16 mm dia. mild steel bar was placed at 

a cover of 0.15 d: To fix the column at base, - a base plate 

of 30 cm x 30 cm x 1.2 cm was used. The reinforcing bars 

were welded to this plate and to make a bond between plate 

and concrete, some steel hooks were also welded to plate in 

a staggered fashion. At base, a out was left in column to, 

expose the tension reinforcement to fix the strain- gauge. 

The companion speci.mf:=ns were also prepared while casting 

the columns to obtain the basic properties of mortar. 

The bricks used for brick columns were of nominal 
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size 3" x 1.5" x 1" and the mortar used had proportion of 

cement sand as 1:3 by weight. In these columns 12 mm dia. 

mild steel bar was used as reinforcing steel at a cover of 

0.2 d. The size of column was 10 cm x 12.5 cm keeping in 

view the size of brick. The fixing arrangement of  column to bas- 

plate is similar to concrete column.The water cement ratio was 

kept constant and same mason was employed to construct all 

models in order to minimise the variation in workmanshop. The 

models were cured for 28 days. 

After curinq two strain gages (Type : 	CA-10, 

Gauge factor = 2.06)  were fixed on each column i.e.  one on 

tension steel and other on concrete or brick in compression 

(Fig. 5. 3) 

5. 3. . TESTING APPA LATUS 

The load on the column, was aalied with the 

help of a chain pulley block system, The loading system 

was hung on a frame as shown in Fiq.(5.2). The load was 

measured with the help of a proving rin, ,. 

A long arm dial-gauge was fixed on a refrence 

frame to measure the deflection at the top of the column 

for the applied lateral load. The dial gauge was having a 

least want of 0.01 mm. 

The strains in concrete or brick and tensile 

stacl were measured with the help of a strain indicator, 



S. 

multi-channel switch and a transformer, (Fig. 5.1 and 5.2). 

5.4 	V EXPERIMENTAL RESULTS 

The companion specimens of M150 and M250 grade 

exhibited the following properties: 

M150 : 	6 	= 180 Kg/cm2  
me 

e cm 	= 0.3 percent 

M250 : 	me 	= 230 Kg/cm2  

ecm  . = 0.3 percent. 
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TABLE 	5.1 

CONO_ ETE COLUMN 	(M 1.50) 

COLUMN I 

Load (Kg) 	Str:.;.n in ten- 	Deflection 
Strain in sile steel 

top in concrete 	Experi- 	Theore- Experi- Theor- 
mental 	tical. mental itical m.m. 

0 0 0 0 0 0 

.00013 140. 118 .00024 .000195 2.3 

.00043 250 370 .00C17 .000645 4.21 

.00075 370 607 .00135 .00105 7.85 

.00109 480 712 .00228 .00244 11.88 

.00149 570 720 .00350 .00488  

.00188 640 726 .00671 .00700 19.85 

.00229 680 733 ,00822 .0101. 27.80 

.00263 700 740 .0117 .0124 40.50 



TABLE 	5.2 

( M 150 ) 
	

COLUMN II 

Load, (Kg) 	Strain in ten- 	Deflectio 
Strain in 	 sue steel 	of top Concrete Experi- Theore- Experi Theori- 	in 

mental tical mental tical 	m.m. 

0 C 0 0 0 0 

.00012 140 109 .00022 .00018 1.8 

.00021 250 	- 188 .00040 .000315 3.70 

.00051 370 432 .00090 .000765 5.50 

.00086 480 705 .00160 .00133 8.92 

.00101 570 708 .00239 .00204 12.20 

.00125 640 715 .0035 .00332 15.70 

.00156 680 721 	. .00565 .00518 20.0 

.00190 700 730 ..00748 .00710 25.20 



TABLE 5.3_ 

(M250) 	 COLUMN I 

LOAD (Ka) 	Strain ir. ten- 	Deflection Strain in 	 sile steel 
concrete 	Experi- Treori- Experi- T:~eori.- 	at top 

mental  tical  mental  tical  
in m.m. 

0  0  0  0  0  0 

.00019 150 206 .00025 -00285 2.2 

.00032 300 340 -.00048 .00048  

.00050 450 520 .00098 .00075 7.30 

.00071 500 750 .00130 - .00123 8.70 

.00108 550 758 .00279 .00319 11.90 

.00146 600 769 .00540 00588 15.20 

P 00197 650 780 .00721 ' 00910 19.30 

.00242 700 790 .00855 .0119 22.20 

.00263 725 794 .00983 .0128 27.70 

.00270 750 797 .0126 .0139 32.50 
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TABLE. 5.4 

BRI OK COLUMN (1: 3) I 

Load (Kg) . Strain in ten Deflection Strain in site steel of top 
Brick Experi- Theori- Experi- Theori- 

mental tical mental tical in M.M. 

0 0 0 0 0 0 

.00025 100 67.2 .00034 .000231 2.78 

.00057 200 153 .00080 .000526 6.04 

.00920 300 248 .00130 ,00085 9.66 

.001320  350 346 .00187 <, 00133 1 4.46 

.001940 400 380 .00292 00345 20.11 

TABLE 5.5 

BRICK COLUMN (1:3) II 

0 0 0 0 0 0 

.00023 100 61.8 .00029 .000212 2.20 

.00051 200 137 .000725 ,00047 5.40 

.00088 300 236 .00120 ,000813 8.0 

.00130 	350 	3 5C 	.00163 	,00130 	13.00 
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5.5 DISCUSSION OF RESULTS 

Figs. 5.4 to 5.9 show the variation of strain 

in various materials (concrete, brick and -tensile steel) 

with respect to applied lateral load. Figs. 5.10 and 5.11 

show load vs deflection at top of columns. 

It may be obseL_ved from Figs. 5.4 to 5.7 that 

all experimental curves lie below the theoretical curves. 

However, in case of brick columns (Figs. 5.8 and 5.9), 

they are above the theoretical curves. This discrepency in, 

results may be attributed to the following reasons: 

1. The value of yield stress and yield strain of 

reinforcing steel may not be 2600 Kg/cm2  and 

0.124 percent respectively, as has been assumed 

in obtaining the theoretical curves. 

2. The strain Gauges fixed may not be exactly verti-

cal because a slight inclination of gauges would 

show strains less than the actual strains. 

3. The gauge factor. of strain gauges may be somewhat 

different than the value given by the manu-

facturer. 

4. The provin ring registers a lower load than the 

actual because of some part of load is lost when 

the clips get loosened. 
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5. 	Perfect fixity of column bases can not be 

achieved in practice. Any deformations, how- 

ever small they may be, would reduce the 

stiffness of the column bringing down the 

load deflection curve. 

4 



-77- 

CHAPTER VI 

CONCLUSIONS 

On the basis of results obtained from the theor.e-

tical and experimental investigation, reported in earlier 

chapters, the results can be summarized as follows: 

1. A brick building does not develop any tension 

upto a lateral load corrosponding to 8 percent g 

acceleration and all its piers remain in compre-

ssion. This is in agreement with the provisions 

of IS: 4326-1967, Code of practice for earthquake 

resistant construction of buildings. 

2. The central pier B of the building chosen for 

study (See Chapter. 3) attracts the largest force 

and gives rise to worst condition of stresses when the - 

the lateral load is applied from right hand side. 

3. Stresses in reinforcing steel and brick work under 

worst conditions are well within the permissible 

range of stress even at a lateral load corrospond-

ing to 20 percent g acceleration. 

4. For withstanding higher forces, use of energy 

absorption capacity of the -structure can be made. 



5.  By increasing the cover in a reinforced brick or 

reinforced concrete section, the ductility in tensile 

steel can be decreased if required, However this 

will have to be done at the cost of some reduction 

in ultimate moment of resistance of the section. 

6.  A slight increase in ductility in concrete increases 

the steel ductility appreciably° 
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COMPUTER PROGRAM 

NOTATIONS USED-- 

AM= MODULAR RATIO 
DT=DEPTH OF SECTION(EFFECTIVE) 
T=WIDTH OF SECTION 
ST=AREA OF TENSILE STEEL 
SC=AREA OF COMPO STEEL 
Y= COVER 
TM=MOMENT 
VR=AXIAL FORCE 
E= ECENTRICITY 
AN NoAo 
SB=STESS IN BRICK 
SS=STESS IN TENSILE STEEL 

C C REINFORCED BRICK PROJECT (PIER ANALYSIS ) VINEET 24305 
DIMENSION DT(30)9T(30)sST(30)95C(30)9Y(30),HT(30)9P(30)9AR(30) 
DIMENSION TM(30)9VR(30),E(30) 
READ11sN9AM 

11  FORMAT(I3,F10o0) 
AMM=AM-1a 

100  READ619(DT(I)9T(I)9ST(I)9SC(I)9Y(I)9I=1sN) 
61  FORMAT(5F1003) 

D062I=19N 
DP=DT(I) 
TH=T(I) 
YZ=DP*o5—Y(I ) 
YS=YZ*YZ 
TS=ST (I)+SC(I ) 
AR( I) =DP*TH+AMM*TS 
Ti=TH*DP'*DPi DP112o+AMM*TS*YS 

52.  P(I)=TI 
READ709KK 

70  FORMAT(12) 
K=1 

63  READ649 (TM (I) ,VR (I)gI=19N) 
64  FORMAT(2F1004) 

D066I=1,N 
E(I)=TM(I)/VR(I) 
QR=VR(I) 
VRA=ABSF(QR) 
EE=ABSF(E(I)) 

I) 
• AA=Y(I) 
DD=DT(I)—AA 
YY=005*(DD—AA) 
AC=SC(I) 



AT=ST(I) 
IF(QR)20919919 

19  
21  EK=20*P(I)/(AR(I)*DD) 

IF(EE—EK)819819121. 
81  ZA=AM*VRA/AR (I) 

Z I=AM*VRA*EE*YY/P (I ) 
SB=ZA+Z_I 
S5=ZA—ZI 
AN=1e 
GOT0122 

20  Q=1a  

IF(EE—YY)829829121 
82  SB=VRA* (YY—EE) *0,, 5/ (AC*YY ) 

SS=VRA*(YY+EE)*0e5/(AT*YY) 
AN=1,e 
GOT0122 

121 BDS=BB*DD*DD*0e5 
BDC=BDS*DD 
QEY=Q3,  (EE—Q*YY ) 
QX=QEY*AM*AT*DD 
CT= (AM—1 o) *ACS,-  (DD+QEY—AA ) 
A=—BDC*0 0333333 
B=BDS* (DD+QEY ) 
C=DD*CT+QX 
D=—CT *  AA--QX 
AN=0,5 

3  SQ=AN*AN 
CU=AN-*SQ 
U=A*CU+B 5Q+C*AN+D 
Z=3 e *A'*SQ+20 •-*B* AN+C 
AY=AN—U/Z 
IF(ABSF(AY—AN)-001)19192 

2  AN=AY 
GOTO3 

1  DN=AN*DD 
ANN= (1 0 —AN) /AN 
DE=AT'SAM*ANIN—BB"DN%;0-c5—(A.P`;—1 )*AC*(DN—AA) /DN 
SB=Q 3*VRA/DE 
SS=ANN*AM*SB 

122  PUNCH229TM(I)9VR(I)9E(I)9AN9SB9SS 
22  FORMAT(6E1103) 
66  CONTINUE 

K=K+1 
IF(K—KK)639639100 
END 

io 7o? 
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: N0TATI0N.S 

The notations are defined wherever they first 

appear. Here they are collected in alphabetical order for. 

convenience of reference: 

a  =  Cover of Steel (Fraction of De,-)th) 

b  =  Width of Section 

d  =  Effective depth 

e = Strain 

ecm  =  Strain corrosoonding to max. s ;tress. 

E  =  Modulus of elasticity. 

Fc  =  Force -of compr;ssion in concrete. 

G  -  Modulus of rigidity. 

H  =  Height of shear wall. 

hi  =  Height of panel or depth of bent spandrel. 

h'  =  Equivalent ht. of bent column. 

Hi  =  Horizontal force shared by each column. 

I  =  Moment of Inertia 

.L  =  Length of Shear Wall. 

Ll  =  Depth of side piers. 

L2  =  Width of opening. 

= Overturning moment 



M 
a 

m 

Mbu 

Mcu 

N 

p 
U 

V 

y 

Ei  

	

= 	Moment in column. 

Modular ratio 

Ultimate moment of resistance in brick. 

 

=  Ultimate moment of resist=)nce in concrete 

Distance of N. ',. compression ed+7e (fraction of d) 

 

=  percentage of steel 

 

_  Strain energy due to flexural 

 

=  Vertical reaction in columns o ren;. 

deflection 

 

-  Horizontal deflection at joint i. 

dsc 	= 	Stress'in compression steel 

c 	= 	Max. compressive stress in concrete 

	

yst —  
Yield stress in tensile steel _ 

µ  —  ductility in tensile steel. 

µ' 	=  ductility in concrete. 
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