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NOTATIONS 

Areas: 

Ag^. = cross-sectional area of steel dm tension 

Ayy = cross-sectional arera of one stirrup 

(two rods) 

Bending Moments: 

M = bending moment 

M__ = ultimate shear-compression moment 
S G 

M_ = shear-compression moment without web 
o 

reinforcement 

Msw = moment of resistance in shear compression at 

critical section for shear compression 

failure 

Mp = bending moment at flexural cap acity 

Mp' = bending moment at flexural capacity 

at critical section for diagonal 

cracking 

Mn = bending moment at ultimate load at 

critical section for diagonal cracking 

M = bending moment corresponding to 
vl 

diagonal cracking load. 

= ultimate bending moment MuW = 

ultimate bending moment with web 

reinforcement 

Mu'! = ultimate bending moment without web 

reinforcement 

MxT = bending moment at x^ from support 

Distances: 

a = shear span 

b = breadth of rectangular beam 

d = overall depth of rectangular beam d1 = 

effective depth of rectangular beam  



xi 

 

 

L = 

la = 

s = 

X = 

 

Stresses: 

V = 

V - 

fw - f 

yw = 

■st - 

qF 

qcr 

effective span of beam 

lever arm 

horizontal spacing of stirrups distance a long 

axis of beam from support value of x at 

critical section for shear compression 

value of x at critical section for diagonal 

cracking

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

150 x 300 mm cylinder strength of concrete 

modulus of rupture of conrete 

allowable tensile stress in stirrups 

yield stress of web reinforcement 

stress in main steel corresponding to 

ultimate concrete strain 

shear stress at flexural capacity 

shear stress at initial shear cracking 

load  
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T 
0 

 

Forces: 
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w = 

"cr 

w = 
''■a 

total shear force 

shear cracking force 

shear force carried by one stirrup 

(two rods) 
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ultimate shear force 

tensile force resisted by main steel 

compressive force resisted by compression 

zone 

uniformly distributed load per unit length 

of span total load on beam 

total diagonal cracking load on beam total 

ultimate load on beam 
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%x = ultimate shear stress 

U = 150 nun cube strength of concrete. 

Othersr 

r = 
ratio Of main steel = A^/bd^ 

rw 
= 
ratio of web reinforcement = A^/bs 

eu 
= ultimate concrete strain 

A = deflections 

R, 9, 

m, n', t, V, Cp) T^ocand (5 are 
defined 

in the text. 
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SUMMARY 

The main object of this investigation was to establish an 

expression to predict the quantity of web reinforcement that would 

be required to prevent shear failure in rectangular reinforced 

concrete beams under uniformly distributed loading and enable 

attainment of flexural capacity. The general behaviour and 

strength of such beams were also studied. 

Twelve beams were tested, and the variables considered in 

this study were:- 

(1) the span, hence effective length/effective depth ratio 

(2) the amount of web reinforcement. 

All the beams, 230 mm deep by 127 mm wide 

reinforced by three 14.70 mm square cold twisted bars as main steel 

with effective depth of 200 mm, were tested on simple spans of 1.2, 

1.6 and 2.0 m. Three beams, one of each span, were without web 

reinforcement. The remainder were provided with 5.61. mm diameter, 

mild steel stirrups with a yield stress of 320 N/mm^. For all the 

beams with stirrups, the ratio, of web reinforcement was varied 

from 0.137 to 0.783# such that some beams were intentionally 

under-reinforced for shear so as to study clearly the function of 

the web reinforcement in resisting the shearing forces and its 

actual contribution to the strength of the beams.
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The beams were tested at ages between 46 and 50 days and the 

mean concrete cube strength was 45.8 N/mm2. 

All the beams were tested under a system of 

eight point loads applied through steel rollers and 

plates to simulate uniform loading. For the three 

spans considered, the steel plates were the same such 

that in the shortest span the plates were separated 

by 50 mm; in the other spans the distances were 100 

and 150 mm respectively. . The load was applied by 

% 

20 kN increments. After each increment the deflections at mid span 

and quarter points were determined, the concrete strains were 

measured on one face of the beam with a demountable demec gauge and 

the crack patterns were studied. The diagonal cracking load was 

recorded as the load at which the major diagonal crack crossed the 

neutral axis. 

Finally the ultimate loads and the modes of failure were recorded. 

Some beams were found to fail in shear, others in flexure and the 

remainder in combined shear and flexure. 

The beams with the shortest span and with web reinforcement 

exceeded the flexural capacity by up to 34%. This was attributed 

to the closeness of the steel plates placed on the top surface of 

the beam on which the point loads were applied.
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When the plates were very dlose as in this case they had the 

effect of increasing the lever arm and therefore the 

ultimate moment. 

After the analysis of the deflection readings at mid 

span and quarter points the rotation capacity with relation 

to web reinforcement and effective length/ effective depth 

ratio was studied. 

The concrete strain distribution indicated that after 

the formation of the diagonal crack, the upper portion of 

the beam near the supports became subject to eccentric 

loading which resulted in a reversal of the nature of the 

strains. In the two longer spans, the beams with most web 

reinforcement had tensile strains towards the failure load. 

In the attempt to establish an expression for 

predicting the quantity of web reinforcement necessary 

for flexural capacity, the test results of the author 

were analysed together with the test data collected by 

Smith in 1970. Smith tested eleven beams all of 230 ram 

deep by 150 mm wide reinforced by three 16 mm diameter 

rods as main steel with effective depth of 200 mm. 

The beams were tested on simple spans of 2.44, 3.04 

and 3.60 m under a distributed system of eight point 

loads. Three beams, one of each span, were without web 

reinforcement and the remainder had 3.2 mm diameter 

2 

mild steel stirrups with a yield stress of 265N/mm .
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The ratio of web reinforcement varied from 0.068 to O.4IO7S. 

The mean concrete strength was 34.4N/mm2. 

The expression tentatively suggested by Smith for beams 

of short spans such as those tested by the author predicted very 

high estimates of web reinforcement that would have been desired 

for flexural capacity. Consequently it was attempted to 

establish a general empirical expression applicable for all 

cases of effective length/effective depth ratio based on the 

consideration of shear stresses and bending moments. Several 

empirical equations‘were derived using v regression models. Out 

of these, one equation expressing the quantity of web 

reinforcement in terms of shear stresses corresponding to 

flexural capacity and diagonal cracking load, was selected for 

predicting the quantity of web reinforcement required for beams 

subjected to uniformly distributed loading to attain flexural 

capacity. 

Since it is not possible to establish the influence of 

all the variables that affect the shear strength of reinforced 

concrete beams rationally an attempt was made to express the 

total contribution of web reinforcement empirically-. An 

equation was established expressing the ratio of the ultimate 

moment for beams with web reinforcement to the ultimate moment 

for beams without web reinforcement in terms of web 

reinforcement and effective length/effective depth ratio.





 

 

To extend the scope of the subject, it is suggested 

that future research would be desirable with the aim of 

establishing a general expression either empirically or 

rationally. Recommendations have been made with regard to 

theoretical approach, test programme ., loading 

arrangement, crack observation and study of T-beams.
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL REMARKS 

Shear failure in a complex problem. The study of the behaviour 

and ultimate strength of reinforced concrete rectangular beams 

failing in shear due to concentrated loading has received very wide 

attention. Under such loading, the shear span, a, is subjected to a 

constant shear force and a linearly varying 

bending moment (figure 1.1). It has been possible, 

% 

therefore, to establish expressions for the prediction of 

diagonal cracking load, ultimate shear compression moment and the 

critical section. A survey of literature reveals that very little 

work has been done on T-beams regarding shear failure and the 

development of any expressions has not been possible. 

However, when beams carry uniform loading distributed over the 

entire span, the shear span is subjected to a linearly varying shear 

forQ© and a parabolically varying bending moment as shown in figure 

1.2. In addition, the compressive zone in the entire length of the 

beam comes under the action of vertical stresses due to the loading; 

these stresses increase the strength of the compressive zone because 

when they act in conjuction with the normal bending stresses, they 

create a biaxial state of compressive stress under which concrete 

is known to exhibit higher strengths (14) 1 

In uniform loading the critical section is not as 

                                            

1 Numbers in parentheses indicate references in the 

bibiliography• 
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apparent as in the case of concentrated loading and the 

analysis is more', difficult.Recent research has, however, 

resulted in the development of expressions 

for ultimate shear strength, critical section for diagonal 

cracking load and the quantity of web reinforcement 

required for attainment of flexural 

capacity. Unfortunately some expressions are of 

limited validity due to lack of sufficient test data 
% 

to extend the scope of the evidence. 

1.2 OBJECTIVES AND SCOPE 

This report is concerned with the study of reinforced 

concrete rectangular beams under uniformly 

distributed loading. The general objective of this study 

was to investigate the behaviour of beams under uniform 

loading and the transition between shear and flexural 

failures. The main considerations were: 

(1) Observation of the development of cracks. 

The propagation of the flexural cracks into 

diagonal cracks and the formation of any 

web-shear cracks were studied. Particular 

attention was given to the major diagonal 

crack especially its intersection point with the 

extreme tensile concrete fibre. 

The distances from the support to the intersection point 

were determined and related to I/di ratios. 

(2) Determination of concrete strains during progressive load 

application. The concrete strain distribution with relation to 

the applied load was investigated. 

(3) Determination of the diagonal cracking and the ultimate loads. 

(it-) Investigation of the amount of web reinforcement required for 
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the achievement of flexural capacity. This formed the main part 

of the study and empirical equations were established. 

(5) Investigation of the influence of the web reinforcement on 

rotation capacity. 

(6) Contribution of web reinforcement. 

For this study twelve beams were tested. All were of similar 

cross-section and were divided into three groups of L/&± ratios 6, 

8 and 10. The amount of web reinforcement varied so that some beams 

failed in shear and the others in flexure.





beam under two concentrated loads.  
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. I t i i i r~T~!~T~T n—r 
i—i—i—i—i—i—i—i—iT-rr'i 'i r i i »—■—i—» T 
<—i—i—-i —11 . .1 . 1  i  i  - t . i  . i  i  i  i  1.1 i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  M i i  i  i  i  i  i  i  

A : ----------------- I 

Loading diagram 

 

Shear force diagram 

Bending moment diagram 

FIGURE 1 . 2 ;  Shear force and bending 

moment diagrams for 

simply supported beam 

under uniformly distributed 

l o a d i n g .   
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CHAPTER 2 

LITERATURE REVIEW 

The first published theory regarding web reinforcement was due 

to Ritter (1) who suggested in 1899 that vertical stirrups, which are 

stressed in tension, may be designed by means of equation 2.1 

Q = Awfwla ..........................  (2.1) 

S 

where Q = total shear resistance 

Aw = area of one stirrup fw = allowable tensile 

stress in stirrups la = lever arm 

S « horizontal spacing of stirrups. 

This was the concept of "truss analogy" which forms the basis of 

present day recommendations of design codes (3). According to this 

analogy, the concrete is assumed to act as diagonal members 

resisting compression only while the shear reinforcement acts as 

tension members. Since the dowel action of the longitudinal 

reinforcement and the compression zone of concrete do resist shear, 

the codes' stipulation that the whole shear force must be resisted 

by shear reinforcement only is conservative. As a result of ‘ the 

experimental and theoretical investigations that have been carried 

out for many years, many empirical expressions have been developed, 

but none of them is of general application.  
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in equation 2.2 provides for 

In 1953 at Illinois University, Laupa (L) published the 

theory of "shear-compression" under the supervision of Siess 

and Newmark. According to this theory, Laupa established an 

empirical expression for the shear-compression failing moment 

of the form 

Mso= M^V (0.57-4..5fc,Xl+2rwfyw)..(2.2) 

690 6.9 

where n* = elastic neutral axis factor 

= /(rm)2+ 2rm - rm 

m = modular ratio 

= 5 * 6£ 

The term (1 + 2r^fyw) 

-T7T 

the effect of web reinforcement. Investigation of failure by combined 

bending and shear was carried out by Zwoyer (5) and Moody and Viest 

(6) who developed ultimate moment formulae for such failure. While 

Zwoyer accepted Laupa's shear-compression concept, Moody and Viest 

argued that the effect of shear was not included as a variable. 

Although Laupa's equation was proved by Jones (7) to be of limited 

validity, Laupa's work -remains of outstanding importance in the 

study of shear (failure. He suggested that the function of web 

reinforcement is 

to prohibit the development of diagonal cracking and therefore help 

the beam to attain its flexural capacity.
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The work of Watstein and Mathey (8) refuted the validity of 

the usual assumptions that longitudinal reinforcement does not 

transfer vertical shear across a diagonal tension crack and that 

the maximum compressive strain within the shear span is developed 

at the extreme fibre. After carrying out extensive strain 

measurements in steel and concrete, they concluded that after the 

development of a diagonal crack, sections which were initially 

plane did not remain plane and the maximum compressive strains in 

the concrete occurred some distance below the 

i  

extreme fibre. The longitudinal reinforcement was found to carry 

considerable vertical shear across a crack, but this force 

decreased rapidly as the load approached maximum. The 

contribution of the longitudinal reinforcement in resisting 

vertical shear is in agreement with the information reported by 

Hognestand (1) who referred to some 170 documents published 

between 1897 and 1951. 

In order to find an equation for the shear cracking load and 

the ultimate shear-compression moment, Smith (9) analysed results 

of 250 tests of simple beams under concentrated loading performed 

by previous research workers; the range of shear span/ effective 

depth ratio was from 1.52 to i.5. As a result of the analysis, he 

modified Laupa's equation 

(2.2) and presented it in the form of equations 2.3 and 2,k  
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V M,2 

^SC 
ft'bd12 

(2.3) 

....(2.4
) 

(/~P - 0.17p ) d| a 

(>nr- o.i7p) 

where p = lOOr 

Smith reported that the function (v/p~- 0.17) had a 

satisfactory correlation with Laupa’s equation. 

Concerning the regions already cracked in flexure, 

Smith (9) discussed the implications of Paduart’s 

work and concluded that the transition point from 

diagonal tension to shear^-compression failures at 

a/d,j= 2.4 actually refers to an initiation of 

diagonal cracking at a section where M/Qd^ = 1.2. 

Ramakrishnan (11) tested 110 beams designed to fail 

in shear subjected to one or two point loads. After 

analysis of the results, it was concluded that a fully 

mathematical and rational solution was not possible in 

the case of beams subjected to combined bending and shear 

unless a number of assumptions, which may not be strictly 

true, were made. 

As a result of his more recent work on shear Regan 

(12) reported that shear cracks can be of two typesr 

(a) the more common cracks forming in regions 

already cracked in flexure (flexural-slqear 

cracks) and  
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= 0.30 
100 
Ast 

 

0.4. 
bd1 y^bc ...(2.5) 

(b) the cracks forming in previously uncracked regions 

(web-shear cracks). 

Regarding web-shear cracks, Regan did not give any test evidence to 

support his suggestion; nevertheless the concept is similar to 

"shear-proper", a term used by Laupa (t-) to denote the mode of failure 

of beams whose shear/moment ratio was too large for the criterion of 

shear-compression to be valid. Regan presented an equation for the 

total shearing resistance of the form 

where = ultimate shear force 

G = projected length of a shear crack in the direction 

of the span. 

Regan reported that numerous tests had shown that the lengths of cracks 

critical for shearing ean be taken as 

c = 1.5d 

where d' is the depth to centre of lowest longitudinal bars when stirrups 

are used; that is if the main bars are at one level, d' = d-j. Equation 

2.5 is subjected to special detailing qualifications whereby shear 

reinforcement crossing a shear crack can be assumed to yield prior to 

failure at that crack. Under such detailing qualifications, the shear 

forces carried by vertical stirrups can be calculated by the term r^^bc 

of equation 2.5.  
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7 

wfcere 

While the problem of shear failure regarding beams subjected to 

concentrated loading has received much attention, investigations of shear 

failure of beams subjected to uniform loading seems to have been neglected. 

Consequently there is little published literature and test evidence in this 

field. 

Whitney (13) analysed the test results reported by Morrow and Viest 

and found that the shear strength is not a simple function of concrete 

strength, but depends largely on the amount of flexural reinforcement and 

its effi ciency. Assuming a uniform ultimate moment, 1^, from end to end 

of the beam, Whitney proposed the foliating equation for the ultimate shear 

strength 

a = 50 + 0.26  ____  
/d 
/ - .... (2.6) 

a *= kl 

= shear span expressed as a variable 

with 1 equal to half the span of the beam and k varying 
with the beam span. 

Whitney showed analytically that the critical section for uniformly loaded 

beams without web reinforcement was between six-and seven-tenths of the 

distance from the centre to support. 

This showed good agreement with the results of tests of a further 18 

uniformly loaded beams without shear reinforcement reported by Bemaert and 

Si ess. In addition the value of shear at first diagonal tension cracking 

showed good agreement with the following 
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equation derived 

from the test 

results of the 18 

beams 

(2.7). 

Another theory was proposed by Ojha (14) when he reported an iterative 

method of calculating the failure load of uniformly loaded reinforced 

concrete rectangular beams without shear reinforcement. The development of 

the equations for uniformly loaded beams was based under one or two point 

loads. Using "distortion energy" principle, Ojha was able to predict 

mathematically the section of failure. The critical section was found to 

lie at a distance equal to from 1.45 to 2.25 times the effective depth of 

the beam measured from the support. The theoretical approach was tried out 

with test results of 27 beams, but it did not show good agreement for beams 

with high 1/d.j ratios. 

In 1970 Smith (10) discussed Som*s equation for 

diagonal cracking load for beams under point loads 

without web reinforcement with a/d^ =2.4 and 

concluded that the equation may be used for any 

system of loading if applied at sections for which 

M/Qd-, = 1.2. Smith further established equations 

for the critical section for shear-compression 

moment and the quantity of web reinforcement required 

to prevent the beam to fail below flexural capacity and to sustain 

sufficient rotation.  
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The predictions of diagonal cracking load and the estimation of the 

quantity of web reinforcement were supported by test evidence of eleven 

beams with varying spans and the amount of web reinforcement and under 

simulated uniform loading. Furthermore there was a close agreement between 

the requirements of AGI Building Code and the optimum ratios of web 

reinforcement deduced from the tests for the achievement of full flexural 

capacity. Nevertheless the evidence was based upon few tests results with 

L/d varying between 12 and 18 and Smith recommended 

I * 

that further tests are required to extend the scope of evidence, 

particularly with regard to the effects of low L/d^ ratios. 

The author's investigation, therefore, is in line with Smith's 

recommendation and a full critical derivation of his method of analysis is 

given in the analysis chapter of this report.
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CHAPTER 3 

GENERAL BEHAVIOUR OF REINFORCED 

CONCRETE BEAMS 

In order to understand the mechanism of shear failure and the 

factors that influence it, it is necessary to investigate the behaviour 

of reinforced concrete beams in both elastic and plastic stages. 

It is only with the knowledge of shear failure mechanism that 

methods to design beams to resist shear and attain their 

flexural capacity can be developed. ; 

3.1 FLEXURAL CRACKS 

In the initial stages of loading a beam, and before any cracks 

appear, the beam shows an elastic behaviour and the load-deflection 

relationship is linear. When the load is increased, flexural cracks 

begin to form at the tensile face of the beam and then extend upwards 

some going above the tensile steel level. Some of the cracks are very 

small indeed and can be clearly seen only with a magnifying lens. 

Further increase of load results in additional flexural cracks and 

increase in width and vertical extension of the already formed cracks. 

At low loads when the beam is uncracked or cracked in flexure only, 

the action of the web reinforcement does not come into play and 

therefore, in effect, beams with and without web reinforcement
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resist shearing force in a similar manner; the total shearing force is 

resisted by the compression zone of the concrete, the dowel action of 

the longitudinal reinforcement and the force due to aggregate 

interlock along the ctacks ( 1 2 ) .  

3 . 2  DIAGONAL (SHEAR) CRACKS 

Diagonal tension cracks or shear cracks can be divided into two 

types according to the origin of their formation. 

3 . 2 .1  KLexure-Shear Cracks. These cracks develop in regions of high 

shear within the shear span. As the 

i 

load is increased, some of the already formed 

flexural cracks bend away from the support to become 

diagonal tension cracks. With further load increase, the shear cracks 

extend diagonally upwards and 

downwards and flatten as they approach the top 

surface of the beam and at the level of the 

longitudinal tensile reinforcement. The development 

of a flexural crack to a diagonal tension crack is 

illustrated in figure 3 . 1 .  

3 . 2 .2  Web-Shear Cracks. The web-shear cracks are 

rare. They occur in regions of high shear and 

relatively low bending stress as for example in the webs of I -sections 

near a single support. In rectangular sections they occur very near the 

support within the shear span as shown in figure 3 .2 .  

Web-shear cracks do not occur if there are flexural cracks available 

to be converted into diagonal cracks. 

Even though shearing stressX in figure 3.3 is often regarded as 

the primary cause of shear failure, a beam cannot be subjected to pure 

shear without bending moment. A direct bending stress o- is always 

present so that its combination with the shearing stress produce 

diagonal tensile stress which frequently causes the initial shear 

cracking 

(13,16). This principal stress therefore is the 
% 
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cause of shear cracks and ultimately shear failure. The diagonal crack 

that makes the beam collapse is termed the major or critical diagonal 

crack. It is usually the longest and widest crack. Recent research 

has led to the development of expressions for locating the starting 

point of diagonal crack, the failure section and the inclination of 

the critical diagonal crack (10, 11.). 

3.3 BEHAVIOUR AFTER SHEAR CRACKING- 

The diagonal tension cracks extend upwards and thereby reduce the 

depth of the compression zone. 

The diagonally cracked concrete cannot resist any of the transverse 

shear force and, therefore, if the beam is able to sustain further 

increases in load, a redistribution of the internal stresses takes 

place. It is only after the formation of the diagonal crack that web 

reinforcement carry load; consequently after  
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this stage, beams with snd without stirrups behave differently, 

5.3.1 Behaviour of Beams Without Stirrups. A free-body diagram of the 

cracked section of a beam without web reinforcement before and after 

redistribution of the internal forces is shown in figures 3.4(a) and 

3.4(b) respectively. 

The diagonal cracked concrete does not resist any of the shearing force 

Q. Considering figure 3.4(a), for vertical equilibrium, 

Q * + ^2; ••••••••••••(3»la) 

for horizontal equilibrium, 

(3.2a) 

and taking moments 

about 0, 

0^= T2la + d2 (X1"X2^  ............ (3.3a) 

where D2 5 shear transferred by dowel 

action at section 2 T2= main steel 

tension at section 2 

At section 1 the resultant forces balance external bending moment, thus 

= H^a ................. (3.4) 

The values of and x2 can be obtained from a plot of the crack pattern 

and C-^ is assumed to act at the middle of the compression zone. T^ and 

T2 are determined from strain measurements.
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Upto the formation of the diagonal crack, T2 has been found to 

be small compared to T^(8)* When the load is increased the value of 

Tincreases rapidly to a value close to . By equations 3.3(a) and 3.U, 

when T2 approaches the dowel force D2 approaches zero. When D2 equals 

zero, the breakdown or redistribution of forces is said to have taken 

place and the total shear is carried by the concrete compression zone. 

This situation is shown in figure 3.4(b) where by statics 

Q - S12 .  ...................  (3.1b) 

T1 = C12  ..............  (3.2b) 

Sn “ Va  ........................  

In beams without stirrups T2 is likely to increase with excessive 

extension of the steel. If this happens, 

the diagonal tension crack penetrates high into the compression zone 

and finally shears through the rest of the beam depth. This causes true 

diagonal tension failure which is a common feature of tests of beams 

without web reinforcement. 

3.3.2 Behaviour of Beams With Stirrups. Figures 3.5(a) and 3.5(h) 

illustrate the free-body diagrams of the cracked section of a beam with 

web reinforcement before and after the redistribution of forces 

respectively. After the formation of the shear crack and before the 

redistribution of the internal forces, the total shearing force is 

resisted by the dowel action of the main steel, the compression zone 

of concrete and the stirrups crossed by the crack, considering figure 

3.5(a), for vertical equilibrium, 

Q - S12 + D2 ^  ........................ (3.5a) 

i=1 

for horizontal equilibrium, 

T2 = C12  .................... (3.6a) 

and taking moments about 0, 
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Qxi = ^2^a+ ^2 (X1 ” x2^ +53^Wi
aiee 

; . i.r..1..(3.7a) 

As in the case of beams without stirrups, at section 1 

the resultant forces balance the external bending 

moment thus 

^x1 = Qwiai  ...........  
i=1 

where n is the number of stirrups crossed by the diagonal crack. The 

values of x-j, X2 and a^ can be obtained from a plot of the crack 

pattern. ^ and 

Qw are determined from strain measurements. 

As the load is increased, the same sequence of transfer of forces 

takes place as in beams without web reinforcement except that aftef 

the breakdown of the dowel force, the total shear force is resisted 

by the compression zone of concrete together with the stirrups crossed 

by the shear crack as shown in figure 3.5*Ob). 

By statics,  
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(3.5b) 

(3.6b) 

(3.7b) 

In addition to carrying a part of the shear force, the web 

reinforcement increases the ability of the concrete compression zone 

and the longitudinal reinforcement to resist shear by limiting the 

growth of the diagonal cracks and checking their penetration into the 

compression zone, .and by preventing the dowel force from splitting the 

concrete along the longitudinal steel level. Thus in effect, shear 

reinforcement prevents sudden failure so that collapse occurs only 

after substantial deflection (6). 

In the absence of shear reinforcement, the diagonal tension cracks 

result in a separation of the 'blocks' on both sides of each crack. When 

shear reinforcement is provided, connection of the 'blocks' will resist 

the dislocation tendency of the member. It is this dislocation concept 

that Ojha (li.) in 1967 referred to as shear rotation in his 

consideration of the shear strength of rectangular reinforced concrete 

beams using 'distortion energy' principle. 

The conclusion arrived at by Watstein and Mathey (8) that maximum 

compressive strains occur some distance below the extreme fibre can be 

explained by figures 3.4'0>) and 3.5(b).

<3 = si 2*x: Q»i 

T1 “ C12  ............  
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(3.9) 

After the breakdown of the dowel force the compressive thrust becomes 

more inclined to section 1 and acts as an accentric force on the 

concrete above the diagonal crack. This produces a reversal of strain 

and, in general, the strains at the extreme fibre of the compressive 

zone decrease rapidily and in some cases tensile strains may occur at 

this surface. 

3 X■COMPATIBILITY CONDITIONS 

After the formation of shear cracks, sections 

which had previously been plane no longer remain plane. 

% 

Consequently the normal flexural elastic neutral axis depth is invalid 

for sections crossed by shear cracks and must be replaced by one in 

terms of integrated deformations. The neutral axis depth used by many 

previous investigators is not generally equal to the ultimate flexural 

neutral axis depth because in most shear failures the main steel does 

not yield at failure. The compatibility condition can be expressed in 

two forms. 

3.U.1 Regan's Approach ( 17) .  

If section 1-1 in figure 3.6 undergoes negligible or no 

deformation during loading and section 2-2 is a plane section that 

remains plane during loading, the neutral axis depth at section 2-2 

is given by the equation 

^ CC 

3TT ££  
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A cc A 

st' 
n 

1-n 
Sin 0 (3.10) 

where 

where ACc = total shortening of the extreme compressed fibre 

between sections 1-1 and 2-2. 

A st = corresponding lengthening of the main steel 

between section 1-1 and 
2-2. 

n = neutral axis depth factor. 

^•K.2 vValther1s Approach (17). in this approach the total deformation 

in the region of a shear crack is considered to consist of a rotation 

about the head of the shear crack and a deformation of the web. this 

deformation increases the width of the shear crack in the middle of the 

web relative to its width at the level of the steel (figure 3.7). 

Combining the two types of deformation, the neutral axis depth factor 

is expressed by equation 3.10. 

st' = deformation of main steel 

= width of shear crack at steel level. ® = 

angle between the shear crack and 

the direction of the member kq. = coefficient 

greater than or equal to unity 

= Quit “ Qcr 

r
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3.5 MODES OF FAILURE 

There are normally three recognised types of failure of 

reinforcement concrete beams namely:- 

(a) Bond and anchorage failure 

(b) Flexural failure 

(c) Shear failure. 

It is necessary to be able to differentiate between the above 

different types in order to know which type of failure a beam 

undergoes. 

3.5.1 Bond and Anchorage Failures. In reinforced 
% 

concrete, bond and anchorage failure is due to poor bond 

characteristics of steel and concrete. This type of failure is 

prevented by providing an extra length of the main reinforcement such 

that the average bond stress does not exceed the permissible bond 

stress stipulated in the modern codes of practice. A.C.I - A.S.C.E. 

Committee 326(17) recommends that the main steel should be extended 

beyond its permissible cut-off point according to flexural theory by 

a distance equal to the effective depth. The equivalent additional 

length may also be provided by means of hooks or other types of 

anchorages. 

1.5.2 Flexural Failures. When a concrete beam is over-reinforced and 

is adequately reinforced against 

shear, it fails by the crushing of concrete or 

splitting of the concrete over the vertical cracks caused by bending 

stress in the compression zone. However, if the beam is 

under-reinforced, and cannot fail in shear, it fails by the yielding, 

or very rarely, breaking of the longitudinal reinforcement caused by 

tensile bending stress. 

3.3.3 Shear Failures. Shear failures are preceded and caused by the 
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diagonal tension cracks which may start as flexural cracks or as pure 

web-shear cracks. The criterion of shear failure has been the cause of 

a controversial issue among investigators over the years -whether it 

occurs at some limiting value of shear force or bending moment. It has 

now been established that for any given combination of moment and shear, 

there will be a mode of failure which is critical. Whereas beams with 

a high M/Qd-j ratio fail in flexure, beams with low M/Qd-j ratio fail 

in shear. In between it is a combination of flexure failure and shear 

failure which divides into two types-shear-compression failure and 

diagonal tension failure. 

Shear-compression failure. As the load is 

increased the diagonal tension crack penetrates the 

compression zone of concrete. After the breakdown of the dowel force, 

the neutral axis rises and the external load is supported by an inclined, 

arch-like, thrust that gives great intensity of compression above the 

diagonal tension crack. The horizontal component of the thrust at the 

support is resisted
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equation 

^sc 

Msc 

Qu 

where 

a = 

kd-
j 

k2kd-| 

by the tension steel acting as a tie as shown in figures 3A(b) and 3.3(b). 

If the geometry of the crack and the loading configuration are such that 

stability of the arch action is achieved, collapse of the beam is caused 

by failure of concrete at the crown of the arch (section 1-1). This is 

the type of failure which led earlier investigators such as Zwoyer and 

Siess (3), Moody and Viest (6) and Jones 

(7) to develop a new analysis of shear failure known as 

shear-compression theory. Shear-compression failure is more common to 

beams with short shear spans and the collapse load is often several times 

the initial diagonal cracking load. The ultimate load for 

shear-cbmpression failure is given by the 

C^a = k1k3fc,bkd1(di - k2kd1)....(3.11) 

Shear compression moment ultimate shear force 

shear span 

= average longitudinal compressive stress 

in the compressive zone at failure 

= depth of compressive zone at failure 

= depth to centre of compressive zone at failure. 

= breadth of section. 

The coefficients k^ and k2 are Hognestad’s (2) stress 

block factors  
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k-jk.^ = 26.9 + 0.35fc' 

22.1 + fc* 

k2 - 0.5 - fc' 

55? 

Coefficient fc is neutral axis depth/effective depth ratio, 

indicating position of neutral axis at failure. 

(b) Diagonal tension failure. The critical diagonal tension crack 

extends rapidly beyond the neutral axis 

and backwards by a tearing action at the main steel 

% 

level. When the crack extends through the compressive zone the load 

carrying capacity is reduced. After the breakdown of the dowel force, 

the beam becomes unstable and almost with no further load increase 

it splits into two and collapses immediately, i.e. the callapse load 

is close to the initial shear cracking load. Diagonal tension failure 

is common to beams without web reinforcement. 

3.6 LOAD - DEFLECTION RELATIONSHIP 

If the load-fleflection relationship is known, it is possible 

to study the behaviour of the beam at workingloads and to estimate 

the limit of safe working loads. Since the deflection is different 

for bending and for shear failures, the load-deflection relatinship 

would give a guide in distinguishing between flexural and shear 

failures.
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Whereas in flexural failure the deflection is solely due to 

bending, in shear failure the total deflection is the sum of the 

deflection due to bending and the deflection Contributed by the 

opening up of the diagonal tension cracks. This is evidenced by taking 

deflection readings on the top and bottom surfaces of the beam. In 

some instances, the bottom surface deflections are found to be twice 

the top surface deflections. 

A study of the moment-rotation relationship indicates that 

reinforced concrete is truly plastic in the steel-yield bending 

failure for low percentages of main steel. However, whereas 

shear-compression failure reduces the ductility of reinforced 

concrete, diagonal tension failure may prevent it altogether (figure 

3.8). 

At low moments beams with and without web reinforcement behave 

in the same manner and therefore the slopes of curves in figure 3.8 

for the different modes of failure remain the same until diagonal 

cracking when stirrups become effective.  
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F I G U R E  3.6*. D e f o r m a t i o n  ‘ c o n d i t io n s  a c c o r d i n g  f o  

R e g a n .  

. .  F I G U R E  3 . 7 1  D e f o r m a t i o n  c o n d i t i o n s  

a  c  c o r d  i n g  t o  W a l t h e r .  
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CHAPTER U 

EXPERIMENTAL ffORK 

l.l TEST SPECIMENTS 

Twelve beams, divided into three groups Gl, G2 and G3, were 

designed to provide information on the shear resistance of web 

reinforcement, distribution of strain in concrete and the formation 

of cracks. 

All the beams, 230 mm deep and 127 mm wide, were reinforced by three 

U-.70 mm square high yield cold twisted bars with effective depth 

d.| of 200 mm. The three groups had overall lengths of 1.7,

 2.1 and 2.5m 

respectively. Figures Al, A2 and A3 in appendix A show, the physical 

properties of all the beams. Three beams, one of each span, had no 

web reinforcement. 

The remainder had vertical stirrups of 5.6 mm diameter mild steel 

rods the spacings of which were varied so that the amount of web 

reinforcement varied from 

0. 157$ to 0.785%. The stress-strain characteristics for the 

main steel and for the stirrups are given in figures 4.1 and 4 

.2. respectively. 

The concrete mix 1:X.5 ordinary Portland cement to Athi River 

Sand and two sizes of aggregate, 9.X and 

18.8 mm, water/cement ratio 0.5 was designed to have a 150 mm cube 

strength, u of X0N/mm2 at 28 days. All the beams were cast in a wooden 

mould. Together with each beam three cubes, three cylinders and 

three modulus of rupture specimens were made for control purposes.
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The compaction was done with an internal vibrator. 

The test beam and the control specimens were cured in a curing room 

until a day before testing. 

L.2 TESTING 

L.2.1 CONTROL SPECIMENS. The cubes and the modulus of rapture specimens 

were tested in accordance with B.S.1881:1970(18) to obtain the cube 

strength u and the modulus of rupture ft'. The cylinders were not 

provided with a capping during testing as required by the B.S. 

specifications and consequently the test values of the cylinder 

strength fc' which were all less than 0.75 u were disregarded. The 

average values of u and f^' for all the beams are given in Table L.l. 

For calculations, fc* = 0,8u and f^*= 0.79 ✓fcv were used. The test and 

calculated values of f^* are compared in figure L.3. 

-1.2.2. LOCATION OF DEMEC DISCS. For the purposes of determining the 

strain distribution in concrete demec discs were fixed on one face of 

each beam, symmetrically about the centre line, with "durofix" and 

allowed to set overnight. All the discs were fixed at a gauge length 

of 200 mm. By assu ming the behaviour at the mid point of the gauge 

length, was representative of the behaviour of the entire gauge 

1ength)figure L.L shows such positions as the points of strain 

measurement for half the span. 

4.2.3 LOADING ARRANGEMENT. The beams were tested on simple spans of 

1.2, 1.6 and 2.0 m under a distributed system of eight point loads 

applied through steel rollers and contact plates. Such a loading 

system, which is a good approximation to continuous distributed 

loading, does not result in non-uniform loading and horizontal shear 

restraint (10). The beams rested on one steel plate on one side while 

the other side rested on two steel plates separated by a thinner plate 

and two layers of grease so that horizontal movement was possible during 
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load application. Figures 4.5, 4.6 and 4.7 show the loading 

arrangements for the three groups of beams tested. 

4.2.4. DEFLECTION GAUGES. Deflection gauges calibrated in 0.01 mm were 

fixed on the lower testing machine platten with magnetic stands at mid 

span and quater points. Near the failure loads the limits of the smaller 

gauges at quarter points were exceeded and thereafter only the mid span 

deflections were taken. 

4.2.5 LOAD INCREMENTS. Before loading, the initial strain and 

deflection readings were noted. The load was then applied in 20 kN 

increments. After each increment the strain and deflection readings 

were recorded and the crack formation observed. 

4.3. TEST RESULTS 

4.3.1 Concrete strengths. The ages of the test
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specimens varied from 46 to 50 days. The actual concrete cube 

strength, u varied from 42.2  to  

4 9 .5  N/mm^ with an average of 4 5 .8  and a standard 

p 

deviation of 2 .6 5  N/mm for all the beams. The modulus of 

rupture varied from 4 . 51  to  5 . 44  with a 

p 
mean of 4 .9 0  N/mm . 

4 . 5 .2  Diagonal cracking and ultimate loads. The 

diagonal cracking loads obtained from the tes ts  are 

given in Table 4 . 1 .  These are the loads at which the 

diagonal cracks crossed the neutral axis. This 

observation was performed visually and since the head 
% 

of the diagonal crack was always very small and sometimes 

invisible to the naked e ye,  the accurate 

value of the diagonal cracking load could not be 

determined. Hence the reported values are only 

approximate. It is clear from the results in Table 

4.1 that the diagonal cracking load is influenced by 

web reinforcement. For the second and third beams in 

each group the ratio Wc r ( t est ) /Wc r ( ca lc . )  was higher 

than for the first beams which had no web 

reinforcement. In groups G-2 and G-5 the last beams, 

which had most web reinforcement, the ratio was lower 

than for the beams without stirrups. These test  results further 

show that the ratio decreased with the increase in span. 

4 . 5 .5  Cracks and modes of failure. The crack patterns 

of all the beams are illustrated in figures 4 . 8 ,  4 . 9  a n d  4 .1 0 .  

The initial flexural cracks appeared in the regions of high bending 

moment around the beam mid span. 

The load at which the flexural cracks first appeared varied depending 
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upon the span of the beam. 

This load was from 120kN for beams of group G1 to 80kN for beams 

group G3. With increase in loading the already formed flexural cracks 

widened and extended upwards. In addition new cracks formed between the 

existing ones and in uncracked regions. The presence of web 

reinforcement did not affect widening, extension or the formation of 

the flexural cracks. Generally no flexural crack was observed to form 

within a distance equal to the beam depth from the support. This is a 

characteristic behaviour reported by previous investigators (9). When 

the applied load was equal to the diagonal cracking value, the flexural 

cracks in regions of high shear, i.e. nearest the supports, developed 

into diagonal cracks in some beams. In other beams like Gl/2 (right 

side), G2/2(right side), G2A (left side) and G3A (left side) diagonal 

cracks originated as web-shear cracks. These cracks first appeared at 

about the neutral axis level in regions very close to the supports where 

no flexural cracks had formed. The occurrence of web shear cracks was 

not acknowledged by many previous investigators and the first mention 

was perhaps by Laupa A) when he suggested "shear-proper" type of 

failure. 

It is incorrect to assume that all diagonal cracks always begin 

as flexural cracks. 

The origin of diagonal cracks depends upon the 

relationship of "bending moment and shear. When a 

section is uncracked in flexure, i.e. a section very 

near the support, it would be reasonable to neglect 

the effect of steel altogether. Then the direct stress 

<Tx and shear stress Txy distribution are of the form 

shown in figure 4.11. At such a section the shear to 
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moment ratio is high and diagonal cracks would 

commence as web shear cracks in the region of the 

neutral axis where the shear stress is high. The web 

shear crack would then propagate both ways with increase 
% 

in loading. However, if shear to moment ratio is not high flexural 

cracks may first develop and some of them propagate to diagonal cracks. 

The most distinct formation of web shear crack was exhibited by 

beam G 2/4 (left side). The crack marked 'X' first appeared at about 

mid depth of the beam at 160KN. With increase in loading, it propagated 

diagonally both upwards and downwards. The downward propagation was 

directly towards the support and not the edge of the reaction plate. 

This is further evidence that web shear cracks occur since at the 

support there is no bending moment and therefore no flexural cracks. 

Another unique aspect of G2/4 was the formation ..of the crack marked 

*Y' at the top surface. This crack appeared at a load of 200 KNand 

at a load of 220 kN it had extended vertically downwards below the 

neutral axis.
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After the formation of the diagonal cracks, the propagation 

of the flexural cracks was either terminated in the region of the 

neutral axis or was very gradual• With further increase in loading 

the diagonal cracks extended upwards and also downwards in the case 

of web shear cracks. This extension was accompanied by increase in 

width. Further development of the cracks depended upon the span and 

amount of web reinforcement. 

All the beams without web reinforcement failed in 

shear. Beam G3/1 failed in shear-compression after the 
% 

diagonal crack had extended to the extreme fibre of the compression block. 

The two major diagonal cracks had also split back at the main steel level 

as seen in figure 4.10(a). Beams Gl/1 and G2/1 failed in diagonal tension. 

After its formation, the diagonal crack extended gradually until at loads 

approaching the failure value, the propagation to the top fibre and the 

accompanying widening were very rapid producing an unstable state that 

caused sudden collapse. In Gl/l the major diagonal crack formed at 240kN 

but failure did not occur until the load was 300kN. The collapse mpment 

was lower than the calculated flexural capacity (Mu/ldf = 0.913). In beam 

G2/1 the major diagonal crack appeared at 120kN and collapse occurred 

at 148KN. As in beam Gl/1, the failure moment for G2/1 was lower than 

the calculated flexural capacity (Mu/Mf = 0.620). 

In beams G2/2, G3/2 and G3/3, the flexural 

cracking was more pronounced than in the beams 

without web reinforcement and the major diagonal 

crack was accompanied by many minor shear cracks. 

These beams failed by shear-compression. 

In beams Gl/2, G2/3 and Q J / A ,  after the major diagonal cracks had 

penetrated far into the 

compression zone, the flexural cracks around the mid span extended 

rapidly upwards and caused the beams to fail by combined bending and 
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shear with concrete spalling at the top(figures 4 . 8 ( b ) ,  4 .9 ( c )  a nd  

4 . 10( d )  ) .  
% 

Although the remaining beams cracked extensively 

in shear, the development of the flexural cracks 

around the mid span did not terminate as in the other 

beams failing in shear, and ultimately the beams failed 

in flexure 4 . 8 ( c  &  d )  an d  4 .9 ( d )  ) .  

Some photographs taken during the experimental 

stage are presented in plates B1-B23 in appendix B. 

4 . 3 .4  STRAINS. Extensive concrete strain measurements 

were made with a demountable mechanical strain gauge 

-5 
with a calibration factor of 1 division = 0 .8 82  x 10 . 

All the strain measurements are given in Tables Cl to C12 

in appendix C. Eor handy reference 

the maximum compressive and tensile strains recorded are presented in 

Table 4 .3 .  

‘The variations of concrete strains with the applied load are 

illustrated in figures 4 . 12  to  4 . 23 .  

It was not possible to fix demec discs at the extreme fibres due to 

unevenness of the edges and therefore the furthest strains were 

measured at 10mm from the top and bottom surfaces. From the strain 

distributions it can be deduced that 

(a) With regard to span, the trend was that as the span 

increased corresponding strains decreased. 

(b) In all the beams tested, at the sections 

nearest to the supports the compressive 

strains first increased with increasing 
% 

load and then decreased still with increasing load. In most 

cases these strains changed to tensile after the formation 
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of the diagonal crack. 

(c) Considering web reinforcement, the concrete strains had no 

direct relationship and no deduction could be made.



- 48 - 

 

 

 

TABLE 4.1 - TEST RESULTS 

BEAM 

No. 
CONĈ ET̂  gT̂ ENGTH 

DIAGONAL CRACKING 
LOAD (kN) 

ĉr(test) 

u 
fc’= 
0.8u 

ft'= 
0.79HV 7test) (cafe.) 

 

Vcr(caici 

Gl/l 48*0 58.4 4.90 
4.62 

104.5 
160 

1.55 

Gl/2 47.5 58.0 4.86 5.15 104.0 170 1.63 

GI/3 48.0 58.4 4.90 4.48 105.0 180 1.71 

GI/4 44.0 55.2 4.70 4.51 100.0 170 1.70 

G2/l 45.8 55.0 4.67 4.90 
90.2 150 1.66 

G2/2 49.5 59.5 4.96 ‘5.40 96.5 180 1.87 

02/3 42.2 55.8 4.59 4.57 96.6 180 1.87 

G2/4 45.4 34.6 4.65 4.76 90.4 120 1.55 

G3/l 45.5 54.5 4.65 5.02 86.0 115 1.54 

G3/2 42.4 55.8 4.59 5.44 84.6 120 1.42 

G3/3 49.2 59.5 4.96 5.17 92.0 150 1.42 

G3/4 

48.0 

58.4 4.90 4.98 90.5 

120 

1.55 

 





 

 

TABLE. 4.2 - TEST RESULTS 



 

 

BEAM 

Ho. 

ULTIMATE 

LOAD 
(KN) 

ULTIMATE 
MOMENT 
(kNm) 

FLEXURAL 
CAPACITY 
(KNm) 

to MODE OF * 

FAILURE LEVER 

ARM 

 

Wu Mu Mr mm 

Gl/l 300 43.0 19.2 0.915 DT 115 

Gl/2 425 63.7 49.0 1.30 SC-F 206 

Gl/3 UO 66*0 19.2 1.34 F 213 

OlA 396 59.5 17.8 1.24 F 191 

G2/1 
118 29.6 

17.7 
0.620 

DT 97 

G2/2 218 19.6 19.8 0.995 SC 139 

G2/3 257 31.4 47.2 1.090 SC-F 169 

G2A 238 17.7 17.6 1.00 F 157 

G3/1 
128 32.0 

17.1 
0.672 

SC 103 

G3/2 
180 

15.0 47.2 0.951 SC 
118 

G3/3 183 15.8 19.8 0.920 SC 117 

G3A 20 7 51.8 49.2 1.030 SC-F 167 

* 

W - Diagonal tension failure SC - Shear-compression failure ^ * Flexural 

failure 

SC-F-Combined shear-compression and flexural failure* 
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TABLE if>3: MAXIMUM CONCRETE STRAINS 

BEAM 

  

CONCRETE STRAINS x 10‘ ■5 

No. SECTION A SECTION B SECTION C 

Gl/1 
* 

-202 

«« 

+165 
- 31 +302, - 18 + 197 

61/2 -U7 +82,6 - U8 +375 - 8 + 12,1 

61/5 -LOO +880 -158 +396 - 30 + 187 

GIA -37A . +860 - 70 +330 - 10 + 128 

G2/1 -103 +163 - 70 + 93 - 15 + 13 

G2/2 -106 +L17 -260 +555 - 10 + 187 

G2/3 -306 +292 -22,0 +232 - 25 + 2,1 

G2A -UQ6 +U2 -279 +380 - 12 + 111 

G3/1 - 91 +138 - 11 + 23 
  

G3/2 -220 +126 - 16 +123 
  

G3/3 -112 +210 - 4 + 39 
  

G3A -193 +350 - 12 +12,0   

* - ve - Compressive ** * ve - tensile 
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FIGURE 4-3! Comparison of test and 

calculated values of modulus of rupture.  
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F I G U R E  4 . 5 :  L o a d i n g  a r r a n g e m e n t  f o r  g r o u p  G l  b e a m s .  
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FIGURE 4-.6.* L o a d i n g  a r r a n g e m e n t s  f o r  g r o u p  G 2  b e a m s .  
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F I G U R E  4 . 9 :  C r a c k  p a t t e r n s  o f  g r o u p  G 2  b e a m s  
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FIGURE 4.12: Variation of concrete strains with applied load —  beam Gl/I .  
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FIGURE. 4.13: Variation of concrete strains with applied lood —  beam GI/2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rrrrrrrr TTTTTTT
T-r 

'n iiiii 
urn 2* 7’ 

8* 

13* 
,4‘ i 

3* 9* 15* 

4 • 10- 16» 
5- 1 1* 17- 

 ________  6- 12- 18; __ | 
A n | i—1 
c B A <k 

 

A
P

P
L

I
E

D
 
L

O
A

D
 



FIGURE 4.14: Variation of concrete strains with applied load —  beanr GI/3. 
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F IGURE 4.15*. Variation of concrete strain with applied load  GI/4. 
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FIGURE 4.14: Variation of concrete strains with applied load —  beanr GI/3. 
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F IGURE 4.15*. Variation of concrete strain with applied load  GI/4. 
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FIGURE 4.16: Variation of concrete strains with applied load—beam G2/I. 
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FIGURE 4.17: Variation of concrete strains with applied load —  beam G2/2. 

 

 

 

 

 



FIGURE 4.18; Variation of concrete strains with applied load-beam G2/3,'' 
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FIGURE 4.17: Variation of concrete strains with applied load —  beam G2/2. 
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FIGURE 4-19*. Variation of concrete strains with applied load - beam G2/4. 
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FIGURE 4.21! Variation of concrete strains with applied load-beam G3/2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FIGURE 4-20: Variation of concrete strains with applied load-beam G3/I. 
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FIGURE 4.22’. Variation of concrete strains with applied load-beam G3/3. 
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CHAPTER 5 

 

 

 



FIGURE 4.231 Variation of concrete strain with applied load-beam G3/4. 
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CHAPTER 5 

 

 

ANALYSIS OF TEST RESULTS 

5.1 SMITH*S APPROACH (10) 

Smith applied the existing knowledge of shear failures 

under isolated point loads and presented a 

method of predicting the diagonal cracking load and the 

section of diagonal crack initiation. The critical section 

for shear-compression moment and the quantity of web 

reinforcement required for the attainment of flexural 

capacity were also investigated. 

5.1*1 Determination of the Diagonal Cracking load. 

The estimation of the diagonal cracking load is a 
% 

prerequisite to the design of web reinforcement. 

Unfortunately there has not been a generally accepted 

definition of the diagonal cracking load. Krefeld and 

Thurston had suggested that the diagonal cracking load 

might be associated with a rapid propagation of a 

diagonal crack accompanied by a sudden increase of 

deflection and the first signs o*f horizontal splitting 

along the main tension reinforcement. Smith argued that 

since the phenomena considered by Krefeld and 

Thurston do not always coincide, the definition is not 

entirely satisfactory. An alternative definition was 

adopted - the load at which a diagonal crack crosses the 

neutral axis. As mentioned earlier in this 

report, unless an accurate method of observing crack; 

propagation is employed, it is difficult to determine 

with precision the load at which a diagonal crack 

crosses the neutral axis.
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(5.2) 

Smith studied the results of the work of Paduart and Walther and 

deduced that the critical section corresponding to a/d-j = .2 A was given 

by 

M 

 ----  = 1.2  .....................  (5.1) 

Qdi 

but since for uniformly distributed loading at any section 

-L = x2 (L-x2) 

1 2(I/2-x2)di 

where X2 is the distance between the section and the nearest support, 

the critical section for initiation of diagonal tension cracking is 

given by the quadratic equation 

2 
x2~ X2(L + 2.4di) + 1.2 Ld-|=0 ........... (5.3) 

obtained by substituting for M/Qdi in equation 5.1 

from equation 5.2. 

It was further found that the critical section was given by equation 

5.1 for the value of the shear cracking load obtained by the following 

equation which was developed by Som with a/d-j = 2A. 

Qcr = (jD-13 + 0.022i.(3 - a/d.,)2] R ft'bd-,... 

where R = (1 + 70r) for r^ 0.0125 

= 1.57(1 + U-r) for r> 0.0125 r = 

Ast/bd-j 

The factor (3 - a/d-j) is taken as zero if a/d^ >3.  
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It was concluded that the diagonal cracking load as predicted by equation 

5.4- with a/d^ = 2.K may be used for any system of loading if applied 

to sections for which VQd^ =1.2. 

5.1.2 Determination of Critical section for shear- 

Compression.and web reinforcement requirement. 

• b ' 

In this investigation it was assumed that a diagonal crack 

initiated at the section at which M/Qd^ = 1.2, at a distance ̂  from the 

support. Its 

horizontal projection c =X1-X2 as shown in figure 5.1. At a distance x1 

from the support, for uniformly distributed loading . 

=!£ (L - x-,)  ................. (5.5). 

2 1 

The moment of resistance in shear-compression at this section including 

the effect of web reinforcement is given by 

Msw = Ms + snVyw b (*1 " x2)2 ............... (5.6). 

where M = shear-compression moment without 

o 

web reinforcement and is constant between the 

support and the critical section for initiation 

of diagonal cracking. 

f’w = ratio of web reinforcement 
r 

T\ = efficiency factor which was to be investigated (= 

1.0 if all web 

reinforcement traversing the diagonal crack 

attains yield stress fyW).  
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-2 

where (p = 

L - 2X2 

fr- V T 

1 - 2V L 

and 

wL2 

(5.8) 

V = 
- x2 

TT 

In beams of high L/d-j ratios, the equation for the amount of web 

reinforcement required to prevent failure ^flexural capacity was 

derived from equation 5.7. ow 

rwf yw 
w 1 - 2 9  

Cp - 2Y(1 -V) 
 ....... (5.9). 

The critical value of c is given by the condition for the minimum value 

of (Msw - MX1) i.e. 

d (Msw- MX1) = rwfy*b (x-j-x2) - w (L - 2x-|)... 

2 (5 7) 

The moment of resitance was equated to the bending moment at the critical 

section and substituted for 
rwfywb from equation 5.7• 

^xl 
— (L - x-j) * Ms+ w(L - 2x-j )(x-|-x2) 

The critical section for shear-compression failure is is therefore given 

by 

*1 = _ Lx 

w 
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In beams of small L/d-j ratios, if 

~ ^ < 2 V 

1-2  
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equation 3.8 implies x-|< 2 x2 * F°r such beams it was tentatively 

assumed that the critical section for shear-compression is given 

by taking x-j = 2x2. Then by equating equations 3.3 and 3.6 at a 

section at which x-j = 2 x2 , 

 

Therefore, r^^ = 

(5.10) 

3.1.3 SMITH’S TEST RESULTS. 

The above equations for predicting the diagonal cracking load (3.4) 

and for estimating the quantity of web reinforcement (3.9) were 

supported by the test evidence of eleven simply supported beams under 

a distributed system of eight point loads. All the beams, 230 mm deep 

by 130 mm wide, reinforced with three 16mm diameter bars were tested on 

spans of 2.44, 3.04 and 3.60 m; the L/d-j raios were 12, 13 and 18 

respectively. Except one beam of each span, the remainder had varying 

amounts of web reinforcement of a yield stress fyw = 263N/mm2. The mean 

concrete cube strength, u was 34.4 N/mm equivalent to 130mm cylinder 

strength, fc* = 27.6N/mm2. 

For the calculation of the shear-compression moment, Smith used the 

equation he had established earlier 

Ms = (/p - 0.17p) ft* bd-|2 ............... (5.11) 

which gave the same result as Laupa's equation 

 -- — ~ n> (0.57 - A-.5 fc') 
bd-| 2f c' 690 

where n* = elastic neutral axis factor =>/ (rmj^+ 2nn - rm 

*xi = WX2(L - 2X2) wL2^ (1 - 2s! ) 

= Ms + X2^ 
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m = 5 + 6 9  f c ’  

Hognestad's (2) stress block factors were used to calculate the flexural 
capacity with fc' = 27.6N/mm^# 

MF = C d1 (1 - kk2)  .................... (5.12a) 

G = fc*kbd|  ......................... (5.12b) 

All the three groups of beams tested by Smith had x-j> 2X2 and therefore 

only equation 5.9 was used for calculating the required quantity of web 

reinforcement defining it in t erms of the efficiency factor^ . 

In that equation Qp was calculated by 

^ ■ MS  ........... 15.15) 

andV was obtained from the 'theorectical curve in figure 5.2. The details 

of beams and test results of  
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(5.U) 

(5.15) 

eu = 0.004 - fc' 

C T x  i o 3  

.(5.16) 

Smith's work are given in Table D1 in appendix D. 

For each beam with web reinforcement, the actual web reinforcement 

(rwfyW)A was compared with the predicted quantity T^rwfyw and the result 

is presented in terms 

of MU/MF in figure 5.3 together with the author's test results. 

5.2 AUTHOR'S TEST RESULTS 

5.2.1 Flexural Capacity. Hognestad’s stress block 

factors k-jk^ and k2 were used to calculate the flexural 

%  

capacity. These factors are given below for ease of reference. 

26.9 + 0.35fc' 

22.1 + fc’ 

0.50 - fc' 55S~ 

The ultimate concrete strain, eu, was 

determinded by the following equation also due to Hognestad. 

The tensile force resisted by the main steel was obtained by the equation 

T = Astfst ................ (5.17) 

Ast = total area of main steel fst = stress in the main 

steel corresponding 

to the ultimate concrete strain and the 

compressive 

force resisted by the compression block of concrete was obtained 

by the equation 5.12b.  
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For each beam several suitable values were 

assigned to k to obtain various depths, dn, of the 

compression block. With these values and eu from 

equation 5.16 the corresponding steel strain es and 

hence the steel stresses were obtained from figure 

5.4- and the stress-strain charactaristies for the 

main steel in figure 4-.1 respectively 

Tensile forces (equation 5.17) and the corresponding 

compressive forces (equation 5.12b) were plotted 

against the assumed values of k. The point of 

intersection of the graphs (figure 5.5) gave the 
% 

correct values of k and T (=c) corresponding to the ultimate concrete 

strains. In this analysis it was assumed that 

(a) the strain diagram is linear and the steel strain is a 

proportion of the concrete strain at the same level, and 

(b) the longitudinal tensile stress developed in the concrete is 

negligible in the equilibrium equations of forces. 

These assumptions had no experimental verification but they were 

unavoidable. Table 5.1 is a summary of the results obtained by the above 

procedure and were used in the calculations that follow. The flexural 

capacity Mp was calculated by equation 5.12a with C and k as given in 

table 5.1. The total load at flexural capacity, Wp, and the ultimate 

moment, Mu, were obtained by the well known formulae 

 

5*2.2 Diagonal Cracking Load. Son's equation (5A) was used for the 

calculation of the diagonal cracking load. Since for the beams used in 

 WF - 8MFA  ...........   ..... (5.18) 

 

Mu - WuL/8  ..........   ..... (5.19) 

where L = effective span 
 

 

% = total load at failure. 
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Ms study 

 

Som's equation reduces- to 

QQJ. = 7.27ft' KN when ft* is in 

N/mm2  ...........  .  ...... (5.20). 

For each beam the calculated modulus of rupture was used. Equation 5.20 

gives the diagonal cracking load at the section at which M/Qd-j =1.2. 

For any other section, the diagonal cracking load, Wcr was obtained by 

the following equation derived from similar triangles of the shear force 

diagram 

Her - 20^  ............................. (5.21) 
JJ - ^x<2 

where X2 = distance along the axis of beam from 

the support to tjie critical section for diagonal 

cracking.

r = 0.0229 

R = 1.57(1 + IV x 0.0229) 
% 

 = 2.07 

b = 127 mm 

*1 = 200 mm 
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The values of X2 were obtained from the theoretical curve in figure 5.2. 

The test values of X2 are presented in Table 5.2 and the dotted curve 

through the mean of X2t/L in figure 5.2 shows a good correlation between 

the experimental and theoretical curves within the limits of 1/d^ of the 

beams tested.



 

 

  

5*2,5 Web reinforcement required for flexural capacity. In all the 

beams tested except 

group Cr3, x-j was found to be less than 2x2* For 

beams in group G-l, x<j/x2 varied from 1,23 to 1.28 

with a mean of 1,26; for group G2, x-j/x2 varied 

from 1.55 to 1.66 with a mean of 1.60 and for group 

G3, the ratio varied from 2.02 to 2.13 with a mean 

of 2.07* Equation 5,10 was therefore applicable to 

beams in groups G-l and G2 which had web reinforcement. 

The quantity of web reinforcement required for group 

G3 beams was evaluated by both equations 5,9 and 5,10 
% 

since this group was an intermediate case by the fact 

that x^ was almost equal to 2x2# Values of r^rwf^ by both 

equations were nearly the same. The actual web 

reinforcement (r;vf^v)A for every beam with web 

reinforcement was compared v/ith the calculated 

quantity ir^r^ and the results are shown in Table 

5.3 and Figure 5,3, The relevant caluulations relating to figure 

5,3 are presented in appendix E. 

In this figure the results of the author1s tests are 

cbmpared v/ith the results of Smith1 s tests. It is 

observed that beams in group G-l v/ith web reinforcement 

exceeded flexural capacity by up to 34/6. The high 

ultimate moments are discussed in Chapter 6. 

5.3 PREDICTED WEB REII^OPr!P.T'''hlN_T. 

Equairion 5.10 was tentatively assumed to be applicable 

to beams with x^<2x2. This equation
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*2 

eu 

cp = 
2M
, 

= 0.281 

with the efficiency factor Vs 2/3 as found by Smith was applied 

to estimate the quantity of web reinforcement that would have 

been sufficient for the beams tested by the author to fail in 

bending. 

Since the age of the specimens at the time of testing 

was longer than 28 days on which the concrete mix design 

was based, the mean cube strength, u = 45.8 N/mm^ was used 

in the calculations. 

Equation 5.-11 was used to calculate the shear- 

compression moment. For the beams tested, 

p = 2.29?$ b 

= 127 mm 

d-j= 200 mm 

and the equation reduces to 

Ms = 5.70 ftr kNm v/ith ft* in N/mm2. Using 

Hognestad's (2) stress block factors v/ith u = 45.8, fc* 

= 35.8, ft' = 4.73 N/mm2, 

k.jkj= 0.680 

= 0.435 = 0.00320 = 0.496 
= ultimate neutral axis factor. 

From figure 4.1, 

 

Thus for all groups, 

M. 
G-roup Grl: L = 1.2 m, ^ = 0.150 (from figure 5.2) 

w = 48.0, x 8 _ 26g of 

1.2^ span '  

T = 581x526x10 306 kN 

and C = 0.680 x 35.8 x 0. 496 x 127 x 
• 

200 = 306 M 
 

Hence, Mp = 306 x 
200(1-0.49
6 

x 0.436) 
 

1
!
 

CO
 

•
 o
 kNm 

 

Ms i
l
 

V
J
1
 

•
 o
 x 4.73 

 

= 27.0 KN m 
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X1 = 9- 'J „ 
1-2 V 1 

 

= 0.128 x 1200 = 220 mm 0.70 

2x2 = 2 x 0.15 x 1200 = 560 mm 
rwfyw = w 2i\b V 2 

1
 -
 
1
 

-
c
 

H
 
1
 

r
o
 

<
,
 

i
 

1
 _
_
 1
 

and with = 2/3 

 

rw^ yw = 3w 4b v? z |~4 'i ( 1- 2 V ) - CjpJ 

 

=5 x 266 x 0.139 

4 x 127 x 2.25 x 10-2 =9.70 N/mm2 
 

Group G2: 1 = 1.6 m, 'i =,0.126 

w = ,4.8.0. x. 8 _ 150 

1.6 2 

= 0,155 x 1600 = 531 mm 
1  ------- 5^5— 

2x2 - 2 x 0,126 x 1600 = 404 mm 

Vyw = ^ T 180 x 0.096 

4 x 127 x 1.58 x 10-2 

= 5.63 N/mm^ 

Group G5: 1 = 2.0 m, = 0.107 

w = 48.t0.x.8 = 96^0 N/mm 

x-j = Q>170 x 2000 = 436 mm 

0.784 

2X2 = 2 x 0.107x 2000 = 428 mm 

Note that x^^= X2 and both equations 
5,9 and 5.10 are applicable 

rwfyw = 3 x 96.0 x 0,056 

4 x 127 x 1.14 x 10-2 

=2.78 N/mm2 

Comparing with equation 5.9 

1 - 

Qp - 2V(l -V)  
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= 3 x 96.0 

4 x 127 

= 2.96 N/mm2 

The modes of failure, actual and predicted 

amounts of web reinforcements are given in Table 5.4. 

The predicted quantities for*T|= 1 are based on actual 

concrete strengths while for^= 2/5 the quantities 

are based on mean concrete strength, A comparison 

of modes of failure, the actual and predicted 

amounts of web reinforcements fort]= 1 indicates that 

a value of the efficiency factor between 2 and 4 
% 

would result in quantities of web reinforcement 

necessary for attainment of flexural capacity. Yftien 

the modes of failure, the actual and predicted amounts 

of web reinforcement for r^= 2/5 are compared, it is 

noted that equation 5.10 yields overestimates of 
r f some of which are impracticable as in group G-l. w yw 

The overestimates are due to the fact that the 

derivation of equation 5.10 was based upon a 

tentative assumption that x^/x^ = 2. As shown 

earlier for beams in groups G-l and G2, xq/x2 varie(^- from 1.25 

to 1.66. In group G5 where x^/x2 varied 

from 2.02 to 2.15, the predicted quantity of web 

reinforcement v/as not excessive. 

It was therefore necessary to establish another 

equation which would predict reasonable estimates of 
r.„f for beam of all L/d,. In the following sections w yw
 I 

two empirical equations are developed based upon 

consideration of shear stresses and bending moments.  
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5.4 CONSIDERATION 07? SHEAR STRESSES 

After several attempts to establish an empirical 

equation for predicting the quantity of web reinforcement 

required to prevent failure below flexural capacity, it was 

found that the equation that gave the best results was of the 

form 

(t + rwfyw) 

cf 

h = A + B(t + ivfyj  .......... (5.22) 
cr — --  ----  

qF. 
% 

where q = ultimate shear stress 

qcr = diagonal cracking shear stress 

determined by Som's equation (5.4) q-p = 

shear stress corresponding to the flexural 

capacity 

t = a constant which was assumed to have 

the same units as the web reinforcement 

r f w yw# 

The constant t was varied from 0 to 5.0 by increments of 

0.1. For each value of t a regression equation was 

established in order to find constants 

A and B in equation 5.22. The results of the beams 

without web reinforcement were disregarded because a 

different mode of failure applies to such beams as a marked 

discontinuity was observed between the results for beams 

with and without web reinforcement. 

The amounts of web reinforcement predicted by the 
• 

resulting equations were evaluated. It was found that for 

0<t<0.5 the derived equations predicted absurd results for 

all the beams studied. As t was  
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 __ (5.23) 

increased from 0.5 to 5.0 the predicted quantity 

r,„f increased for the beams tested by the author w yw 

but decreased for cases 2 and 3 beams (L/d^ = 15 and 18 

respectively) tested by Smith; for case 1 

beams, (L/d^ =12), rwf decreased for 0.5<t<2.0 and 

then increased for 2.0<t<3.0. Table 5.5 shows the 

predicted quantity rwf^v for some values of t 

between 1.0 and 3,0 for all the beam groups. 

An examination of the results in table 5.5 indicates 

a discontinuity in the variation of rwfyw between 

the two series of the test results. This is presumably 

due to the different properties of the beam. 

V/hen t = 2.0 equation 5.22 gave results with a 

good correlation with the results of equation 5.9 

for the beams tested by Smith. Moreover at this 

value of t, rv;f for Smith's. Case 1 beams was stationary. 

On these grounds t = 2.0 was substituted 

in equation 5.22 to give the required equation for 

predicting the quantity of web reinforcement necessary for 

attainment of flexural capacity. 

Figure 5.6 shows a plot of qu/qcr against (2.0 + 

rwfyw)/cL]? from which the following equation was 

obtained. 

—-  = 7.09 - 5.6 (2.0+ivfyw) 
!cr  -------------------------- — 

IF 

Coefficient of correlation = - 0.685. 

For flexural capacity qu = qr 

rw^yw = (7*09 “ OF ) ^F — 2.0 

Q.Cr  



- 89 - 

 

 

The amounts of v/eb reinforcement used in the beams 

tested by the author were less than those predicted 

by equation 5.23 because the design of web 

reinforcement was not based on the v. same 

theory as the derivation of this equation; the 

design was based on stirrup spacing which was 

maintained equal to or less than the effective depth 

except in beams G3/2 and G-3/3. 

5.5 CONSIDERATION EOF BENDING- MOMENTS 

As in the consideration of shear stresses, several 

attempts to establish an empirical expression for 
% 

predicting the quantity of web reinforcement required for 

achievement of flexural capacity revealed that the best 

results were obtained by assuming an equation of the form 

Mcr 

i. e., — --- C + D rv/fyw 
;lcr 

where =- bending moment at ultimate load 

at the section at which M/Qd^=1.2 Mcr = 

bending moment corresponding to 

diagonal cracking load as predicted by 

Som's equation (5.4) 

Eigure 5.7 shows a plot of M^/Mcp against 

Again the results of the beams without web reinforcement 

were disregarded. The regression 

equation obtained was 

Mp 

jjj = 1.27 + 1.37 rwfyw  



- 90 - 

 

 

bending moment at 

flexural capacity at the 

section at which M/Qd1=1.2 

— ....... (5.24) 
1.37 

Coefficient of correlation = 0.850 For 

flexural capacity, M&» = Mj,' 

The quantities of web reinforcement predicted by equation 

5*24 are contained in Table 5*6. 

5.6 DISCUSSION OF EQUATIONS 5.25 AND 5.24. 

It is noted that the amounts of web reinforcement 

predicted by equation 5.24 are far less than those 
% 

predicted by equation 5.23. This is because equation 5.24 was 

based on a linear plot through the test results whereas in the 

derivation of equation 5.23 a value of t was selected to give 

amotlnts of web reinforcement to provide a margin of safety for 

attainment of flexural capacity. Consequently 

equation 5.23 is selected for predicting the quantity of web 

reinforcement required for attainment of flexural capacity. 

5.7 MOMENT - ROTATION RELATIONSHIP 

When some beams approached failure the limits of the 

deflection gauges at the quarter points were either exceeded .or 

the gauges were dismounted to 

avoid destruction by the beam after collapse. Thereafter only 

the central deflections were recorded and consequently the 

ultimate rotations could not be determined from the deflection 

readings for all the beams. The highest ultimate rotations 

occurred at the 

section of failure which were in  
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different regions depending upon the amount of web 

reinforcement provided. In beams failing in shear, the 

failure regions were between the supports and 

the mid span; in beams failing in flexure the failure 

regions were at mid span, and in combined shear and 

flexure failures, the beams sustained extensive 

diagonal cracking and finally collapsed by main steel 

yielding accompanied by concrete spalling at the top 

near raid apan. 

The calculations for the rotations given in 

Tables F1-F12 in appendix F were based upon the 
% 

relative deflections of mid span and quarter points. 

Referring to figure 5.8, the rotations were calculated as 

Rotation at right support, 9^ = 4A ^ 

"l 

Rotation at left support, 9^ = 4A2 
L 

Rotation at mid span, 9 = °^ + P -- 
£(2A-A1 -AJ 

The variations of bending moments and rotations at mid 

span for different amounts of web reinforcement are 

illustrated in figures 5.9(a), (b), and (c) for the three 

groups of beams tested with l/d-| - 6, 8 and 10 respectively. 

It is noted from these figures that the rotation capacity of 

the beams without web reinforcement is less than that of beams 

with web reinforcement. 

Figure 5.9 (a) shows that for beams with L/d^=6, 
rotation capacity increased with the amount of web 

reinforcement. Forthe amounts of web reinforcement in group 

02, the shear rotation impaired the flexural 

rotation and as seen in Figure 5*9 (b) beam G-2/4 was 

less ductile than beam G-2/2. In these two figures 

it is observed that beams Grl/2, G-l/3 and G-2/3 

exhibited a peculiar characteristic towards the 
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failure load. The trend of the curves shown in 

Figure 5.9(c) suggests that had all the deflection 

readings been recorded up to the failure load it 

would have been possible to show that rotation 

capacity increased with the quantity of web 1 

reinforcement. Moreover the trend of the curves in all 

the three figures suggests ductility increased with 

the span of the beam. 

5.8 CONTRIBUTION OF WEB REINFORCEMENT 

To estimate the total contribution of the web 

reinforcement towards the shearing resistance, it can 

be assumed that the contribution depends upon the 

strength of the beam without web reinforcement. 

 

as determined from the test evidence 

A similar approach was used by Laupa (4), but Laupa assumed 

that the ratio Muw/Mu1 was independent of 

L/d^ ratio. An examination of the test results has 

indicated that L/d^ has an influence on • 

The influence of the web reinforcement on MUW/MU'| is 

shorn in figure 5.10 and the applicability of Laupa*s 

equation to the test results is also checked in the 

same figure. The following equation was derived' * from all 

the test results except those of group G1 

which were disregarded because the ultimate moments 

exceeded the flexural capacity highly as discussed earlier. 

M 

= 0.976 + 0.656 rwf .  ......... (5.25) 

This can be expressed as   

 ^uw 

“ill 
_ f (T f 1 ) 
“ v w yw* d]/ 

  

where Muw = ultimate moment for beams with 
  web reinforcement.  

■ 4 , , *n1 
= ultimate moment for beams without 

web reinforcement 
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Mu1 J 

The influence of L/d1 on Muw/Mu1 is shown in figure 5.11 and 

the following equation was derived 

hiw = 2.16 - 0,067 £  .........  (5.26) 
“ul 

In order to establish the total effect of r^^ and 

L/d^ on a coefficient,*, was introduced in 

equation 5.26 and the result added to equation 5.25 " such 

that the resulting expression was of the form 

(1 +«)%» = 0.576 + 0.656 rwfy w +<*(2.16 + 
Flu1 0.067 5 ) 

a1 

The coefficienta was varied from 0 to 21. For each value 

ofol, the correlation coefficient between 

1 computed by the resulting equation and M^/M^ 

from the test results was determined. The highest 

correlation coefficient was found to be 0.800 

when <* = 4.5. Sustituting for* in the above expression, 

~ = 1.94 + 0.119 rw^yw - 0.055 i  ......... (5.27) 
“ul d1 

The results calculated by 5.27 are compared with the 

test results in figure 5.12. The ultimate moment without web 

reinforcement corresponds to shear- 

compression moment and may be obtained by Laupa's 

equation given in Chapter 5. Investigation into the 

applicability of 5.27 to predict the quantity of web 

reinforcement required for flexural capacity by assuming = 

M?#. ^ = Mg indicated that r^ 

increases with span because Mp and Ms for the beams 

studied were not variables. This shows that equation 5.27 

cannot be used to predict the quantity of web 

reinforcement.
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TABLE 5.J.: SUMMARY 0? GRAPHICAL SOLUTIONS FOR ; 1T(* C ) and K 

BEAM 

Bo. ULTIMATE 

CONCRETE 

STRAIN 

eu 

COEFFICIENT 

k2 

COEFFICIENT 

k 

TENSILE OR 

COMPRESSIVE 

FORCE 

T or C (XN) 

<*1/1 0.00315 0.431 
0.478 

% 310 

81/2 0.00315 0.431 0.479 309 

81/3 0.00315 0.431 0.478 310 

81/4 
0.00322 

0.436 
0.500 306 

82/1 
0.00322 

0.437 
0*501 

305 

82/2 0.00312 0.428 0.472 
312 

82/3 0.00325 0*439 0.509 303 

82/4 0.00323 0.437 
0.501 

305 

83/1 0*00323 0.439 0.504 304 

83/2 0.00325 0.439 ' 0.509 303 

83/3 0.00312 0.428 0.472 312 

83/4 0.00315 0.431 0.478 
310 
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TABLE 5.2: TEST AND CALCULATED VALUES OP X2 

BEAM 
No 

*2 test 

mm 

mean 
X2(test) 

x2(Calc.) 

mm 

L 

i, 

*i 

Gl/l 
210 

    

Gl/2 
250 

185 180 0.150 6 

Gl/3 140 

    

Gl/4 

. 160 

 %   

G2/1 205 

    

02/2 270 
    

G2/3 
140 

199 205 0.124 
8 

32/4 
180 

    

33/1 
230 

    

33/2 185 t 

   

  

220 220 0.110 10 
33/3 230 

    

33/4 235     
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TABLE 5.3. ACTUAL AND THEORECICAL WEB REINFORCEMENTS. 

BEAM 

Mo. 

STIRRUP 

SPACING 
ACTUAL 

REINFORCEMENT 

(N/ 

mm2) 

THEORETICAL 

WEB REINFORCEMENT 

(N/̂ ) 
(r»'yw)A 

r*V 

 

S 

 

r¥*yw 

 

- - - - 

Gl/2 100 1.25 
6.51 
% 

0.192 

01/3 75 1.67 6.50 0.257 

GI/4 50 2.51 6.56 0.382 

02/1 - - - - 

02/2 
175 0.716 3.58 0.200 

G2/3 150 0.858 3.72 0.225 

G2/4 125 1.005 3.69 0.271 

G3/l - - - - 

G3/2 
250 0.502 1.96 

t 

0.225 

G3/3 225 0.560 1.79 0.313 

03/4 
200 

0.627 
1.81 

0.347 
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TABLE 5*4: Comparison of modes of failure. 

Actual and predicted neb reinforcements. 

BEAM 

MODE 

 

OP 
    

NO 

  Predicted 

FAILURE 
ACTUAL 

n = 1 U - 2/3 

GI/I DP 

  

6.52 

 

81/2 SC-F 1.25  6.51 

9.70 
81/3 F 1.67  

6.50 
 

81/4 F 2.51  

6.56 
 

G2/1 DP - 

 

3.74 

 

G2/2 SC 0.716 
 

3.58 
5.63 

Gf/3 SC-F 0.838 .. 
 

3.72 
 

G2/4 F 1.005  3.69  

83A SC - 

 

1.83 

 

83/2 SC7 
0.502 

 

1.96 
2.78 

83/3 SC 0.560 '  1.79  

•5/4 SC-F 0.627  

1.80 
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TABLE 5.5s Predicted values of web reinforcement, 
r f by equation 5.22 for different values w yw, 
of t. 

 

  

B E A M  O '  R  O U P  

  

t  
G 1  0 2  G 3  CASE 1 

% 

CASE 2 CASE 3 

1.0 1.85 1.88 1.69 1.06 1.90 0.70 

1.5 2.28 2.13 1.76 0.93 0.71 0.46 

2.0 2.66 2.43 1.94 0.91 0.65 0.34 

2.5 3.07 2.77 2.17 0.96 0.64 0.25 

3.0 3.46 3.10 
2.40 1.00 

0.43 
0.20 
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TABLE 5.6s VALUES OF WEB REINFORCEMENT PREDICTED BY 

EQUATION 5.24. 

 

BEAM 

Mp’ 

»cr 

Vyw 
(N/mm2) 

GROUP G1 3.18 1.39 

GROUP G2 2.66 1.09 

GROUP G3 2.12 ; 0.62 

CASE 1 1.65 0.28 

CASE 2 1.45 0.13 

CASE 3 1.24 - 0.02 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

and steel strain  of equations 5.12(b) 
 

s
w

 

2 

/ 

;

 <

t 

FIGURE 5. K Cri t ical  section.  

 

FIGURE 5-4:  Concrete FIGURE 5.5‘ .  Graphical  solution  
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FIGURE 5.2:  Relationship between x ^ / L  and L/d,  

i 102 
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FIGURE 5.3:  Relationship between ratio of actual  

web reinforcement to the calculated quantity 

and ratio of  ult imate moment to f lexural 

capacity.  
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for predicting quantity of web reinforcement 

considering shear stresses.

 

FIGURE 5.6;  Development of regression equation  
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FIGURE 5.7' .  Development of regression equation for predict ing 

quantity of web reinforcement considering bending  

mom e 
nts.  





F I G U R E  5.8* Deflection p r o f i  I  e  
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values 

fai lure.  

FIGURE 5.9(a) :  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

ult imate moment 

indicates maximum rotation 

and ult imate moment at  

ult imate moment indicates the largest rotation  values 
measured due to removal  of gauges and ult imate 

moment at fai lure.  

Influence of web reinforcement on mid  

span rotations for L / d,  = 6.

 

Key: 
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MID SPAN ROTATION-RADIANS x 10 

 

FIGURE 5.9(c) :  Influence of web reinforcement on  

mid span rotations for  L/d,= 10.   

 

0 0-5 1.0 1-5 2.0 2-5' 3.C 3.5 4.0 4.5 
-2 

FIGURE 5.9(b) :  Influence of web reinforcement on mid  

span rotations for L/d,= 8.  
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0  0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 l?8 2,0 2.2 2.4
 2.6 

rw ^yw 

FIGURE 5.10. '  Inf luence of web reinforcement on ratio of  ult imate 

moment for  beams with web 

reinforcement to ult imate moment  for 

beams without web reinforcement.
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web reinforcement to ult imate moment 

for beams without web r emforcemeat.

u w
 

F IGURE 5.11! Inf luence of rat io of  effective length to 

effective depth on ratio of  ult imate 

moment for  beams with 



- Ill - 

i * 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

u
w

' 
"

’u
i 

't
e

s
t
 

( MUW/MUI) CQ|C 



- Ill - 

i * 

 

 

 

 

 

CHAPTER 6 

CONCLUSIONS AND DISCUSSION 

The modulus of rupture used for the calculations 

based on Smith's equations was calculated as defined 

in his paper, i.e. f^* * & 79/fc"2 Ufnm^. 
It is noted from the strain readings that the 

maximum concrete strains recorded for the three beams. 

of group G-l with web reinforcement were very high 

relative to those of the other beams. It can be 

concluded from this evidence that the three beams dLd, 

in fact, exceed the flexural capacities and there 

was no experimental or testing machine error. An 

examination of the test results indicated that the 

                                            

1 

 F I G U R E  5 . 1 2 .  C o m p a r i s o n  o f  t e s t  a n d  c a l c u l a t e d  

r a t i o s  o f  u l t i m a t e  m o m e n t  f o r  b e a m s  

w i t h  w e b  r e i n f o r c e m e n t  t o  u l t i m a t e  

m o m e n t  f o r  b e a m s  

w i t h o u t  w e b  r e i n f o r c e m e n t .  
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closeness of the contact steel plates placed on the top 

of the beam for transmission of the point loads could 
be an influencing factor on the strength of the beams 0 

in group G-l. The lever arms obtained from the ultimate 

moments and the tensile forces resisted by the main steel 

at failure and contained in Table 4.2. show that the lever 

arm was greatest in beams Gl/2, G-l/3 and Gl/4. Indeed in 

the first two, the calculated lever arm exceeded the 

effective depth and in Gl/4 it was just less than the 

effective depth. In the remaining beams which failed in 

either flexure or combined shear and flexure, the lever 

arm was far less than the effective depth. 

Since the testing programme and equipments were 

maintained the same for all the beams tested, it was 

not possible to account for the high values of lever 

arm for the three beams of group G-l. Probably in beam 

Gl/2 which failed in combined shear and flexure, the 

increase beyond calculated flexural capacity was due 

to horizontal friction at the supports and to the 

closeness of the contact steel plates. These plates 

as shown in Figure 4.5 were 12.5 mm thick and the 

distance between them was only 50mm. In groups G-2 

and G-3 the spacings were 100 $nd 150 mm respectively. 

It can therefore be stated that 12.5mm thick steel plates 

were bedded on to almost the entire top 

Surface 6f the beams in group G-l. This method of loading 

where contact steel plates were too close is 

similar to the one employed by Krefeld and Thurston, 
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and was cfralleged by Smith (10) on the ground that it 

suggests a considerable gain of shear strength might 

have resulted. Since gain of shea.r strength does not 

strengthen beams failing in flexure, the increase 

beyond calculated flexural capacity in beams Gl/3 and Gl/4 

which failed in flexure was probably due to horizontal 

friction at the supports. However this 

does not appear to have affected the beams of the other 

two series tested. 

, The study of the strain distribution confirmed the 

result of the work of Wat.stein and Mathey (8) 

"that following the formation of a diagonal crack, the 

upper
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portion of the beam within the shear span become subjected 

to bending which causes it to develop a curved surface 

concave toward the mid plane. 

The study of the crack formation revealed that 

diagonal tension cracks do not always originate as 

flexural cracks as generally accepted. It has been shown 

that the origin of the diagonal cracks depend the 

relationship of the bending moment and the shear force. 

While the diagonal cracks originate as flexural cracks 

in the regions of high M/Qd-j,they may also originate as 

pure web shear cracks in the regions already uncracked 

in bending. Such regions are always close to the supports 

where M/Qd-j is low. 

Within the variables studied, equation 5.23 was 

suggested for predicting the quantity of web 

reinforcement required to attain flexural capacity. 

This equation, however, has a shortcoming because its 

development was based on a limited number of test results 

and all the factors that influence shear 

resistance of reinforced concrete beams and their full 

range of variability had not been taken into account. 

The validity of the development of the reported equation 

needs to be established by a more comprehensive test 

programme. 

Regarding rotations, it has been shown that the rotation 

capacity of beams without web reinforcement is less than that of 

beams with web reinforcement. 

However the limited test results indicated no relationship 
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between rotations and either the amount of web reinforcement 

or the effective length/effective depth ratio. 

The equation derived for the contribution of web 

reinforcement was based on a limited number of test results 

and the validity of its development needs to be established 

by more test results. 

This investigation illustrates that an attempt to find 

a single equation applicable to all beams normally 

encountered in practice is only p'ossible when all the 

factors that influence shear resistance have been fully 

studied. Unfortunately there is a considerable lack of test 

data of beams failing in shear under uniformly distributed 

loading. 

Although the problem of predicting the amount of web 

reinforcement required for beams subjected to uniformly 

distributed loading tofail in flexure cannot be claimed to 

have been solved, this investigation has added some test data 

to the few already available.
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CHAPTER 7 

RBCOMIviBNDATIONS FOR FUTURE 

WORK 7. 1 TEST PROGRAMME 

In view of the fact that the results of the equations 

established on the basis of shear stresses vary in opposite 

directions for the beams tested by Smith and by the author 

as the value of * t* increases and that the results of the 

suggested equation have a discontinuity for the two sets 

of test data, it is apparent that further work in this field 

of reinforced concrete beams failing in shear under 

uniformly distributed loading is necessary. To this end, 

it is recommended that similar beams, of L/d-| varying from 

say, 4 to 20 be made and tested under the same conditions. 

The test data obtained would, it is hoped, enable the 

development of an empirical expression appliaable to all 

beams used in practice. Future research would also be aimed 

at varying the flexural Capacity and shear- compression 

capacity in an attempt to find the influence of the web 

reinforcement on the ratio of the two capacities. 

7.2 TESTING- ARRANGEMENT 

Whereas the method of applying uniform loading by a 

system of point loads appears satisfactory, future work is 

needed to verify whether this is the best method or some 

other method should be used.



i 
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When a system of point loads is used to simulate uniform loading, it 

has been found that the clearance between the contact steel plates 

may be an influencing factor on the strength of beams failing in shear 

or combined shear and flexure. This aspect calls for future research 

to find whether applying the point loads through steel rollers only 

is sufficient. 

7.3. OBSERVATION OF CRACKS. 

For the purpose of determining the diagonal cracking load 

correctly, it is recommended that a more accurate method of observing 

crack propagation be employed. Such a method would anable accurate 

determination of the critical section for the major diagonal 

crack-initiation and for shear-compression failure. A suggested 

method would be to coat the surfaces of the beam with fluorescent 

penetrating dyes which pass into cracks and can be traced by 

illuminating them with a fluorescent light. Such dyes were not 

available for use in the testing of the beams considered in this study. 

7.1. THEORETICAL APPROACH. 

As more and more experimental work is done on beams failing in 

shear under uniform loading, there will be a better understanding of 

the factors that influence the behaviour and strength of such beams. 

it would be worthwhile to attempt a theoretical approach and perhaps 

use modem techniques to solve the problem. 

Now computer methods are available which can be developed 

to treat the shear problem. An outstanding example of such 

a development is the 'finite element' technique which has 

gained popularity in recent years. 

The application of the finite element technique would 

be based on the study of elastic and plastic behaviour of 

reinforced concrete beams. The analysis would involve the 
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idealisation of a reinforced concrete beam as an assemblage 

of finite elements interconnected at nodal points, the 

elements in concrete and steel being characterised by the 

different structural properties of the different 

materials, i.e. Young's modulus, Poiss .on's ratio and 

shear modulus and the thickness of the elements. 

A computer program written such that the breakdown of the 

dowel force and the consequent redistribution of the 

internal stresses that occur after diagonal cracking are 

taken into account, may be used to determine stress and 

strain distributions, The author attempted to use .finite 

element technique to treat the problem of shear failure in 

reinforced concrete beams under the guidance of Mr. 

D.Johnson, now of the University of Wales, Swansea, but the 

number of elements and nodal points suitable for the beams* 

considered exceeded the limitations of the computer at the 

University of Nairobi. 

7.5 T - BEAMS. 

Since T — beams provide a better representation of the 

reinforced concrete beams normally used in many civil 

engineering structures such as under building slabs and bridge decks, 

it is recommended that the experimentation discussed in this study 

be extended to T - beams where the uniformly distributed loading may 

be applied on the flanges•
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APPENDICES 

A Physical properties of beams 

B Plates 

C Tables of concrete strains 

D Table of details of beams and test 

results of Smith 

E Calculations for figure 5*3 

P Tables of rotations*



BEAM Gl/I 

125 

FIGURE Ai: Physical properties of group Gl beams. 

 

 

C O V E R  2 0  

S E C T I O N  A - A  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

N O T E S :  

(1) S E C T I O N  A - A  H A S  
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 PLATS B 2s Beam Gl/3 showing concrete 
spalling* 
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PLATE B8: Shear-compresoiom failure of 

beam G2/2. 
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PLATE B6: Close-up of the failure diagonal 

crack of beam G2/1* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PLATE B5: Diagonal tension failure of 

beam 

G2/1. 
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PLATE B8: Shear-compresoiom failure of 

beam G2/2. 

 

 

 

 

 

PLATE B7: Beam G2/2 before load applicatiom. 
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PLATE B 10: Beam G-2/3 before load 

application. 
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PLATS B 11: Diagonal cracking of beam 

G2/3 during loading. 

 

PLATE B 12: Combined shear and flexure failure 

of beam G2/3. Note concrete spalling 
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PLATE B 11: Close-up of diagonal cracks of 

beam G2/L during loading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PLATE B 13: Diagonal cracking of beam 

G2/L during loading. 
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PLATE B 16: Diagonal tension failure of 

beam G3/1• 
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PLATE B 17: Close-up €t failure diagonal crack of 

beam G3/1* 
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PLATE B 16: Diagonal tension failure of 

beam G3/1• 
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PLATE B 20: Shear-compression failure of 

beam G3/3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PLATE B 19: Shear-compression failure of 

beam G3/2. 



TABLE C 1(a): STRAIN VALUES FOR BEAM Gl/l 
SECTION A 

-140- 

 

 

PLATE B 22: Combined shear and flexure 

failure of beam G-3A* Note 

concrete spalling.
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* negative signs indicate compressive strains. 

•** positive signs indicate tensile strains. 

*** Numbers denoting mid points of gauge lengths as shown in 

figure i».A.

APPLIED 
LOAD 

(wO 

 

CONCRETE STRAIN z 10-5 
  

*** 
13 

14 15 
16 

17 
18 

20 

* 
-4.1 

-2.9 
-1.6 0.0 

** 

+2.5 
+1.6 

40 -13.9 -6.9 -4.9 +2.3 +6.9 +9.0 

60 -13.9 -8.4 -4.1 +3.3 +6.0 +10.2 

80 -30.0 -17.5 -5.8 +10.0 +17.5 +30.3 

100 
-40.2 -21.7 -5.9 +13.8 +30.0 +42.5 

120 -49.3 —26.4 -4.1 +23.2 +43.8 +59.2 

140 -52.2 ■*30.3 
• 

-4.9 +24.6 +49.2 +67.7 

160 -70.4 -36.8 -2.7 +35.2 +62.3 +92.0 

180 
-85.7 -39.8 -4.1 +40.2 +67.2 +102.4 

200 
-102.0 -43.1 -4.9 +49.3 +82.7 +117.6 

220 
-115.6 -15.8 +4.1 +56.2 +95.6 +125.5 

240 
-141.4 -9.8 +6.9 +66.0 +109.0 +141.7 

260 
-162.1 -14.7 +8.2 +72.0 +117.4 +150.6 

280 -201.6 -24.6 

+10.8 +80.8 +130.5 +165.0 
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CONCRETE STRAINS X10 “5 

7 8 
1 9 

10. 11 12 

- 2.9 -1.2 -3.3 + 1.6 + 3.3 + 2.9 

-9.0 -4.9 -2.7 + 2.5 + 6.9 + 9.8 

-9.5 —6.1 -2.7 -h 4.2 + 9.7 +12.9 

-22.1 -13.1 -4.5 + 7.8 +20.0 +26.0 

-26.3 -15.0 -4.9 +12.0 +27.3 +37.2 

-34.0 -17.2 -3.7 +24.0 +44.0 +59.9 

-38.8 -19.9 -3.3 +27.8 +61.0 +73.2 

-46.9 -21.0 +4.9 +50.7 +87.6 +104.6 

-57.2 -18.9 +22.0 +92.0 +109.8 +144.0 

-58*0 -20.0 +37.8 +115.3 +133.1 +173.7 

-47.3 -20.7 +63.7 +156.2 +161.7 +218.2 

-47.2 -30.3 +77.2 +185.5 +170.2 +244.1 

-46.8 -37.4 +87.5 +218.4 +182.4 +271.0 

-51.2 -47.4 +104.0 +256.2 +211.0 +303.8 

— 
 

(KN) 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 
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* Numbers denoting mid points of gauge 

length as shown in figure.

APPLIED 
LOAD 
(KM) 

 

CONCRETE STRAINS 
x 10-5 1 

  

1* 
2 

3 4 5 
6 

20 -1.6 
-2.5 

-1.2 +0.8 +0.8 +12.0 

40 -3.7 -2.9 -2.5 +0.8 +1.6 +14.3 

60 -4.1 -3.3 -1.2 +1.2 +2.2 +15.1 

80 -7.8 -6.3 -2.9 +0.5 +4.4 +19.3 

100 -8.5 -6.5 -3.3 -1.2 
% 

+5.0 +20.5 

120 -12.1 -8.5 -3.7 -1.2 +4.9 +20.5 

140 -13.0 -9.4 -4.1 -1.2 +5.0 +23.2 

160 -14.8 -9.8 -5.3 -2.9 +4.1 +35.8 

180 
-10.5 -10.0 -8.2 -6.4 +26.0 +59.2 

200 -5.8 -11.2 -9.2 -9.0 +38.4 +65.7 

220 
-1.6 -12.3 -13.9 -15.8 +53.0 +87.1 

240 
+20.7 -13.0 -13.9 -19.2 +100.5 +122.0 

260 
+58.5 -13.8 -17.0 -20.2 +132.4 +151.3 

280 

+125.3 -15.9 

-18.1 

-10.9 +226.9 +197.0 
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APPLIED 
LOAD 
(WJ) 

CONCRETE STRAINS x 10*5 

13 14 15 16 17 18 

20 -4.1 -4.5 -2.5 +1.6 +1.6 +3.6 

* 40 -11.9 -6.9 -7.0 +3.7 +6.0 +10.7 

60 -18.0 -11.2 -4.8 +6.0 +7.9 +14.9 

80 -22.2 -12.5 -4.1 +10.3 +12.5 +18.5 

100 -32.3 -18.8 -4.8 +20.4 +24.2 +36.0 

120 -49.7 -23.1 -3.6 +21.2 +35.3 +48.5 

140 -54.8 -33.2 -3.7 +35.8 +40.4 +59.3 

160 -65.6 -53.6 -4.5 +41.7 +48.5 +69.2 

180 -76.2 -40.7 -1.6 +49.6 +60.0 +87.3 

200 .-77.3 -37.5 -0.8 ' +58.0 +68.3 +96.6 

220 -97.5 -44.0 -1.2 +75.5 +85.2 +120.0 

240 -109.0 -53.3 0.0 +85.0 +100.0 +140.2 

260 -121.1 -58.0 +5.8 +92.4 +107.3 +148.3 

280 -122.3 -64.6 +5.8 +103.3 +122.2 +165.6 

300 -154.6 -73.2 +10.0 +118.3 +140.7 +193.5 

320 -169.8 -79.0 +21.2 +135.5 +158.8 +220.4 

340 -211.3 -89.3 +27.8 +182.4 +217.3 +293.1 

360 -238.0 -100.6 +35.0 +228.7 +273.1 +362.4 

380 -296.4 -114.2 +64.3 +314.8 +323.2 +498.2 

400 
-446.7 -152.9 +127.5 +535.2 +682.0 +846.3 
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APPLIED 

LOAD 

(wO 

CONCRETE STRAINS XlQr5 

7 
8 

9 
10 11 12 

20 
-4.1 

-1.6 -1.6 +0.8 +1.6 
+4.1 

40 -9.0 -6.8 -2.2 +2.5 +5.6 +10.2 

60 -13.9 —8.0 -3.9 +1.6 +9.2 +12.7 

80 
-16.2 —8.0 -4.0 +2.2 +12.3 +19.8 

100 -17.4 -10.6 -3.5 .+4.9 +18.0 +35.6 

120 -16.3 -17.8 -4.9 +8.0 +35.3 +49.8 

140 
-30.5 -21.0 -4.9 +16.2 +48.2 +65.7 

160 
-39.0 -19.6 -6.3 +19.3 +58.1 +80.0 

180 -40.8 -26.3 -8.9 +21.7 +68.0 +93.4 

200 
-55.3 -25.8 —6.0 +34.1 +80.2 +108.6 

220 -60.3 -50.5 -0.5 +53.5 +91.3 +137.2 

240 
-72.4 -28.5 +3.3 +71.7 +113.2 +156.1 

260 -77.8 -33.6 +4.0 +77.8 +122.5 +168.4 

280 
-84.2 -54.2 +6.9 +90.0 +137.3 +187.8 

500 -94.5 -37.6 +9.1 +104.2 +149.8 +204.0 

520 
-106.6 -40.7 +11.0 +108.6 +165.1 +226.2 

540 -109.8 —46o6 +16.2 +131.4 +170.0 +259.3 

560 
-120.0 -47.1 +19.3 +142.0 +174.6 +287.0 

580 
-127.8 -51.2 +20.5 +160.0 +248.3 +334.1 

400 

148.5 -56.4 +27.8 +173.6 +286.7 +375.2 

 



- 146 - 

v 

 

 

 

APPLIED 

LOAD 
CONCRETE STRAINS x 1CT5 

t 
(wt) 1 2 3 4 5 6 

20 
-2.5 

-1.6 -1.6 +1.2 +0.8 
+2.5 

40 -2.5 -2.5 -1.6 +1.6 +2.5 +4.1 

60 
-5.0 -4.4 -1.6 +1.6 +3.3 +1.6 

80 -5.9 -4.4 -1.2 +2.9 +4.1 +1.8 

100 -6.9 -5.3 -2.0 +2.5 +4.1 +3.3 

120 -9.8 -7.0 -2.9 +3.3 +7.4 +4.9 

140 
-12.0 -7.9 +0.8 +3.5 +8.2 +6.0 

160 -13.1 -11.3 +4.9 +6.5 +24.0 +14.6 

180 
-15.3 -9.8 +6.0 +16.0 +38.3 +24.6 

200 
-13.2 -10.4 +6.0 +18.8 +46.2 +36.2 

220 
-10.5 -9.2 +6.0 +16.2 +51.7 +49.8 

2*0 -11.2 -7.9 +7.1 +19.2 +59.8 +70.0 

260 
—8©9 -7.8 +7.2 +18.8 +62.2 +74.2 

280 
-9.2 -8.3 +6.9 +16.8 +64.3 +82.6 

500 —8.0 -9.4 +6.9 +14.7 +58.0 +88.7 

320 
-7.2 -10.2 +7.2 +12.9 +56.2 +94.8 

340 -4.9 -9.8 +4.9 +9.0 +48.3 +106.0 

360 
-2.6 -9.2 +4.0 +8.8 +42.9 +114.3 

380 
-0.8 -10.0 +2.9 +9.0 +38.3 +145.4 

400 -0.8 —8.2 +1.8 +10.2 

+39.4 +141.0 

 



TABLE C2 (c): STRAIN VALUES FOR BEAM Gl/2 
SBBTION C 
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TABLE C3 (a)t STRAIN VALUES FOR BEAM Gl/3 SECTION A 

APPLIED 
LOAD 

 

-5 
CONCHETE STRAINS xlO 

  

V™ ) 
t 

13 14 15 
16 

17 
18 

20 -0.8 -0.8 0.0 +2.6 +0.8 +0.8 

40 -io.a -4.1 0.0 +4.9 +11.0 +7.4 

60 -17.2 -9.2 0.0 +6.0 +11.8 +18.2 

80 -23.3 -10.6 -3.3 +10.7 +18.1 +22.0 

100 -31.5 -17.4 -2.5 +15.1 +27.3 +39.1 

120 -37.4 -19.6 -2.6 +18.3 +33.0 +47.9 

140 -50.8 -27.0 -5.3 +24.6 +43.4 +66.2 

160 
-58.7 -28.1 -1.2 +32.0 +51.2 +79.8 

180 -67.0 -33.0 +0.8 +39.2 +59.8 +89.3 

200 -80.5 -40.2 +0.8 +44.8 +71.9 +112.7 

220 -96.4 -46.3 +2.0 +57.6 +81.1 +130.4 

240 -107.7 -52.5 +3.3 +67.7 +95.3 +147.6 

260 -123.6 -58.7 +4.9 +75.0 +101.7 +162.5 

280 
-128,2 -59.8 +4.1 +85.0 +114.6 +178.0 

300 -151.1 -69.6 +10.8 +96.7 +132.4 +195.1 

320 -168.3 -74.2 +14.6 +120.5 +143.0 +247.3 

340 -177.6 -80.0 + 30.9 +128.6 +168.5 +260.6 

360 -216.9 -88.1 +61.7 +179.1 +220.6 +332.9 

380 -263.5 -99.0 +62.4 +260.3 +327.6 +320.4 

400 
♦ 

-337.0 
-122.4 +114.2 +481.0 +622.4 +879.7 

420 

-400.0 -299.2 +270.5 - - - 

 



TABLE C5(b): STRAIN VALUES FOR BEAM Gl/3 
SECTION B 

- 148 - 

 

 

 

APPLIED 

LOAD 
CONCRETE STRAINS x 10”5 

 

(kN) 7 8 9 10 11 12T* ---  

20 -1.2 -1.2 +6. 0 
+1.2 +1.2 

+2.0 

40 -8.9 -4.9 +6.0 +2.8 +6.0 +7.0 

60 
-12.7 -8.3 +4.2 +4.9 +9:8 +11.8 

80 -16.1 -14.1 +2.9 +6.0 +13.2 +14.6 

100 -19.8 
-13.6 +1.6 +8.0 +14.4 +23.1 

120 
-27.0 -16.7 0.0 +10.2 +23.6 +27.2 

140 
-31.2 -21.2 -1.6 ; +17.5 +56.1 +39.6 

160 * -39.8 -23.6 -2.9 +22.5 +44.7 +52.3 

180 -45.3 -25.0 -4.5 +33.5 +63.0 +69.0 

200 -55.4 -20.9 -7.1 +53.4 +84.2 +91.9 

220 
-65.3 -22.1 -24.2 +62.3 +97.5 +107.7 

240 
-68.9 -21.8 -25.8 +67.8 +105.7 +119.2 

260 
—69.0 -22.2 -33.3 +75.2 +117.4 +130.4 

280 
-77.2 -22.7 -35.6 +82.1 +130.2 +145.5 

300 
-87.5 -25.5 -44.5 +88.7 +141.0 +160.0 

320 
-94.6 -26.6 -46.4 +96.0 +152.6 +179.8 

540 -96.7 -26.4 -47.7 +104.2 +169.8 +I88.7 

360 
-104.1 -30.5 -50.3 +116.0 +196.1 +225.3 

380 
-113.3 -31.0 -53.2 +130.5 +236.6 +270.2 

400 
-128.7 -37.9 -55.0 +148.3 +295.2 +541.4 

420 

-158.4 -40.1 

-50.2 

+193.6 +528.3 +396.5 
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TABLE C 4(a): STRAIN VALUES FOR BEAM Gl/4 SECTION A 

APPLIED 

LOAD 
(wO 

 

CONCRETE STRAIN x 10~5 

1 2 3 4 5 6 

20 -0.8 -2.0 
-3.3 

-0.8 
+2.5 

+0.8 

40 -2.5 -3.7 -2.5 0 +2.7 +4.9 

60 -3.3 -5.3 -4.8 +1.6 +4.9 +5.7 

80 -5.0 -7.4 —4.8 +1.6 +6.5 +6.6. 

100 -6.3 -8.3 -6.9 +2.5 +10.5 +6.6 

120 -9.8 -9.0 —8.4 +1.6 +12.1 +8.9 

140 -7.7 -11.5 -8.4 +1.6 +13.3 +14.0 

160 -23.8 -11.5 —8.9 +1.6 +12.1 +16.2 

180 -22.1 -11.5 -8.9 +4.9 +14.5 +27.9 

200 -21.7 -12.7 -10.3 +30.8 +24.7 +51.3 

220 -23.0 -13.5 -13.5 +48.0 +34.8 +79.8 

240 -7.7 -14.0 -17.5 +65.2 +47.3 +89,4 

260 -5.3 -14.0 -20.6 +64.3 +50.0 +96.7 

280 
-4.9 -15.2 -21.2 +73.6 +60.2 +112.2 

300 -5.7 -16.6 -23.2 +84.5 +74.4 +125.5 

320 -4.5 -16.4 -23.7 +93.1 +79.3 +136.6 

340 -1.5 -15.8 -24.8 +103.3 +86.6 +146.3 

360 +0.5 -15.5 -24.8 +111.0 +93.1 +149.4 

380 +3.3 -15.3 -27.1 +119.7 +101.7 +166.8 

400 
. +7.0 -15.0 -28.4 +129.6 +106.2 +183.0 

420 +9.0 -12.6 -30.3 +130.5 +102.5 +187.4 

 



TABLE C3 (c): STRAIN VALUES FOR BEAN Gl  ̂
SECTION C 

- 150 - 

 

 

 

APPLIED 

LOAD 
CONCRETE STRAINS z 10-5 

(MJ) 
13 14 15 16 17 18 

20 -5.0 -1.8 -2.5 +2.9 +2.4 +5.0 

40 -7.8 -7.8 -9.8 +4.9 +23.0 +16.2 

60 
-17.2 -13.0 -8.2 +8.0 +26.6 +40.9 

80 -21.3 -16.1 -15.3 +11.7 +30.7 +56.7 

100 
-40.6 -27.2 -16.4 +22.2 +43.2 +71.1 

120 -44.3 -25.9 -9.3 1 +32.0 +55.4 +92.3 

140 
-59.0 -33.7 -11.8 +32.8 +61.2 +114.0 

160 -64.7 -43.6 -7.3 +48.7 +92.7 +125.5 

180 -83.8 -37.8 -6.5 +49.0 +103.3 +137.8 

200 ; -85.5 -44.0 —2.6 +57.7 +114.5 ♦158.9 

220 
-100.0 -56.1 . -1.6 + 65.6 +124.8 +172.7 

240 i -106.2 -54.8 +3.7 +79.2 +141.4 +231.4 

280 
-150.1 i -70.3 ' +14.6 +104.4 +185.6 +232.0 

320 -167.4 
| -92.4 

+35.0 +194.3 +281.9 +358.1 

360 

-373.7 -148.6 +26.4 +470.6 +718.0 +859.3 

 



TABLE C 4(b); STRAIN VALUES FOR BEAM Gl/4 
SECTION B 
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APPLIED 

LOAD 

(wr) 

CONCRETE STRAINS x 10“5 

7 8 9 10 11 12 

20 -11.0 -1.6 -1.8 -1.2 +6.0 +0.8 

40 -11.9 -3.8 -3.3 +1.6 +7.8 +5.7 

60 -14.1 -3.7 -5.2 +2.5 +13.1 +14.6 

80 -14.4 -7.0 -7.8 +4.1 +15.9 +21.7 

100 -20.2 -11.9 -4.2 +5.0 +30.2 +35.4 

120 -22.5 -11.3 -10.0 +16.2 +35.4 +42.0 

140 -23.2 -13.2 
0 

+27.7 +51.6 +67.3 

160 . -34.8 -20.4 +4.5 +51.2 +76.7 +94.4 

180 -40.1 -17.0 +9.9 +68.3 +85.2 +111.0 

200 -48.7 -22.8 +13.3 +80.4 +94.3 +123.5 

220 -63.6 I -24.0 +12.4 +94.2 +100.0 +137.6 

240 -60.2 —24.0 +22.5 +106.5 +111.2 +159.2 

280 -76.4 -30.7 +26.7 +149.2 +167.8 +192.4 

320 
-92.0 -37.6 +28.2 +183.1 +189.2 +236.6 

360 -102.5 -40.3 +25.3 +155.4 +198.0 +329.7 

 



TABLE C 5(a); STRAIN VALUES FOR BEAM C2/l 
SECTION A 
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APPLIED 

LOAD 

CONCRETE STRAINS x 10~5 

(wo • 
1 2 3 4 5 6 

20 
-3.7 

-1.2 
+1.6 

—8.0 
-0.5 +8.0 

40 -3.7 -4.5 +5.1 +4.2 -2.1 +12.2 

60 
-4.1 —0.8 +6.3 0.0 +6.0 +16,9 

80 -9.0 -4.9 -11.4 +11.0 +4.8 +14.7 

100 
-4.9 -11.0 -1.6 +9.8 +10.2 +13.3 

120 . -2.8 -7.2 +0.8 
‘ +13.7 

+13.8 +11.5 

140 —8*0 -15.3 -1.2 +15.2 +20.3 +18.8 

160 -6.7 -7.8 -0.5 +16.3 +18.8 +22.4 

180 -3.6 -7.4 +4.0 +7.1 +34.0 +26.6 

200 -12.2 -20.5 -7.8 +4.9 +43.2 +34.1 

220 
—0.8 -14.7 +1.8 +1.8 +54.5 +51.0 

240 -4.1 —8.0 +0.8 +5.2 +44.3 +62.2 

280 
-3.9 —6.7 -2.2 +6.0 +94.4 +75.0 

320 
-2.9 -6.7 -2.2 +1.2 +105.0 +112.3 

360 

-4.0 -10.3 -3.3 0.0 +114.6 +127.7 

 



TABLE Cile),_.Sm.IM VALUES FOR BEAM OI/4 

SECTION C 
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TABLE C 5(b): STRAIN VALUES FOR BEAM G2/l SECTION 

B 

 

APPLIED 
LOAD 
(EH) 

CONCRETE STRAINS x 10“5 

13 14 15 16 17 18 

10 -11.0 -7.7 -14.2 +4.2 +4.0 +8.3 

20 -16.2 -8.9 -13.0 +-6.0 +8.3 +9.4 

50 -24.9 -14.0 -13.0 +8.3 +13.4 +17.7 

40 -50.7 -15.8 -12.4 +19.7 +18.5 +30.8 

50 -41.1 -18.0 -12.4 +30.4 +28.8 +47.0 

60 -43.5 -21.1 -16.3 +35.1 +31.7 +58.0 

80 -58.8 -25.5 -16.3 +51.5 +61.2 +89.1 

100 -76.8 -27.2 -16.3 +62.8 +94.6 +117.4 

120 -81.2 -41.2 -12.5 +71.0 +102.0 +130.4 

140 -103.4 -47.0 -5.8 +87.3 +130.5 +164.5 

 

APPLIED 
LOAD 
(kw) 

 

CONCRETE STRAINS x 10-5 
 

7 8 9 10 11 12 

10 -6.8 * -3.3 -2.5 -3.3 +4.2 +6.0 

20 -7.9 -5.0 -4.3 -2.0 +6.6 +9.0 

30 -14.0 -9.1 —6.0 -1.6 +8.0 +11.5 

40 -20.3 -12.8 -7.2 -1.0 +10.6 +14.4 

50 -28.2 -18.2 -6.4 -1.2 +15.3 +19.8 

60 -31.8 -20.3 -5.8 -2.0 +17.4 +26.2 

80 -42.1 -27.4 -6.0 -3.3 +29.0 +40.8 

100 • -54.7 -33.8 -6.0 -4.1 +42.7 +59.3 

120 -61.2 -40.0 -1.6 -6.3 +57.1 . +75.5 

140 -70.4 -29.1 -0.8 -7.2 +70.0 +93.4 

 



TABLE C 5(c): STRAIN VALUES FOR BEAM G2/l 
SECTION C 

- 154 - 

 

 

 

 

APPLIED 

LOAD 
(KN) 

CONCRETE STRAINS x 10-5 

1 2 
3 4 5 

6 

10 -5.7 -4.1 -2.5 -1.6 +1.6 +18.2 

20 -4.9 -4.1 +3.7 -0.8 +5.7 +17.3 

30 -4.9 -4.9 +6.0 +1.6 +5.7 +7.9 

40 -4.1 -8.2 +5.7 +4.1 +10.7 +8.5 

50 -5.7 —8.2 +7.4 +4.1 +10.7 +7.5 

60 -4.1 -9.8 +6.2 +4.9 +11.5 +12.0 

80 -7.4 -12.3 +10.3 +6.6 +12.3 +15.7 

100 -9.8 -14.0 +7.4 +7.4 +14.0 +12.0 

120 -9.8 -14.8 +5.8 ; +4.9 +15.0 +5.3 
140 -7.4 -14.8 +4.1 +6.6 +15.0 +4.1 

TABLE C 6(a): STRAIN VALUES FOR BEAM G2/2 SECTION A 
 

APPLIED 
LOAD 
(K.N) 

 

CONCRETE STRAINS x 10* ■5 
 

13 14 15 16 17 18 

20 
- 

-17.6 —8.0 +16.1 
- 

+25.0 

40 - -24.7 -21.6 +40.7 - +32.7 

60 - -58.0 -25.2 +41.4 - +40.8 

80 - -55.2 -16.0 +32.8 - +53.3 

100 - -57.6 -14.3 +38.0 - +74.5 

120 - -81.5 -16.5 +43.4 **• +98.4 

140 - -74.0 -15.8 +74.5 - +122.7 

160 - -61.9 -16.3 +88.7 - +130.9 

180 - -70.4 
-12.0 +82.2 - +168.0 

200 - -81.7 0.0 +127.0 - +197.3 

220 - -86.3 +11.3 +160.4 - +270.5 

240 - 

-106.2 
+103.4 +360.0 - +417.4 

 



TABLE C 7(a): STRAIN VALUES FOR BEAM 02/5 
SECTION A 

- 155 - 

 

 

 

 

APPLIED 
LOAD 
(MO 

CONCRETE STRAINS x 10”5 

7 8 9 10 11 12 

20 -4.0 -8.2 -3.3 +3.3 +3.3 +3.3 

40 -21.1 -14.3 -4.2 +6.2 +45.4 +21.2 

60 -32.8 -20.0 -9.1 +21.3 +52.7 +30.4 

80 -40.6 -42.4 —6.0 +29.1 +85.8 +52.4 

100 -40.6 -43.3 —6.0 +34.0 +85.8 +89.0 

120 -82.2 -50.7 -2.2 +52.3 +116.5 +120.6 

140 -98.4 —66.8 -2.2 +61.1 +106.3 +150.0 

160 -102.5 -52.1 0.0 +72.5 +107.0 +171.4 

180. -123.0 -66.3 +4.0 +92.6 +160.5 +210.6 

200 -148.7 -70.5 +16.1 +104.7 +192.4 +261.0 

220 -194.3 -72.0 +28.3 +107.8 +267.0 +334.4 

240 
-260.0 -72.0 +55.4 +274.0 +340.6 +555.0 

 

TABLE C 6 (c): STRAIN VALUES FOR BEAM G2/2 SECTION C 

APPLIED 
CONCRETE STRAINS x 10"5 

1 2 3 4 5 6 

20 -3.3 -7.0 -0.4 -7.4 +4.5 +20.7 

40 -8.2 -4.3 -0.8 -7.0 +5.7 +33.2 

60 -8.2 -4.3 -1.2 —8.2 +4.9 +39.3 

80 -10.1 -14.5 -2.8 -8.2 +6.5 +41.0 

100 -12.3 -14.5 -1.6 —6.0 +5.3 +55.4 

120 -14.8 -12.3 -0.4 -7.3 +8.3 +55.4 

140 -20.0 -12.5 -2.0 -12.3 +14.0 +58.0 

160 -12.3 -14.0 —2.8 -16.5 +21.2 +58.0 

180 -14.4 —8.2 -6.6 -19.6 +31.7 +91.4 

200 -8.2 -10.0 -12.3 -23.0 +44.8 +120.0 

220 -8.2 -6.6 -3.3 -29.8 +57.5 +152.3 

240 -8.0 -8.4 -8.7 -32.7 +82.5 +187.4 

 



TABLE C 6 (b): STRAIN VALUES FOR BEAM G2/2 
SECTION B 
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APPLIED 
LOAD 
(wO 

CONCRETE STRAINS x IQ-5 

13 14 15 16 17 18 

20 -7.4 -4.1 -0.8 +4.3 +4.0 +8.2 

40 -21.3 -13.4 -6.3 +8.2 +15.7 +27.0 

60 , -35.2 -20.8 -7.4 +16.4 +29.8 +48.7 

80 -49.2 -21.2 -7.4 +24.6 +43.4 +96.8 

100 -66.3 -37.3 -10.4 +33.7 +59.2 +98.0 

120 -84.5 -48.0 | -12.3 +38.9 +71.4 +121.2 

140 -110.0 ' —61.6 ! -15.6 +48.8 +91.0 +153.6 

160 
-122.3 -66.9 -15.6 +54.7 +93.4 +173.4 

180 
-163.5 -89.1 -20.7 ; +59.0 +126.7 +217.7 

200' -185.7 -102.0 -22.9 +68.1 +136.8 +248.6 

220 -240.2 -128.4 —24.6 +101.0 +186.0 +308.5 

240 -306.0 
-161.5 -23.4 +140.5 +250.2 +392.4 

 

TABT.F. £ STBATW VALUES FOR BEAM 02/3 

SECTION B 

APPLIED 

LOAD 
CONCRETE STRAINS x 10“5 

(kN) 7 8 9 10 11 12 

20 -7.4 -5.6 -1.2 +1.6 +4.9 +7.8 

40 -19.6 -13.7 —2 08 +4.1 +12.7 +14.0 

60 -32.2 -21.1 -4.5 +9.4 +19.6 +22.7 

80 -47.5 —28.0 —6.0 +15.6 +32.7 +35.2 

100 -60.0 -36.2 -7.0 +22.0 +43.4 +51.5 

120 
-74.6 —44.4 -7.4 +28.5 +54.0 +65.4 

140 -93.7 -53.1 -7.4 +37.4 +70.7 +81.2 

160 
-109.4 -56.3 ! -8.7 +46.3 +82.7 +93.9 

180 -136.6 -76.6 -10.5 +55.0 +106.0 +120.1 

200 -164.2 -89.6 -12.0 +66.2 +121.2 +137.8 

220 -197.4 -104.2 -13.1 +88.7 +159.6 +180.0 

240 
-240.0 

-122.4 -13.5 +110.8 +197.4 +231.6 
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TABLE C 7 (c)i STRAP) VALUES FOR BEAM 02/3 
SECTION C 

 

 

 

 

APPLIED 

LOAD 
(KN) 

 

CONCRETE STRAIN x 10-5 

 

1 2 3 4 __5 _____  6 

20 -2.0 -2.2 -1.6 -0.5 0.0 +5.3 

40 -5.0 -3.3 -2.5 -0.7 +2.1 +7.0 

60 —8.2 -4.1 -2.5 +1.2 +2.5 +7.0 

80 -9.1 -6.6 —2 .8 +0.8 +1.6 +5.5 

100 -11.8 -8.2 -5.0 +0.8 +1.6 +12.0 

120 -14.2 -11.4 -6.5 -0.4 +4.1 +12.0 

140 -10.7 -12.3 -7.0 -6.2 +3.7 +22.3 

160 -12.5 -11.7 —8.2 -9.4 +3.7 +26.7 

180 -11.8 -11.0 -10.3 -12.7 +8.2 +33.8 

200 -8.4 -11.5 -13.6 -17.0 +20.5 +42.5 

220 -7.5 -11.7 -14.8 -22.5 +28.0 +40.0 

240 -7.0 -25.0 -17.6 -25.3 +32.7 +41.4 

 

TABLE 0 8 (ah STRAIN VALDES FOR BEAK G2/4 

APPLIED 
LOAD 
(KN) 

  

CONCRETE STRAIN x 10-5 

 

13 14 15 16 17 18 

20 -12.3 -5.0 -3.3 +0.8 +11.0 +18.6 

40 -23.5 -11.8 -8.2 +2.0 +24.3 +30.7 

60 -40.9 -20.6 -10.6 +3.3 +37.2 +51.1 

80 -52.7 -25.1 -12.2 +7.4 +52.1 ♦75.4 

100 -75.2 -38.4 -14.0 +8.8 +70.0 +87.2 

120 -99.0 -51.7 -17.8 +14.7 +90.0 +124.6 

140 -129.1 -62.2 -24.6 +20.8 +105.4 +140.0 

180 -160.4 -80.9 -27.1 +29.2 +126.3 +164.7 

200 -192.8 -102.0 -30.4 +35.0 +138.7 +188.3 

220 -254.2 -131.5 -30.5 i +70.0 +182.4 +250.0 

240 -405.6 -202.4 -17.3 +205.5 +331.3 +442,0 

 



TABLE C 9(a): STRAIN VALUES FOR BEAM G5/l 
SECTION A 
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TABLE C 8 (c): STRAIN VALUES FOR BEAK 02/4 SECTION 

C 

 

APPLIED 

LOAD 

(wt) 

 

CONCRETE STRAINS x icr5 
  

7 
8 

9 
10 11 12 

20 -7.0 -4.1 -7.0 +7.8 +7.0 +19.2 

40 -17.6 —6.6 -10.7 +18.4 +18.2 +30.3 

60 -34.4 -11.9 -9.2 +16.5 +32.7 +49.7 

80 -48.4 -18.0 -15.4 +24.2 +43.8 +67.6 

100 -62.8 -17.5 -12.6 +28.1 +61.2 +95.4 

120 -87.7 -48.0 -16.8 +44.7 +85,5 +117.6 

140 -110.0 -56.4 -15.6 +51.6 +103.0 +145.3 

i 160 -138.0 -72.1 -13.5 +56.0 +126.4 +173.0 

180 -164.5 -84.2 -17.6 +81.5 ; +154.6 +205.2 

200 -208.5 -103.5 -16.0 +103.0 +225.5 +261.4 

220 
-279.0 -140.3 -26.5 +120.4 +240.0 +380.5 

 

APPLIED 
LOAD 
(RK) 

CONCRETE STRAINS x 10"5 

1 2 3 4 5 6 

20 -4.9 -13.9 0.0 +0.8 +5.7 +2.5 

40 -9.4 -14.8 -0.8 +7.4 +5.7 +4.1 

60 -14.0 -4.9 -1.6 +11.5 +7.4 +7.8 

80 -15.6 -9.8 -2.0 +7.0 +7.5 +10.3 

100 -16.4 -9.4 -4.5 +5.4 +19.3 +19.8 

120 -14.1 -11.5 —6*1 +13.9 +53.6 +56.5 

140 -11.9 -11.1 -4.9 +18.0 +49.7 +52.8 

160 
-9.0 -13.1 -7.2 +6.5 +65.5 ♦71.7 

180 -3.3 -12.7 -9.4 +8.2 +67.0 +86.5 

200 +0.5 -12.8 -11.9 -1.6 +61.7 +98.5 

220 
+9.0 -10.6 -11.9 -11.6 +56.7 +111.0 
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TABLE C 8CID )» STRAIN VALUES FOR BEAM G2/4 
SECTION B 

 

 

 

APPLIED 
CONCRETE STRAINS x 1CT5 

7 
8 

9 
10 11 12 

20 -12.7 -4.9 -4.5 +3.3 +13.9 +14.8 

40 -25.9 -13.1 -7.3 +9.4 +17.2 +33.6 

60 -39.7 -18.4 -5.7 +28.7 +44.2 +62.1 

80 -50.6 -29.0 -3.3 +40.9 +65.8 +90.0 

100 -73.3 -33.6 -2.9 +59.4 +81.2 +118.0 

120 
-91.0 -41.3 -2.5 +72.8 +96.4 +138.0 

 

TABLE C q(b)i STRAIN VALUES FOR BEAM G5/l SECTION B 

APPLIED 

LOAD 

(kN) 

 

CONCRETE STRAINS x 10“ ■5 

 

1 2 3 4 5 6 

20 -3.3 —2.0 -1.6 0.0 +1.6 +3.3 

> 40 -4.1 -3.3 -1.6 +1.6 +3.7 +3.7 

60 -4.9 -5.7 -2.5 +3.6 +4.5 +4.9 

80 -9.0 -7.4 -4.6 +4.5 +5.3 +11.5 

100 -9.8 -7.4 -5.3 +5.3 +7.4 +10.2 

120 

-11.0 -9.0 -5.3 +5.3 +7.4 +22.6 

 



TABLE C 10(a): STRAIN VALUES FOR BEAM G3/2 
SECTION A 
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TABLE C 10 (b): STRAIN VALUES FOR BEAM G3/2 SECTION 

B 

 

APPLIED 

LOAD 

(HO 

CONCRETE STRAINS x 10“5 

7 
8 

9 
10 11 12 

20 -15.5 -9.4 —2 .8 +8.6 +4.9 +4.1 

40 -26.6 -16.4 -♦■0.5 +23.1 +19.7 +20.5 

60 -45.5 -26.2 +1.2 +40.0 +37.8 +43.6 

80 -44.6 -25.4 +10.2 +66.8 +67.6 +186.8 

100 -71.7 -30.4 +7.8 +70.5 +80.0 +106.6 

120 
-80.4 -63.3 +11.5 +75.6 +99.4 +137.5 

140 -119.2 -84.5 +6.1 +88.1 +120.0 +170.0 

160 -133.6 -108.2 +9.4 +102.5 +140.5 +215.3 

180 
-220.0 -147.5 +14.0 +115.0 +241.6 +426.1 

 

APPLIED 
LOAD 
(wr) 

CONCRETE STRAINS x 10~5 

1 2 3 4 5 6 

20 
-4.1 -3.3 

—2.0 +0.8 -1.6 0.0 

40 -9.0 -5.3 -1.1 +1.6 +1.6 -4.9 

60 -15.0 —6.1 -4.1 +1.6 -1.6 +0.8 

80 -13.0 -4.1 -5.0 -2.1 +4.9 +9.8 

100 -14.3 —8.2 -2.5 -4.2 +17.2 +14.8 

120 -10.2 -16.0 -11.8 —6.0 +41.0 +20.5 

140 -8.2 -16.0 j -12.7 -12.3 +72.4 +44.2 

160 -8.2 -18.8 -9.8 -10.5 +100.5 +72.0 

180 
-2.5 

-16.8 
-15.9 

-12.0 
+125.3 +97.6 

 



TABLE C 12(a): STRAINS VALUES FOR BEAM G5/4 
SECTION A 

- 161 - 

 

 

 

 

APPLIED 
LOAD 
(kw) 

CONCRETE STRAINS x 10~5 

7 8 9 10 11 12 

20 
-9.0 

-6.6 -1.2 
+9.0 

+8.2 +11.1 

40 -19.6 -12.3 +2.5 +16.0 +18.5 +22.9 

60 -32.0 -18.0 +1.6 +27.5 +28.6 +47.5 

80 -44.6 -22.5 +5.7 +48.0 +59.4 +80.2 

100 -57.3 -27.1 +8.6 +60.0 +86.5 +100.0 

120 -71.5 -32.8 +12.3 +71.6 +106.4 +131.5 

140 -88.6 -36.8 +18.8 +89.5 +132.6 +162.5 

160 
-112.5 -41.0 +27.9 +115.0 +171.3 +210.0 

 

TABLE C 11 M: STRAIN VAH SECTION B 

APPLIED 

LOAD 

(Ml) 

CONCRETE STRAINS x 10“5 

1 2 
3 4 5 

6 

20 -1.2 -1.6 
+0.4 +0.4 +4.5 +8.2 

40 -2.9 -2.1 +1.2 +0.8. +3.3 +7.0 

60 -7.0 -4.1 +0.4 +1.6 +4.1 +7.4 

80 -7.6 -7.4 +1.2 +3.4 +5.0 +10.6 

100 -10.2 -5.3 +0.4 +2.1 +6.1 +10.2 

120 -11.1 -4.6 -0.4 +1.6 +12.9 +17.0 

140 -5.7 -5.3 -0.4 -3.7 +20.9 +20.2 

160 
-2.8 -4.1 -2.5 —2.8 +32.4 +39.0 

 



TABLE C ll(a)i STRAIN VALUES FOR BEAM G5/5 
SECTION A 
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APPLIED 
m 

—  

CONCRETE STRAIN x 10-5 

 

7 
8 9 

10 11 12 

20 -9.8 -4.9 -2.5 +2.0 +5.3 +9.0 

40 -20.5 -11.5 —6.6 +7.4 +10.7 +23.3 

60 -35.2 -18.0 -4.1 +18.9 +27.1 +47.1 

80 -47.5 -22.5 -3.3 +31.2 +43.2 +73.3 

100 -57.3 —26.6 +0.8 +46.8 +64.8 +96.2 

120 -70.5 -27.2 +4.9 +59.5 +84.0 +122.8 

140 -83.6 —28.6 +9.0 +75.2 +109.6 +155.0 

160 -104.0 -42.2 +14.0 +91.0 +127.5 +186.2 

180 -205.5 -37.7 +29.5 ‘ +122.2 +165.4 +243.4 

200 
-195.6 -28.6 +96.8 +231.3 +315.0 +350.3 

 

TABLE C 12(b): STRAIN VALUES FOR BEAM G5/4 SECTION B 

APPLIED 
LOAD 
O'®) 

CONCRETE STRAINS x 10~5 

1 2 3 4 5 
6 

20 -3.7 -4.1 -4.5 +0.4 +7.0 +0.8 

40 -7.4 -5.7 -2.9 +0.8 +10.6 +2.0 

60 -10.2 -6.6 —2 .8 +1.6 +10.6 +4.5 

80 -11.9 -7.4 -5.3 +1.6 +10.0 +6.5 

100 -13.9 -7.4 -2.8 +4.1 +7.8 +11.9 

120 -15.1 -7.4 -3.7 +4.4 +15.3 +24.2 

140 -13.5 +0.8 -7.3 +26.0 ♦38.1 +78.8 

160 -2.5 +1.6 -9.0 +35.4 +39.4 +102.8 

180 -2.0 +2.5 -10.6 +42.2 +59.2 +125.0 

200 
+1.6 +5.7 -12.7 

i 

+56.0 +117.4 +142.5 
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* approximate values

/ ------  
BEAM 

No, 

F CONCRETE STRENGTH 

(N/mm̂ ) 
r DIAGONAL CRACKING 

LOAD 
(KN) 

7-TZ ------  

( e-t 

S I  

r  

/ *** E-I e-i 

^  § 

77777 
<ti E-i K M p 
O 

si 

— 

«t 

INONE 

OP 

FAILURE 
S 

(mm) 

<VyjA 

(N/mm̂ ) 

— 
r"fyv 

(N/mm̂  ) 

(rwfyv)A 

7  

Vyv 

f- - •• u fc* ft1
 (Sic) 

V * 
"cr 
test 

(KN) (KNm) (KNm) 
Mp 

8/0 
35.0 28.0 4.16 90.8 90 118.2 35.9 

45.3 
0.790 

SC 
- 

 

- - 

 

8/1 
32.2 25.7 4.00 87.2 90 139.2 42.4 44.1 0.960 SC 100 0.271 0.583 0.465 

 

8/2 35.7 28.6 4.22 92.5 100 154.1 47.0 45.6 1.025 p 50 0.543 0.566 0.956 
 

8/3 35.1 28.1 4.18 90.8 105 165.1 50.4 45.4 1.105 F 25 1.080 0.568 1.910 
 

10/0 34.5 27.5 j 
4.15 87.2 95 101.0 38.7 45.1 0.855 SC - - - - 

 

10/1 j 37.2 29.7 4.30 90.0 90 119.5 45.5 46.4 0.980 SC 190 0.145 0.297 0.487 
 

10/2 30.8 24.6 3.91 82.8 90 104.0 1 39.6 43.5 ! 0.910 sc 95 0.290 0.310 0.933 
 

10/3 36.7 29.3 4.27 90.0 85 131.5 50.0 46.2 1.085 p 47 0.578 0.297 1.95  

12/0 36.2 29.0 
4.24 81.9 

80 104.0 
47.5 

46.0 
1.035 DT - - - - 

 

12/2 31.0 24.8 3.93 80.0 85 91.5 41.8 43.6 0.960 SC 150 0.181 0.190 0.95 
 

12/3 33.0 26.4 
4.06 83.2 

90 103.5 47.3 44.4 
1.060 

F 76 0.361 0.185 1.95  
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APPENDIX E 

CALCULATIONS FOB FIGURE 5.3 E.l 

GROUP G 1 

Beam Gl/1; u = 48.0, fc'=38.4, ft'=4.90 K/mm2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*1*3 = 26.9 + 0.35 x 38.4 . 0<667 

 22.1 + 38.4 

/ •*> k2 = 0.5 - 38.4 
* 0.431 

 552  

 

= 0.004 - 38 .4 
U  — *0.00315 

 44900 

k = 0.478 ‘ 
 

c=T =310 kN 
 

Mp = 310 x 200(1-0.478 x 0.431) 
 

=49.2 kNm 
 

Mu = 300 x 1.2 = 45.0 kN 9 
 IT  

MU 
= 45.0 =0.915 

Mp   

 49.2  

*F « 49.2 x 8 
= 328 kN 

 

1.2 
 

W « 328 
= 273 N/mm of 

 

1.2 span 

V 
= 0.15, x2 = 192 mm 

«cr = 7.27 x 4.9 = 35.5 kN 

"cr = 2 x 35.5 x 600 = 104.5 kN 
  

408 
 

104.5 BN 



Beam Ql/2: u = 47.5, fc1 = 38.0, ft’= 4.86 N/mm2 
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k1« 26.9 + 0.35 x 38.0 * 0.668 

22.1 + 38.0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C
M
 
!
 

M 
®
 

= 0.5 - 38.0 
 ----  = 0.431 

552 

* 0.004 - 38.0 

u 44900 “ O*00  ̂

k = 0.479 

C*=T = 309 kN 

Mj» 
= 309 x 200(1-0.479 x 0.431) = 49.0 

Kin 

Mu = 425 x 1̂ 2 = 65#7 KNm 8 

Mu 

Mp 
* 63.7 
49.0 ‘ ̂  

wp 

= 49.0 x_8_ . 32g kN 1.2 

W 

= = 272 N/mm 1.2 

Q 
Hor = 7.27 x 4.86 = 35.3 

WCr 

= 2 x 35.3 x 600 = 104.0 kN 408 

MS = 5.70 x 4.86 = 27.7 kHm 

 

= 27.7/98.0 = 0.283 

 

■ 272 x 0.137 
' 2 * 6.51 N/inm2 254 x 

(0.15r 

(Vyw)A 

* 49.75 x 320 « 1.25 N/mm2 127 x 100 

^rWfyw)A . * 1.25 = 0.192 

W|, 
6.51 

 

0.192 



Beam 61/3: u = 48.0, fc' = 38.4, ft' = 4.90 N/m®2 

- 165 - 

 

 

 



Beam Ql/2: u = 47.5, fc1 = 38.0, ft’= 4.86 N/mm2 
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k,k3 = 26.9 + 0.35 i 38 .4 « 0.667 
 22.1 * 38.4  

k2 = 0.5 - 38.4 = 0.431 
 

552 
 

«u = 0.004 - 38.4 = 0.00315 
 44555  

k = 0.478 
 

OT - 310 kN 

 

Mp - 310 i 200 ( 1. 0 .478 x 0.431) 
 - 49.2 kNm  

Mu ■ 440 x 1.2 
* 66.0 kNm 

 ft ;  

Mu 
(6.0 = 1.34 

J: 49.0  

wP = 49.2 x 8 = 328 kN 
  ---- 172  

W = 328 =273 N/mm 
 1.2  

Qcr = 7.27 x 4.90 = 35.6 KN 
V 

cr = 2 x 35.6 x 600 = 105.0 kN 
 408  

Mg * 5.70 x 4.90 = 28.0 kNm 

V * 28.0/98.4 = 0.284 

Wy» = 273 x 0.136 = 6.50 N/mm2 
 254 x (0.19)  

 

= 49.75 x 320 = 1.67 N/mm2 
 127 x 75  

(pn*yw)Aw 1.67 ■ 0.257 

\Tw^yv .6.50 
 

 



Bftftm ai//Li u « 44*0, fc* = 35*2, ft' = 470 N/mm
2
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k1k3 
* 26.9 * 0.35 x 35.2 

= 0.684 
22.1 ♦ 35.2 

*2 = 0.5 - 35.2 
= 0.436 

 552  

•u = 0.004 - 35.2 ; 
a 0.00322 

 44900 
4 

 

1 * 0.500 
 

C*=T = 306 kN 
 

Mp = 306 x 200(1 - 0.500 x 0.436) 

 

« 47.8 KNm 
 

Mu = 396 x 1.2 5 * 59.5 KNm 

- T 
Mu 

= 59.5 

 

 = 1.24 

47.8  

WP = 47.8 i 8 » 319 kN 
 1.2  

W = 319 

1.2 
= 266 N/mm 

Qcr = 7.27 x 4.70 - 34.1 KN 

vcr 
= 2 x 34.1 x 600 = 100.0 kN 

455  

M8 = 5.70 x 4.70 * 26.7 KNm 

<e - 26.7/95.6 = 0.279 
 

* 266 x O.I4I 
* 6.56 N/mm2 

 254 (0.15)2 

^rwfyw)A
 * 49.75 x320 a 2.51 N/mm2 

 127 x 50  

^rw*yv)A 

'Tlrw^yv 

= 2.51 

6.56 
» 0.382 
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E. 2 GROUP G2
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B»am G2/2: u 

u = 43.8, fc» « 35.0, ft • = 4.67 N/mm2 

k1k] ,= 26.9 + 0.35 x 35.0 * 0.685 
 22.1 + 35.0  

*2 = 0.5 - 35.0 = 0.437 
 

552 
 

*u = 0.004 - 35.0 
* 0.00322 

 44900  

k « 0.501 
 

c * T * 305  

 

- 305 x 200(1 - 0.501 x 0.437) 
 = 47.7 KNn  

«u - 148 x 1.6 = 29.6 kNm 
 

8 
 

Mu 

Mp 
= 29.6 = 0.620 

 47.7  

WP = 47.7 x 8 = 238.5 KN 
 

1.6 
 

V 

L
f
>
 
•
 vo 

00 •
 JO 

H
 
C
S
i
 

I
I
 

= 149 N/ipm 

 

* 0.126, *2 = 202 mm 

^cr ■ 7.27 x 4.67 = 33.8 kN 
V 
cr = 2 x 33.8 x 800 = 90.2 KN 

 598  

u = 49.3, fc‘ = 39.5, ft • « 4.96 N/mm^ 

k.k_ « 26.9 + 0.35 x 39.5  

1 3 
22.1 + 39.5 *= 0.660 

k2 = 0.50 - 39.5 = 0.428 
 552  

eu 
« 0.004 - 39.5 

= 0.00312 
 44900  

k = 0.472 
 

C=T = 312 
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 = 312x200 (1-0.472x0.428) = 
49.8 kl!m 

 

M 
u. = 248x1 ,6 8 =49.6 KNm 
M 
-JA 

“P 

= 49.6/49.8 = 0.995 

w 

F 
= 49.8 x < 

T6 
= 2^9 kN 

w = 249/1 .6 = 155.5 N/^ 
Q 
cr 

= 7.27x4.96 = 36.0 kN 

W 
cr 

= 2x36.0x800 
598 

= 96.5 kN 

M 
s = 5.70x4.96 ; 

= 28.2 kN 
in 

cp - = 28.2/99.6 = 0.284 

T^rwfyw = 155.5x0.095 ^ = 3.58 N/ 2 
 25ij.x(0.1 2b)"" ram 
(r f w 
yw 

(r f‘ v w yi 
)A = 49.75x320 127x175 = 0.716 
„)A = 0.176 = 0.200 

^rwfyw 3.58 
 

Beam G2/3: ... » * p 
 u = 4^.2, rc =33.8x, ft =h.59N/mm

2
 

 k1k3 = 26.9+0.35x33.8 
22.1+33.8 

= 0.692 

 k
2 = 

0,5 "2^,.8
 

552 

=0.439 

 

e
Q =0£)04-33.8 44900 

k = 0.509 C=T = 303 

=0.00325 

 

MF = 303x200 (1-0.509x0.439) =47.2 kN 
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t' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M = 257x1.6 ’ 8 — 51 .4 XNm 

MU = aiti 

Mp 47.2 

= 1.09 

, = 47•2x8 
 

236 kli 

** 1.6   

w = 236/1.0 = 147.5 N-/mm 
Q = 2x36.0x800 cr 598 = 96.9 kN 

Mg = 5.70x4.59 = 26.0 KN 
m 

Cp = 26.0/94.4 = 0.275 

Y\r f = 147.5x0.102^ 
^ w y* 25iUl'0.126')'2 

= 3.72 N/ 
2 

'nun 

2 
 

)A= U9.75x720 

127x 150 

= 0.338t% 

(r f )A= 0.838 w yw 
v 70" 

rv r—? ------  
’ V. rw I yw 
Seam G-2/4: 

u 

0.225 

4.64 N/ 2 = 43.4, f = 34.6,  f t  
k k = 26.9+0.35x34.6 = 0.689 

1 3  

22.1 + 34.6 
 

*2 = 0.5 - 3,4.6 = 0.437 
  

552 
 

e 
u 

= 0.004 - 34.6 = 0.00323 

  

44900 
 

k = 0.501  

C=T = 305 
 

Mp = 305x200 (1-0.501x0.437) 

 

= 47.6 KKm 
 

Mu = 238x 1.6/8 = 47.7 KN 

Mu = 47.7 
= 1.00 

  47.6  
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= 238 XK 

= 11+9 N/ m 
mm 

= 33.7 kN = 

90. 1+ KIT 

= 26.5 xisr 
m 

= 0.277 

IVJ. =

1+7.6x8/1.6 

w = 238/1 .6 

Qcr = 7.27xl+.65 

W„ =
2x33.7x800 

598 

Kg = 5.70xl+. 

65 

Wcr = 2 X 3 3 * 7 X 1 0 0 0  786 



- 172 - 

 

 

f 
w yw 

= 11+9x0.100 
727x125 

= 3.69 V 
mm 

)A=1 .00 

W yw7 

3.69 

= 0.271 

'Yi r 

f 
l w 

yw 

B. 3 GROUP 

Beam G3/1: u =1+3.3, fc'=31+.5, ft'= I+.62 
k1k3 = 26.9+0.35x51+.5 = 0.688 ““ 

J 22.1+31+.5 

k2 = 0.5-31+.5 = O.I+39 
552 

e
u = O.OQ1+-31+.5 = 0.00323 

1+1+900 

k= 0.501+ 

C=T = 301+ 

Mp = 304x200 (1 -0.501+X0.1+39) 

= 1+7.1+ KK]fl 
M = 11 128x2/8 

Mu = 32.0 

% 
kl.k 

WF = 1+7.1+X8/2 

w = 189.6/2 

= 
0.107, x^ 

’cr 
7.27xl+. 

65  

=32.0 kK 
m 

= 0.675 

= 189.6 kK 

=9i+.8 N/ 
' mm 

= 211+ mm = 

33.7 kN 

= 86.0 kN 

0? = 26.5/95.2  
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* » 2 

Beam G3/2: u = 42.4, fQ = 33.8, ft = 4.59 M/mm 
k k 

1 3 = 26.9+0.35x33.8 = 0.692 

k = 0.5-22*8 

^ 552 
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e 
u 

 0.004-33.8 

44900 

 

k 
 

0.509 
 

C=T = 303  

Mj, 

= 

303x200 (1-0 
47.2 kNm 

.509x6.439) 

uu = 1 80x2/8 = 

“u = 45.0 
 

Mp  

47.2 
 

WP = 47.2x8/2 = 

w = 188.8/2 = 

Q 
cr 

= 7.27x4.59 = 

Wcr 
= 2x33.2x100

0 

786 

= 

Ms 
= 5.70x4.59 = 

 

= 26.1/94.4 
 

ifir f L w 
yw 

= 
94•axO.448 
254x0.085 

= 

(r f )A 
w yw A 

 

49.75x320 

125x250 
= 

(y^i* 
Tlrwfyw 

= 
0.502 
1 .96 

= 

 

45.0 kNm 

0.954 

183.8 kN 

94.4 N/mm 

33.2 kN 

84. o kN 

26.1 kN 

0.276 

1.96 N/ 

0.502 N/ 2 

0.255 

0.439 

0.00325 

m 

mm 

22 .1+33.8  
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Beam 03/3: u = 49.2, f,'= 39.5, ft ' = 4.96 N/i(2 
k. k 1 

3" 
26.9+0.35x39.5 

22.1+39»5 
= 0.660 

k2 
= 
0.5-^L^ 

552 

= O.i+28 

e 
u 

= 0.004-39.5 

44900 
= 0.00312 

k = 0.472 
 

C=T = 312 
 

 

= 

312x200 (1-0.472x0.428) 49.8 KN 

m 

M 
u. 

= 183x2/8 
% 

= 45.8 kN 
m 

Mu 

= 
45.8 

49.8 
= 0.920 

‘VF = 49.8x8/2 = 199.5 kN 

w =• 199.5/2 
= 99•7 N/mm 

Q 
cr 

ss 7.27x4.96 = 36.1 KN 

W 
cr 

 

2x36.1x1000 
= 92.0 kN  

786 
MS = 5.70x4.96 = 28.4 kN 

m 

9 = 28.4/99.6 = 0.285 

U Vyw 

= 
99.7x0.ii.30 

254x0.094 

= 1.79 N/ 2
 

inm 

(r f )A 
= 
49.75x320 

127x225 

= 0.560 N/ 2 
mm 

( Vyw>A 
= 
0.560 
•1 70 = 0.313 

n r f L w yw 
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V 

 

 

 

Beam 

klk3 
- .o.O, tc':m36 = 

26.9+0. 38x38,4 
f+’ = 4.90 IT/ 

=0.667 ““ 
 

22.1+38.4 
 

k2 
= 0.5-38.4 552 

= 0.431 
eu 

= 0.004-38.4 

449OC 
= 0.00315 

k = 0.2+78  

G=T = 310  

% 
= 310x200 (1-0.478x0.431) = 49.2 KM 

m 

M 
u 

= 207x2/8 = 51.8 kNm 

Mu 

■ Kj, 

= 41*8 

49.2 = 1.05 

w 
F = 49.2x8/2 = 197 KN 

w = 197/2 

= 98-5 I/. 

Q 
cr = 7.27x2+.90 = 35.6 kN 
Vlf 
cr 

= 2x35.6x1000 786 
=90.5 RN 

Ms = 5.70x4.90 
= 28.0 KM 

m 

 

= 28.0/98.4 = 0.284 
Ti r f l w yw 

= 5*8.5x0.2i^? 

254x0.093 
= 1.80 N/ 2 ' mm 

^PWfyir.)A 

= 49.75x320 127x200 = 0.627 M/ 
2 ' 
mm 

(r f )A 
— y ,yw _ = 0.627 

 

"H. rwfyiv 
1 .80 = 0.348 
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TABLE FI: ROTATIONS FOR BEAM Gl/1 

 

 

 

M 
SLOPES x 10-2 

(RADIANS) 
ROTATIONS x 10" 2 RADIANS 

      

kNm a 3 9 0i ©2 

      

3 .03 .07 .10 .12 .08 

6 
.05 .15 .20 .25 .16 

9 .08 .18 .26 .32 .22 

12 
.10 .21 .31 .37 .26 

15 
V14 .26 

.40 .44 .33 

18 .16 .28 
.44 .52 .40 

21 .19 .31 . 50 .56 .43 

24 .21 . 36 .57 .67 .52 

27 .21 .39 .60 .84 .67 

30 .23 .42 .65 .95 .77 

33 .25 .45 .70 1.20 .96 

36 .28 .47 .75 1.49 1.13 

39 .29 .47 .76 1.77 1.30 

42 .32 .53 .85 2.07 1.58 

45 .35 .61 .96 2.73 2.32 
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TABLE F2: ROTATIONS FOR BEAM Gl/2 

 

 

 

M 

KNm 

SLOPES x 10"2 

(RADIANS) 

ROTATIONS x 

(RADIANS) 

10'2 

a 3 0 ©1 02 

3 .02 .05 .07 .13 .10 

6 .02 .06 .08 .31 .14 

9 .03 .08 .11 .28 .23 

12 .04 .10 .14 .35 .29 

15 .05 .13 
.18 

.43 .35 

18 .07 .16 .23 .51 .42 

21 
.07 .17 .24 .59 .48 

24 .08 .21 .29 .64 .51 

27 .11 .25 .36 .74 .63 

30 .12 .25 .37 .83 .70 

33 .14 .29 .43 .98 .80 

36 .13 .32 .45 1.09 .89 

39 .13 .32 .45 1.13 .94 
42 .15 .34 .49 1.23 1.03 

45 .17 .36 .53 1.33 1.13 

48 .20 .36 .56 1.42 1.23 
5 1 .26 .46 .72 1.64 1.44 

54 .31 .52 .83 1.81 1.60 

57 .42 .64 1.06 2.08 1.86 

60 .43 .67 1.10 2.81 2.57 

      

 



TABLE F4: ROTATIONS FOR BEAM Gl/4 
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M 

KNm 

SLOPES x 10_Z 

(RADIANS) 

 --------------------  ------  
ROTATIONS x 10 

(RADIANS) 

a 3 Q 91 02 
  

3 .03 .01 .04 .05 .07 

6 .07 .01 .08 .20 .28 

9 .10 .02 .12 .27 .35 

12 .12 .03 .15 .32 .41 

15 .16 .03 .19 .41 .54 

18 .18 .04 .22 .47 .62 

21 
.24 .09 .33 .51 .67 

24 .26 .10 .36; .57 .74 

27 .30 .12 .42 . 6 3 .81 

30 .36 .15 .51 .76 1.00 

33 .39 .16 .55 .83 1.05 

36 .42 .18 .60 .89 1.12 

39 .43 .19 .62 .96 1.20 

42 .46 .21 .67 1.05 1.30 

45 .46 .21 .67 1.13 1.41 

48 .55 .27 .82 1.28 1.56 

51 .59 .29 .88 1.37 1.63 

. 54 .69 .37 1.06 1.49 1.82 

57 .88 .47 1.35 1.72 2.11 

60 .63 .72 1.35 2.34 2.91 
63 .67 1.08 1.75 0.67 1.08 

 



TABLE F4: ROTATIONS FOR BEAM Gl/4 
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“^5 

M 

, ----------- 
 ------------ 7 
SLOPES x 10 "2 

(RADIANS) 

ROTATIONS x 10'2 (RADIANS) 

KNm a 3 
0 

0i 
02 

3 .09 .02 .11 .06 .13 

6 
.12 .02 .14 .11 .21 

9 .19 .09 .28 .20 .29 

12 .22 .11 .33 .24 .36 

15 .28 .13 .41 .32 .46 

18 .27 .12 . 39' .36 .51 

21 .28 .12 .40 .44 .59 

24 .31 .15 .46 .57 .72 

27 .31 .15 .46 . 66 .81 

30 .32 .16 .48 .70 .86 

33 .32 .15 .47 .78 .95 

36 .35 .18 .53 .87 1.05 

42 .45 .28 .73 1.10 1.27 

48 .67 .39 1.06 1.37 1.64 

54 1.15 .99 2.14 2.31 2.54 

57 1.84 1.78 3.62 4.40 4.50 
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TABLE F7: ROTATIONS FOR BEAM G2/3 

 

 

 

TABLE F6: ROTATIONS FOR BEAM G2/2 

 

M 
t 

SLOPES x 10-2 . 
s 

(RADIANS) 

ROTATIONS x 

(RADIANS) 
10-2 

kNm a 6 @ ©i 02 

4 .14 .13 .27 .09 .10 

8 .15 .14 .29 

•
 h
-

>
 

o
o
 .19 

12 .19 .17 .36 .25 .26 

16 .21 .20 .41 .33 .34 

20 .26 .25 .51 .43 .45 

24 .32 .32 .64 .58 .53 

28 
.29 .44 .73 .92 .77 

 

M 
SLOPES x 10"? 

(RADIANS) 

ROTATIONS x 

(RADIANS

) 

10“2 

kNm a 6 0 
 

02 

4 .01 .03 .04 .12 .09 

8 .01 .03 .04 .18 .15 

12 .03 .05 .08 .24 .22 

16 .08 .11 .19 .41 .38 

20 .10 .13 .23 .52 .43 

24 .13 
.16 

.29 .56 .54 

28 .21 .22 .43 .76 .76 

32 .20 .24 .44 .90 .86 

36 .27 .30 .57 1.06 1.30 

40 .37 .38 .75 1.26 1.26 

44 .52 .50 1.02 1.51 1.54 

48 .83 1.00 1.83 2.24 2.42 
. 48.5 1.40 1.75 3.15 3.35 3.30 

 



TABLE F5: ROTATIONS FOR BEAM G2/1 
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M 

KNm 

SLOPES x 10 2 

(RADIANS) 

ROTATIONS x 10-2 

(RADIANS) 

 

a 3 0 ei 92 

4 .05 .04 .09 .09 .10 

8 .08 .04 .12 .18 .21 

12 .11 .05 .16 .25 .32 

16 .14 .05 .19 .33 .42 

20 .20 .08 .28 .45 .58 

24 .25 .10 .35 .57 .72 

28 .29 .13 .42 .71 .87 

32 .29 .17 .46 .86 .98 

36 .68 .50 1.18 .98 1.15 

40 .68 .47 1.15 1.15 1.34 
44 .69 .49 

1.18 
1.38 1.59 

48 .71 .51 
1.22 

1.64 1.84 

TABLE F8: ROTATIONS FOR BEAM G2/4 
 

M 
SLOPES x 10~2 

(RADIANS) 

ROTATIONS x 

(RADIANS) 

10"2 

kNm 
a 3 

e ei 02 

4 .04 .04 .08 .09 .Og 

8 .o7 .06 .13 .15 .16 

12 .11 .07 .18 .25 .29 

16 .15 •10 .25 .38 .43 

20 .18 .13 .31 .52 .57 

24 .24 .19 .43- 
.68 

.74 

28 .25 .20 .45 .81 .88 

32 .34 .26 .60 1.00 1.08 
36 .40 .31 .71 

1.18 
1.25 

40 .54 .41 .95 1.44 1.57 

44 .84 .59 1.43 1.91 
2.16 

 



TABLE F9: ROTATIONS FOR BEAM G3/1 

- 183 - 

 

 

 

 

M SLOPE
S 

x 10-2 ROTATIONS x 10'2 

 (RADIANS)  (RADIANS)  

KNm a e 
0 

9i 
02 

5 .00 .00 .00 .11 .10 

10 .01 .03 .04 .23 .22 

15 .06 .07 .13 .37 .36 

20 .09 .10 .19 .51 .50 

25 .12 .11 .23 .70 .71 

30 .19 .17 .36 
.82 

.84 

 

TABLE F10: ROTATIONS FOR BEAM G3/2 

M SLOPES x 10'2 ROTATIONS x 10 2 
 (RADIANS)  (RADIANS) 

XNm a 
8 

9 ©1 
02 

5 .10 .01 .11 .10 .18 

10 .11 .02 .13 .23 .34 

15 .14 .03 .17 .36 .47 

20 .19 .09 .28 .55 .65 

25 .24 .10 .34 .66 .80 
30 .31 .19 .50 .94 

1.06 
35 .38 .27 .65 1.19 1.30 

40 .58 . 46 1.04 1.60 1.72 

44 L. 58 1.55 3.13 2.64 2.67 
      

 



TABLE Fll: ROTATIONS FOR BEAM G3/3 
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M SLOPES x 10"2 ROTATIONS xio-2 
 (RADIANS'*  (RADIANS)  

     

KNm a 8 0 01 02 

5 .05 .10 .15 .16 .06 

10 .05 .18 .23 .29 .17 

15 .08 .22 .30 . 46 .31 

20 .12 .28 .40 .64 .47 

25 .14 .35 .49 .79 
.61 

30 .22 .39 .61 .94 .77 

35 .29 .47 .76 1.16 .98 

40 .42 .59 1.01 ; 1.45 1.28 

44 .65 
1.21 1.86 

2.71 2.07 

 

TABLE FI2: ROTATIONS FOR BEAM G3/4 

M 
SLOPE
S 

-2 
x 10 z 

ROTATIONS x 10"2 

 

(RADIANS) (RADIANS) • 

KNm a 8 0 0i 02 

5 .01 .01 .02 .07 .07 

10. .03 .02 .05 .17 .17 

15 .08 .07 .15 .28 .29 

20 .13 .10 .23 .40 .43 

25 .18 .18 .36 .54 .56 

30 .22 .21 .43 .68 .69 

35 .33 .30 .63 .98 
1.01 

40 .39 .38 .77 1.17 
1.18 

45 .56 .62 1.18 1.50 1.56 
* « 
50 1.18 1.07 2.25 2.46 2.57 

      

 


