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SUGARY

In structural design, a rational model enables the 

engineer to develop a better understanding of actual 

structural behaviour and leads to simple general 

methods of design. For structural members subjected 

to structural actions involving shear, such a model 

is absent.

In this thesis, a rational model called the compression 

field theory is applied to the case of structural concrete 

subjected to combined flexure and shear . The compression 

field theory is a recently developed method of analysis which 

involves a consideration of equilibrium ocnpatibility and the 

stress-strain characteristics of the concrete and 

the reinforcing steel.

The thesis shows how the complete response of 

a given section under flexure and shear can be 

predicted using the equations developed from 

the compression field theory. A program has also been 

written to enable a computer aided solution.
i

Further to the theoretical predictions, the 

thesis also presents a test programme in which 

experimental data is collected i*: oraer to verify the 

trends established from the theoretical model.

A comparative study is then carried out between 

the theoretical and experimental trends to assess the



I

capability of the model. It is established that within 

the assumptions of the theoretical model and the 

limitations of the experimental program, the trends 

predicted by the compression field theory model and 

those from the laboratory test data are in good

agreement.

xiii

i
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CHAPTER 1 

INTRODUCTION

The role of rational models in enabling the 

engineer to develop a better understanding of actual 

structural behaviour has been pointed out by Collins, 

M.P. and Mitchell, D. (1980). They have also noted 

that due to the absence of such a model for shear, 

and combinations of loading including shear, procedures 

for design are quite unsatisfactory compared to those 

for flexure and axial load. Thus although safe designs 

are possible, "there is still a lack of understandable 

central philosophy resulting in complaints about 

design codes that are unworkably complicated". In 

this thesis, the behavioral response of structural 

concrete loaded in flexure and shear is predicted 

using a rational model called the compression field 

theory. The work is aimed at contributing to the 

present effort being undertaken to increase our 

understanding of the behaviour of members loaded in 

flexure and shear. The thesis also presents an 

experimental program conducted to test the performance 

of the theory.

The compression field theory is a recently 

developed method of analysis which has been 

successfully used to rationally explain the behaviour 

of structural concrete in pure torsion (Mitchell, D.
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and Collins, M.P. 1974) and for the case of combined 

torsion, flexure and axial load (Onsongo, W.M. 1978). 

The full approach, as in the case of the well known 

theory for pure flexure, involves a consideration of 

equilibrium, compatibility and the stress-strain
i
characteristics of the concrete and reinforcing steel.

The thesis first discusses the development of 

the compression field theory model from early design 

procedures. Basic equations for a proposed reinforced 

concrete beam model are then derived. Predictions of 

behavioral response for a series of beams are then 

done with material properties and loading conditions 

as the main parameters. The predicted behavioral 

responses are plotted on suitable graphs.

The experimental program designed to test the 

validity of the theory is also described. The test 

program contained eight reinforced concrete beams 

which were heavily instrumented to enable adequate 

data acquisition to validate or otherwise the various 

trends predicted by theory, in particular those 

involving strains.

For the beams tested, the actual material 

properties and loading condition are used to obtain 

theoretical predictions. The theoretical predictions 

are then plotted side by side with the experimental 

responses obtained from the laboratory test specimens. 

A comparative study is then done to assess agreement
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between theoretical and experimental behaviour of the 

beams by observing trends of predicted and experimental 

responses.

The paper by Collins, M.P. and Mitchell, D (1980) 

includes a design procedure for a case of combined
i

shear and flexure loading using the compression field 

theory. The design method proposes superposition of 

effects of shear and flexure in the elastic range and 

the imposition of various limiting factors in the non 

elastic range. The model in this thesis uses the 

equilibrium and compatibility relationships in an 

iterative scheme both in the elastic and non-elastic 

range to predict the response under combined flexure

and shear.
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CHAPTER 2 

LITERATURE REVIEW

From about the turn of the century when Ritter 

and Morsch proposed design procedures for shear, active 

research has been going on with the aim of developing 

a rational, model for structural concrete members under 

not only shear loading but also its interaction with 

other structural actions. This is evident from the 

long lists of selective research papers available 

on this subject, for example in the Joint ASCE-ACI 

Task Committee 426 (1973), Joint ASCE-ACI Task 

Committee 426 (1974) and others. The research includes 

work on shear transfer mechanisms, factors affecting 

shear and serviceability of beams, methods of analysis 

for shear, modes of shear failure and distress and 

design procedures. It is, however, noted that a full 

understanding of the behaviour of structures subjected 

to shear does not yet exist.

As already noted, the present research utilizes 

the compression field theory model for prediction of 

structural concrete response in flexure and shear. In 

this chapter, the work accomplished by researchers in

the development of this theory from early design
*

procedures is discussed. As much as possible the 

review is restricted to the area of shear since the 

behaviour in flexure is already well understood.
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2.1 Early Design Procedures

Early design procedures for shear were by the 

truss analogy introduced by Ritter and by Morsch at 

the turn of the century. The method assumes that a 

reinforced concrete beam can be replaced by a pin 

jointed truss (Figure 2.1) in which transverse steel 

acts as ties and cracked concrete as struts. A 

problem, however, lies in the determination of the 

angle of inclination of concrete struts. As quoted 

by Collins, M.P. and Mitchel, D. (1980), Morsch in 

1922 made the following statement regarding this 

problem; "we have to comment with regards to practical 

application that it is absolutely impossible to 

mathematically determine the slope of the secondary 

inclined cracks according to which one can design the 

stirrups. For practical purposes one has to make a 

possibly unfavourable assumption for the slope,0, and 

therefore, with tan 2Q = °?.; we arrive at our usual 

calculation for stirrups which presumes 6=45 degrees. 

Originally this was derived from the initial shear

cracks which actually exhibit this slope."

*

Cracking is assumed to occur in directions 

mutually perpendicular to the principal tensile 

stresses, that is, parallel to the direction of 

principal compression stresses. The above statement 

by MSrsch indicates that it is impossible to calculate
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the direction of principal compression stresses in 

cracked concrete. As will be shown in Chapter 3, this 

is no longer the case as the compression field theory 

model predicts the angles of principal compression 

from considerations of compati ility of strains in 

cracked concrete.

2.2 Performance of the Truss Analogy

In addition to the difficulty in choice of 

inclination of compression, the truss analogy model 

has been found to be extremely over-simplified in that 

it does not attempt to satisfy compatibility and it 

ignores some of the mechanisms of shear transfer 

proposed in the joint ASCE-ACI Shear Committee 

426 (1973).

The mechanisms of shear transfer proposed in the 

above report are indicated in Figure 2.2. These 

mechanisms are such that the total shear carried, V^, 

is given by:

V = V + V _ + Vj + V ,............ (2.1)T s ca d ay
where V = Shear carried by transverse steel s

V = Shear carried bv comoression zone
c z

V , = dowel shear carried by longitudinal 
steel

Vav - Vertical component due to interface 
shear

The truss analogy ignores the components V g
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and V . It is, however, noted that there is stillay
disagreement as to the presence and roles of these 

components of shear and the subject of shear transfer 

mechanisms is not yet well understood. Extensive 

research by several researchers has been devoted to 

establishing the contributions of these various 

transfer mechanisms. Notable work done on this 

subject includes that by Leonhardt, F. and Walther,

R. (1964), Leonhardt, F. (1965), Fenwick, R.C. and 

Paulay, T. (1968). Gergely, P. (1969), Hofbeck, J.A., 

Ibrahim, I.A., and Mattock, A.H. (1969) and more 

recently Jimenez, R . , White, R.N., and Gergely, P. 

(1982).

Further, the mode of failure has been linked to 

the failure in one or a combination of the mechanisms 

of shear transfer. The failure of these mechanisms 

is deemed to be affected by the manner in which 

inclined cracks develop and grow, which in turn depend 

on the relative magnitudes of the shearing stress,v 

and the flexural stress, fx . For beams with 

concentrated loads, the following expression (Joint 

ASCE-ACI Shear Committee 426 (1973) has been deduced:.

where

(a) (bjv) 
(d) f bj

( 2 . 2 )

a ^ is a coefficient depending on variables 

like geometry of beam, type of loading, 

amount and arrangement of reinforcement,



8

type of steel and interaction between 

steel and concrete, 

b, bw are respectively the flange and

web width of the beam.

From the above relationship, the variations in 

the inclined cracking load and shear capacity of 

rectangular beams are considered a function of varying 

| (Bresler, B. and Macgregor, J.G. (1967)). For 

rectangular cross section beams, inclined cracks will 

normally occur in the range 2.0 < < 6.0.

The compression field theory assumes that the 

concrete and reinforcing steel act together and proceeds 

to rationally explain the behaviour of a cracked concrete 

beam by proposing that a redistribution of stresses 

occurs such that there is equilibrium of forces and 

compatibility of strains. It is of interest to note 

that the original truss analogy by Ritter and M6‘rsch 

did not satisfy compatibility of deformations.

Inspite of the simplifications of the truss 

analogy it must be noted .that the model has been found

to be an excellent conceptual tool in study of the
/

beams with web reinforcement and to indicate the 

presence of tensile stresses in stirrups and compression 

stresses in concrete between inclined crack. In 

addition, the model correctly shows effects of 

variations of stirrup angle
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to these stresses and thus may derive basic equations 

for design of web reinforcement. It also clearly 

shows that stresses in the longitudinal tensile 

reinforcement are larger than predicted from beam 

theory. These advantages are Iso revealed by the 

compression field theory.

2.3 Modifications to the Truss Analogy and Development
of the Compression Field Theory

The truss analogy yields typically conservative 

results. In view of this and the other limitations 

already noted, attempts have been made to modify the 

approach for use in design for shear. In fact most 

design codes have developed modified forms of this 

model for handling design of structures subjected to 

shear. Modifications considered by the American 

Concrete Institute and the European Concrete Committee 

design procedures are mentioned by Collins, M.P. and 

Mitchell, D. (1980).

The compression field theory utilizes a 

different concept from the truss analogy as already 

noted in section 2.2. Most significant is the fact 

that the requirements of compatibility are not over

looked. The inclination of principal compression 

stresses is determined from these requirements.

The problem of determining the inclination of 

principal compression in concrete is analogous to the
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problem investigated by Wagner in 1929 in studying buckling 

shear resistance of tnin webbed metal girders (Collins, M.P. 

and Mitchel, D. 1980). Wagner assumed that after buckling, 

shear resistance of thin webbed metal girders cannot resist 

ccmpression and that shear would be carried by a field of 

diagonal tension. By considering the deformation of the system, 

he assumed that the angle of inclination of the diagonal 

tensile stresses would coincide with the angle of inclination 

of principal tensile strains in order to determine the 

inclination of diagonal tension.

Wagner was dealing with material which after buckling 

could be considered to have no ccmpression strength but 

resisted further loading in a tension field. Structural 

concrete can also be considered to have no tensile strength after 

cracking and further loading in the post-cracking range is 

resisted in a field of principal compression by the concrete 

while the reinforcing steel is assumed to take up the tension 

forces. Recognizing the analogy between this and the problem 

of Wagner, it has been shewn (Onsongo, W.M. 1978) that the 

angle of principal ccmpression strain in concrete with respect 

to the beam longitudinal axis is given by:-

- 10 -

+ e

+ e
cp

cp
tan 2G (2.3)

This relationship which is used to establish
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the compatibility requirements of the compression 

field theory links the strains in concrete, the 

longitudinal steel and the transverse steel. The 

full geometrical interpretation of equation (2.3) was, 

however, not done until the wc:k of Onsongo (1978).

Basic equations for shear using the compression 

field theory have been derived by Collins, M.P. (1978). 

The model has been further discussed by Collins, M.P. 

and Mitchell, D. (1980) in a paper in which additional 

behavioral aspects have been proposed. The paper 

also includes design examples. From the design 

examples, it has been shown that the amount of 

reinforcement required by the compression field theory 

is in general comparable to amounts required by 

existing empirical design procedures. This presents 

hope of moving towards a rational model. In the next 

chapter, the model is applied to beams loaded in

flexure and shear.
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Fig.2.1 : Distribution of forca in classical 
Truss Analogy
(Joint ASCE-ACI Task committee £26(1973))

Fig.2.2: Forces Acting at an Inclined crack
( Joint ASCE-ACI Task committee £26(1973))

VQy* VQX Components due to interlace shear. Va
Vd dowel shear carried by longitudinal 

steel
ĉz Shear carried by the compression 

zone
Vs Shear carried by the shear 

reintorcement
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CHAPTER 3

COMPRESSION FIELD THEORY FOR COMBINED 
FLEXURE AND SHEAR LOADING

The validity of the compression field theory for

the analysis of rectangular structural concrete beams

loaded in pure torsion (Collins, M.P., and Mitchel, D.

1974) and for the case of combined bending, axial

load and torsion (Onsongo 1978) has already been

established. In this chapter the theory is further

developed for analysis of structural concrete

subjected to combined flexure and shear. The theory

is developed using rectangular reinforced concrete

beams whose geometry and loading are assumed to be

such that the shear span to depth ratio, which can be 
. Mexpressed as - is in the range 

Vd

2.0 < < 6.0

In this range, inclined cracks develop due to a 

combination of shear and flexural stresses and the • 

mode of failure could be due to either shear or flexure.

Figure 3.1 shows the assumed cracked beam 

model together with the loading condition. In 

Figure 3.2, the assumed distribution of stresses 

across the section is shown.
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3.1 Assumptions

For the development of the theoretical model, 

the following basic assumptions were made:

(i) Under the applied loads, the beam is fully 

cracked in the region below the neutral 

axis.

(ii) The longitudinal strains along any line in 

a section vary linearly (Bernouli-Navier 

hypothesis).

(iii) All strains at a point in a plane are 

compatible.

(iv) The direction of principal compression 

strain evaluated from a set of compatible 

strains at a point in a plane of loading 

is coincident with the direction of 

principal compression stress at that point 

in the plane.

(v) The resultant concrete compression force 

above the neutral axis can be evaluated 

using the well known rectangular stress- 

block theory used for pure flexure.

*
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(vi)

(vi i )

(vii i )

(ix)

(x)

(xi)

Transverse steel content is the same 
in all faces.
In the fully cracked region concrete 

resists load in principal compression 

and the tensile strength of concrete can 

be ignored.

The stress-strain relationships for 

reinforcing steel are bilinear 

(Figure 3.3 (a)).

The stress-strain relationships for a 

standard concrete cylinder tested under 

compression may be taken to be parabolic 

(Figure 3.3 (b)).

The principal compression stress in the

structural concrete beam, f , is assumedcp
to be related to the principal compression 

strain e and the principal tensile strain 

as follows:

cp 0 . 8  + £CP ' W

The shear flow variation down the section 

is assumed to be linear with a change of 

slope at the neutral surface (Figure 3.1).
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These assumptions are necessary for the purpose 

of setting up of equilibrium and compatibility 

relationships. Assumptions(i) to (ix) are the usual 

accepted ones in the well established flexural theory 

of concrete. Assumption (x) Ins resulted from recent 

tests by Vecchio and Collins (1982) while assumption 

(xi) is a reasonable new one r quired to enable the 

setting up of the relevant equations of equilibrium.

3.2 Equilibrium Considerations

3.2.1 Concrete Stresses

Figure 3.1 shows the assumed cracked beam model 

subjected to a shear force, V, and a flexural moment,

M. A  typical element, A, which is assumed to be in 

the plane of shear flow will be subjected to a shear 

stress t longitudinal stress, and a transverse 

stress, cr ^ for the combined loading case. Assuming 

concrete has no tensile strength, the stresses can be 

considered equivalent to a field of principal 

compression in the cracked concrete, at an inclination, 

with respect to the beam longitudinal axis which is 

determined by the equilibrium requirements and 

requirements of compatibility of deformations (see also 

Onsongo 1978).

Consider the typical element, A, just described. 

The stresses at equilibrium can be resolved using 

Mohr's circle of stresses as illustrated in Figure
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3.4 (a). This leads to the following relationships:-

t = sin20 .................. (3.1)^ vJ

c . - t tanQ ct 13.2)

(3.3)
ac* tanQ

The assumed shear flow distribution is shown in

Figure 3.1. Nov;, at any given level of section, the 

shear stress , Tf when integrated across the width b 
results in the shear flow q. For the section shown in 

Figure 3.1, it is reasonable to assume that the shear 

stressrT/is constant across the width b at any level. 

Hence,

q - T b  ......................... (3.4)

The determination of shear flow at the level of tension 

steel in the bottom face, q^, is possible by 

considering the element shown in Figure 3.4 (d). In 

general, the applied moment, M, is related to the 

internal tension force, T, and the lever arm jd, as:-

M  = T jd ............... (3.5)

For the type of section and reinforcement details 

shown,
T = V t fi -  fiy

Differentiating equation (3.5),

= 3T jd + Td li
Qx 3x 3x

But — = V by definition 
Sx
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From Figure 3.4 (d)

aT
Tx

we deduce that

hence V = q. id 4 Td|i •“b J ax
Assuming that aj is negligible, we deduce that

clx

"3^ ................... (3.6)

. From the assumed distribution, the shear flow

at the neutral axis, q^, is determined by recognizing

that the shear flow equilibrates the applied shear, V,

and hence:- q = •§ (V + ^b^n) - q*_ .......  (3.7)n a — 2—  d

It has been assumed that the amount of

compression longitudinal steel in the ‘top face,A'
s 9

is nominal and hence will not significantly affect the

shear flow distribution. When a high content of top

longitudinal steel is used, a value for the shear

flow at the top compression steel, q^, can be computed

in a similar manner as for q, . For such a case, the
o

expected distribution and equations are presented in 

Appendix D. For simplicity, only cases with nominal 

top face longitudinal steel, content are considered in 

the present analysis.

The components of the principal compression stress 

set up in concrete are resisted by the longitudinal 

and transverse reinforcing steel. The compressive 

stresses in concrete can be related to the steel 

stresses by considering the equilibrium of the
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appropriate free body diagrams.

3.2.2 Transverse Equilibrium

Consider the free body diagram of Figure 3.4 (b). 

Assuming that the transverse steel is placed perpendicular 

to the longitudinal axis and that within tne spacing, sv , 

the applied shear and the internal jcnpression stresses in 

concrete are uniform, the following relationship is deduced:

V v  " ac tdA; '
and using equation (3.2) this equation beocmes 

A f
-----—  = TtanSb ..................  (3.8)

where the area of integration equals to s^b.

Using equation (3.4), equation (3.8 ) becomes

A f v v = q tan9 ...............  (3.9)

3.2.3 Longitudinal Equilibrium

Consider the free body diagram of Figure 3.4 (c). The 

distribution of equivalent stresses is included. For no axial 

load, equilibrium requires that the tension force in the
i f

reinforcing steel in the section be balanced by the resultant 

compression force in the concrete. Further, equilibrium requires 

that the external moments applied be balanced by the internal 

moment due to these resultant forces at the section.
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From Figure 3.4 (c), the following relationship is 

deduced.

The values of the shear flow, q, can be determined 

at a number of points (see Figure 3.1) and using these, 

the integral in equation (3.10) can be approximately 

evaluated using Simpson's rule. For three ordinates; 

at the neutral surface, at the bottom level and in 

the middle of these two points and if q^, q^ and qm 

are the respective shear flows and 6n 0^ §hid the

corresponding angles of principal compression, the 

compressive force, C~>, can be approximated as:-

Further, if x ^ is the resultant of the above force 

measured from the tension steel in the bottom face, 

then, also by Simpson's integration rule:-

V r  v't ■ +!
and hence A ^ f A ^ f ^  = a 8f'byn + /dy,n

-y . . .  ( 3 . 1 2 )

qn cot0n + 4qm cot0m + qb cOt0b
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The internal forces consititute a couple which equilibrates 

the applied rronent, M, so that:-
$y_ »

M = C2x2 + oBf' bv (d - - y - )+ .. (3.13)

3.3 Geometrical Considerations

The compression field theory links the strains in the 

concrete diagonal to the strains in the longitudinal and 

transverse directions to realise a compatible displacement. 

While the local strains of the cracked beam may exhibit 

discontinuities, the average strains in the various directions 

are related to one another by this requirement of compatibility 

(Onsongo 1978). Considering Mohr's circle of strains shown 

in Figure 3.5, the following relationships are deduced.

e + cp i
= tan0Yit

I t2

£ + £ cp V
= tan0

(3.14)

(3.15)

where the longitudinal strain, e^, and the transverse strain, 

£ , are considered positive when tensile and the principal

compression strain e is considered positive whencp
compressive. Combination of equations
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(3.14) and (3.15) yields the geometric relationship

~ e 0+ e 
tan20 = — --- £?

Ev +Eco
(3.16)

and the shear strain y „ , = 2 / (e0 ) (e +e . . . . vCp V cp / •• V J • A / /

Equation (3.16) represent the compatibility

condition of strains and shows that given the three

strains e n , e and e , the direction of the average 
l' v c p r

principal compressive strain, 0, can be determined. 

The geometric interpretation of this equation was 

developed by Onsongo (1978).

It should be noted that the diameter of the 

circle is a measure of the maximum shear strain, ym , 

which can be expressed as:

y = e0+ e + 2 e^ 'm £ v cp (3.18)

3.4 .Stress-Strain Relationships for Materials

3.4.1 Concrete

From assumption (ix), the cylinder concrete 

stress-strain "relationship is represented by:

(2!) a 2 )cp- cp (3.19)

This relationship is plotted in Figure 3.3 (b).



I 23

If it is assumed that the stress-strain 

relationship for concrete in a beam is identical 

to that of a standard cylinder test, then,

and hence f

q = CpSin20b

(see equation (3.1) 
2q

cp bsin20 : (3.20)

From equation (3.19) ,

= 1± /<1

it can be deduced that 
fCD

- — —  )
f' ................ (3.21)c

From equation (2.21), the principal compression strain 

can be calculated.

In the development of the compression field 

theory for concrete subjected to pure torsion 

(Mitchell, D. and Collins, M.P. 1974) and combined 

flexure, torsion and axial load (Onsongo 1978), the 

concrete stress-strain relationship was taken to bd1 

identical to the stress-strain response obtained frcm 

a standard concrete cylinder test. Thus equation 

(3.19) was equally applicable to a concrete beam as to 

a standard concrete cylinder. However, recent tests 

(Vecchio, F. and Collins, M.P. 1982) have shown that 

the principal compressive stress in a cracked 

reinforced concrete panel subjected to uniform 

biaxial strain is a function not only of the principal 

compressive strain ec^ but also of the co-existing
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principal tensile strain, et.Collins, M.P. (1983) has 

suggested the following stress-strain relationship:

f =---- 2--------  (2ft - ft 2 )
cp 0.8+0.34ft. C!» °P

(3.22)

The effect of equation (3.22) to the cylinder concrete 

stress-strain relationship is shown in Figure (3.6) .

In the current development, equation (3.22) is used in 

the form

(2ri -n 2)Cp cp

where X=f' /(0.8+0.34ft. ) c ' t

This enables, the use of the equation in an ijterative 

scheme so that equations (3.IS), (3.20) and (3.21) 

still apply.

3.4.2 Steel

For reinforcing steel, the following relationship 

is used:-

f=Ee£fy

where f, fy are the respective steel stresses and £,

the strain
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3.5 Direction of Principal Strains 

Strains, computed from the Stress-strain

relationships just discussed enable determination

of the angle of principal compression using equation

(3.16) . It will be assumed that for the cracked beam

the direction of the average principal compressive

stress, f__ is coincident with the direction ofcp,
the average principal compressive strain calculated 

from equation (3.16). In fact, recent tests at the 

University of Toronto (Vecchio, F. and Collins, M.P.

1982) indicate that this assumption is reasonable. The 

tests showed a difference in the angles for principal 

stress and principal strain to a magnitude of about 

± 5°. For simplicity of analysis, this difference can 

be ignored.

3.6 Solution Technique

The equilibrium and geometric equations which 

have been derived are adequate to enable the prediction of 

a cracked structural concrete beam subjected to flexure 

and shear loading. Assuming that the beam cross section, 

the stress-strain characteristics of the concrete and 

reinforcing steel are given, then for a specified 

extreme compression fibre strain, e , and a moment 

to shear ratio of loading, a, the following solution 

procedure is proposed.

- 25 -
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Step 1

Assume pure flexure case. Using the well

established flexural theory, calculate the depth to

the neutral surface, y , corresponding to the top
P

fibre strain, ec t « Hence, calculate the pure moment

value, M .
P

Step 2

Recognising that the neutral surface depth, y ,
for the combined case of flexure and shear will be

less than that for the pure flexure case, guess y n ;
ectsay y =0.75 y . Hence calculate curvature <J>= —

1 Jn V .n
With <p, determine the longitudinal steel strains and 

in turn the corresponding stresses using the given 

stress-strain characteristics. Also, determine the 

internal forces.

Step 3

With the internal forces obtained in step 2, 

evaluate the internal moment, M, and the internal 

moment lever arm id = y ■ -> - * Determine the shear-V*
force in section from the moment shear ratio and 

hence using equations (3.6) and (3.7) establish the 

shear flow distribution.

- 26 -
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Step 4

Determine the angles and strains with the 

established shear flows and hence calculate the 

longitudinal compression forces in cracked concrete 

using equation (3.11).

Step 5

Check equilibrium (equation 3.10). If equilibrium 

is not satisfied, repeat steps 2, 3, and 4 using the 

latest evaluated value of jd for each new iteration 

thus:-

M = T  j d

, „  Mand V = —  a

Step 6

When equilibrium is satisfied, solution results 

are recorded. A new extreme compression fibre strain can 

be selected and the process repeated until the 

required complete response is obtained.

The equations involved in the various steps of 

the solution process together with a sample 

calculation are presented in Appendix A.



3.7 Theoretical Study Using Computer

The solution technique just presented has been 

programmed to enable a computer aided solution in 

predicting the behavioral response of rectangular 

reinforced concrete beams loaded in flexure and shear. 

The steps of the program and the full listing are 

given in Appendix B

Beams with varying material properties and 

loading conditions have been studied. The cases 

considered include behaviour with changing longitudinal 

steel content, transverse steel content, concrete 

strength and moment-shear ratio. The predicted 

moment-curvature responses are plotted in Figures 3.7,

3 . 8  and 3.9.

Figures 3.7 (a), (b) and (c) show that the 

effect of increasing the longitudinal steel content 

Pp for a fixed ratio while keeping all other

parameters constant is tc decrease the section 

ductility and increase the moment capacity.

Figures 3.8 (a), (b) and (c) show that the effect

of increasing the transverse steel content, P gv, for 
Ma fixed ratio while keeping all other parameters 

constant is to decrease the section ductility and 

increase the moment capacity. However, the effect is 

not as dramatic as that due to variation of the
Mlongitudinal steel content particularly for large ^  

ratios.
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Figures 3.9 (a), (b) and (c) show that the effect

of increasing the concrete strength, f'-, for a fixedc
M̂  ratio while keeping all other parameters constant 

is to increase section ductility and also increase 

the moment capacity. The increase in moment capacity
l

for this particular section under study is small for
2concrete strengths above 30N/mm .

Figures 3.7, 3.8 and 3.9 indicate that the

effect of increasing the - 7 7 3  ratio for fixed p 0 pVa Hr sv

and f» is to slightly decrease the ductility for c
slightly increased moment capacity.

The model prediction trends described above 

formed a useful basis for the design of an experimental 

program presented in Chapter 4.

- 29 -

3 . 8  Application of Theory to Prestressed Concrete
Section!

The beam section shown in figure 3.10 was used in 

applying the theory to prestressed concrete sections. 

Apart from the main prestressing steel, nominal bars

are used at corners for tying transverse steel. The
*

basic equations for solving the combined flexure and 

shear case remain the same as those for reinforced 

concrete, effect of strain difference in the 

longitudinal direction due to prestressing operation 

being considered. The computer program is capable of
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handling cases of prestressed concrete, 

of trends similar to those of Figures 3 

are possible.

Prediction 

7, 3.8 and 3.9



Fig. 3.1 : Concrete Baam Modal



f
'

Fig. 3 .2  : D istr ibution of stress on section
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• (a) rainforccmant

Fig. 3.3 : Material idoalisad strass-strain
characteristics
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Fig. 3.5: Mohrscirclc of strains

^cP/Eco •

Fig. 3.6: Comparison of responses aspredicted by aquation (3.19) and
(3.22) (Collins 1983)

r  ^

, — M M B M







(b) Strain profile (c) Stresses (d) Shear flowdistribution
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CHAPTER 4 

DATA COLLECTION

4.1 Objectives and Choice of Test Specimens

In Chapter 3, the compression field theory model 

was developed for the case of combined loading in 

flexure and shear. It was noted that this rational 

model has been used to predict the response of 

reinforced concrete beams subjected to pure torsion 

and also for the case of combined bending, axial 

loading and torsion. This chapter describes a test 

program which was designed to test the validity of 

the trends of behaviour illustrated in Figures 3.7,

3.8 and 3.9 with the observations noted. The program 

also aimed at verifying the various other response 

characteristics predicted by the compression field 

theory model for the case of combined flexure and
4  —

shear, in particular, the strains and angles of 

principal compression.

The experimental study was limited to rectangular

reinforced concrete beam specimens in the loading

range 2.0 < —  < 6.0 with rectangular solid sections. 
Vd

Eight beams were made, all of the same section size 

(200mm x 400mm). Six of the beams had the same 

lencrth of 2700irrrf the other two having lengths of 

2600mm and 4000mm. The properties of the beams were 

varied so as to obtain the desirable variables as 

summarised in Table 4.1.

• - 38 -
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Specimens were loaded svnnetricallv about the

centre with two point loads to provide regions for

pure flexure and combined flexure and shear, Figure

4.1. The shear span, a, was chosen such that the 
Mdesired ^  ratio was satisfi d. Except for beam 

CFT - TB8, the value of the shear span was kept at 

1m and for CFT - TB8 the shear span was 1.65m.

4.2 Test Specimens

4.2.1 Materials

4.2.1.1 Concrete

All concrete mix design was according to a method 

outlined by Neville, A.M. (1973), the aggregates 

grading having been approximated to one of the four 

type curves in Road Note No. 4 (1968) . The standard 

cylinder strength was taken as that obtained from a 

cylinder made from actual batches used in casting the 

beam. Recognising that the loading durations on the 

actual beam were much longer than the normal 5-minuta 

test for a cylinder, some test cylinders were tested 

taking into account duration of load on the beam. It

was noticed that whereas the peak concrete stress
*

remained about the same in both cases, the concrete 

strain corresponding to the peak concrete stress was 

much larger in the later case than the former. In 

Figures 4:. 2 (a)-(h), the concrete stress-strain 

relationships for all the beams, obtained from the
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cylinder tests are presented. The parabolic equation 

assumed to approximate the stress-strain relationships 

for standard cylinder is also shown.

4.2.1.2 Steel

Test specimens were cut from the actual steel 

used. These were tested for stress-strain 

characteristics in tension. Figure 4.3(a) — (i) give*5 

a summary of the steel test results. For simplicity, 

approximate bilinear relationships were deduced from 

these curves for use in predicting behavioral response 

of the test beams.

4.2.2 Preparation of Test Specimens

The general reinforcement details of the test 

specimens are given in Figure 4.4. The steel cage, 

carefully tied to shape and as rigid as possible was lo

wered jnto-* a timber mould which was set on a vibrating 

table and secured into position by 10mm thick cover 

blocks. Batching was then started and owing to the 

small capacity of the mixer, casting was done in five 

equal batches to fill the mould. It took about one 

hour to complete the casting for one beam. Cylinder 

moulds were also filled and proper vibration of the 

table done at each of these casting stages to prevent 

honey-combing of the beam and cylinders. Stripping 

was done after about forty eight hours and curing
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done in wet conditions for a sufficient number of 

days to obtain the desirable strength after which 

instrumentation was done in readiness for testing.

4.3 Parameters of the Test Program
i

Longitudinal steel content, transverse steel
Mcontent, concrete strength and the — j ratio were the 

basic parameters varied in the tests as identified in 

the theoretical study and as revealed in Figures 3.7,

3.8 and 3.9.

M
Beam CFT-TB8 had a different y g  ratio from the 

other beams but with other parameters approximating 

those of beam CFT-TB2 to enable study the effect of 

changing ^  ratio while holding other parameters 

constant. In beams CFT-TB2, CFT-TB4 and CFT-TB6, the 

longitudinal steel content was varied. Beam CFT-TB1, 

CFT-TB3, CFT-TB5 and CFT TB7 considered transverse 

steel variation while in beams CFT-TB2 and CFT-TB7 the 

parameter varied was the concrete strength. The 

details of the test program are summarised in Table 4.1

4.4 Test Rig

Plate 4.2 shows the test rig in which the beams 

were tested. A schematic representation of the test 

set up is given in Figure 4.1.

Beams CFT-TB1, CFT-TB2 and CFT-TB4 were tested 

when the test rig arrangement was as shown in Plate 4.1

- 41 -
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In this arrangement, the left hand side support was 

secured in position using wedges and the jacks were 

not fixed to the vertical position using steel rods. 

This arrangement was hov/ever found unsuitable for 

the high loads required to fail the beams. At high 

loads the test rig tended to become unstable resulting 

in sudden unloading of the test specimen. Beams 

CFT-TB1 and CFT-TB2 were affected by this problem.

The test rig was revised so as to fully fix 

the line of the loading jacks as shown in Plate 4.2. 

One of the supports was rigidly fixed to steel 

columns using a trussed steel member. The jacks were 

held in the vertical position by an arrangement of 

steel plates and rods. It was necessary, as a further 

revision, to change the size of anchoring rods 

from 12mm diameter bars to 16mm bars to achieve 

stability of the test rig.

4.5 Calibration of Testing Machines

The machines used in transmitting load to the 

beam and for the crushing of test cylinders were

calibrated against a spring type load sensor of 200
*

tons capacity to yield calibration curves of machine 

reading against the transmitted load. The curve for 

the two jacks that were used in loading the beams is 

presented in Figure 4.5 while Figure 4.6 gives the 

calibration curve for the compression machine used in 

cylinder crushing tests.
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4.6 Instrumentation

For the measurement of the strains in the 

longitudinal, transverse and diagonal directions, 

targets were placed on the beam faces appropriately 

using durofix adhesive and left to dry for more than
i
twelve hours. As in the case of Onsongo (1978) , heavy 

instrumentation of the specimens was necessary for 

the purpose of obtaining enough strain measurements 

to give reasonable representative strain patterns to 

enable a comparison with the corresponding patterns 

predicted by the model. The Bernoulli-Navier 

hypothesis was also to be verified for the case of 

flexure and shear.

The target patterns varied from beam to beam as 

presented in Figures 4.7 (a) - (i). Before mounting

the beam into the test rig, the positions of the 

targets were checked to ensure they were as close as 

possible to the desired gauge lengths. After proper 

positioning, the deflection gauges were set below the 

beam as shown in Plates 4.1 and 4.2 for monitoring 

of the central deflection of the beam.

*

4.7 Testing Procedure

Using approximate material properties, the 

theoretical model was used to predict behaviour of 

the test specimen before the test. Approximate load 

levels were then decided at which loading would be
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stopped and held for the purpose of strain readings.

All the initial*stfiin‘readings were taken before 

loading was started. As a necessary check that these 

strains were correct, each of the strain readings was 

taken again before commencement of loading. The 

specimen was then loaded in steps guided by the 

predetermined intervals. After the longitudinal steel 

yielded, deformation of the beam as recorded by the 

deflection gauges was used as a criterion for the 

interval of reading of strains. This was continued 

until the beam failed.

A period of 30 to 40 minutes was spent at every 

load stage taking readings. The load ‘was observed to 

fall slightly during this period. If the load fell 

by more than 10%, reading was stopped and the load 

adjusted back to the desired level before proceeding. 

However, in the post yield range, where the tendency 

was for the beam to continue deforming at a sustained 

load, the load was allowed to fall until a condition 

of equilibrium was achieved, by observing no further 

change in the deflection gauges. Appendix C gives a

summary of the measured strains for all the beams.
*

The moments are reported in kNm. It is useful to note 

here that the instruments available for measurement 

of loads and strains were calibrated in English 

units bu t  the measured results are reported in metric 

units after the appropriate conversion.. The loading
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machine was calibrated in pounds per square inch 

while the demec meters were in inches per division.



Loading jacks

40
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(a) Cylindars *or Beam CFT-TB1

(b) Cylinders for Beam CFT-TB2
Fig. U2 : Concrgta stress - strain Relationships



STR
ESS

 IN
/mm

 ) 
_ 

STR
ESS

 (N
/mm

Fig.̂.2 : Concrete stress-stroin Relationships
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(f) Cylinders for Beam CFT-TB8
fjg f 2 Concrete Stress-Strain Relationships
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(g) Cylinders for Beam CFT-TB3
Fiq.^.2 : Concrete stress - strain Relationships
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Fig.&.3: S tress-Strain-R elationships for Reinforcing Bars
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Fig.̂ .3: Stress-Strain Relationships for Reinforcing Bars
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(a) Y10 steal Bars

(f) Y12 steal Bars
Fig. £.3 : Stress-Strain Relationships for Rainforcing Bars
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Fig. L . 3 : Stress - Strain Relationships for Reinforcing Bars



Fig. 4.3 : Stress-Strain Relationships for Reinforcing Bars

Fig. U . U : Typical Reinforcing Detail
(Bar sizes were varied for the various test specimens as shown in Table 4.1)
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Fig. 4.5: Calibration of thg Beam loading machine

Fig. 4.6 Calibration of cylinder crushing Machine
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ID) TARGET ARRANGEMENT ON CFT-TB2 I CFT-TB4j?TQP_FAC£
______________4

( c )  T A R G E T  A R R A N G E M E N T  O N  C F T - T B 3 , C F T - T 0 6  I  C F T - T 0 7 - S t O E  F A C E  ( A )

(dl TARGET ARRANGEMENT CN CFT-TB3. C*T-TES t C*T-TB7=££Z-SA:Z-^
F i g  4 . 7 :  T o  r q t t  P a f t a r n t
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o
la) TAR5£T ARRANGE VENT QN CFT-TB3, CFT-TB5, CF.T-TB6* CFT- TB7r.TQE-EA£E_

(f) TARGET ARRANGEMENT ON CFT-T B5-SIDE FACE (A)

(g) TARGET 17RANGEMENT OF CFT-TB5-SIDE FACE (B) 

Fig 4 7 : Targat Pattarns
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<h) TARGET ARRANGEMENT ON CFT-TB8-SIDE FACE (A)
V _______________ __ :__V

li) TARGET ARRANGEMENT ON CFT-TBS-SIDE FACE (B)

o — ^ — o — 1515— O  1 o — — — o — — — o

t SOUTH O — -----------O — - c- ~ ---------O  —J— O — ------------O ----------— O  N0R™  “

o o  [C,t-o _________ j________• _________ o «»_. o o
(j) TARGET ARRANGEMENT ON CFT-TB8 -TOP FACE



BEAM NAME CFT-TB1 CFT-TB2 C F T -T B 3 CFT-TB4 C FT-TB 5 CFT-TB6 CFT-TB7 CFT-TB8

Beam length (mm) 2600 2700 2700 2700 2700 2700 2700 4 000

t

Steel -

Arrangement

■ • J •• .. t  1 1 L-1-* fc JLm

•

Top 2Y10 2Y10 2 *12 2Y10 2R12 2*12 2*12 2 *12Longitudinal

Steel
■•Men r m  i n n 4Y25 5 1V12 4Y25I1Y12 2V25 4Y2591Y12 1 Y12 2V12 91Y25 2Y12 ■IV 25

Stirrups M ol 1 03 *10 atlOOma *12 at 100 *■ *10 at 1001*ID ** at 50 m * *10 at 100 m *10 at 100 mm *10 at 100mm

Cone. fc
N/mm^ 30 0 26 6 39. 1 22.9 38 8 19. 8 36 6 28 9

m Steel M  495 12001 *10 130 (190) *12 3 0 41 12201 *10 310 (190) *6 445 11*5) *10 110 (190 1 *10 330 1 190 1 *10 110 (1901
o Strength V10 410 11*0 1 Y10 410(1*0) Y12 522 1 230 ) Y10 410 ( 1*01 *12 104.* (2201 *12 104.* 1220) *12 104.*(220) *12 104 *12201
» s. fy  (E ) Y25 427 SI 2201 ' - Y 25 4 275(220) *
a w 
Z  a. Y12 522 (210 1 V12 522 (210) Y 12 405 (1901 Y 25 4279(220)

N/mm20lN / " m4 Y 31 140 (145) Y 25 4275 (2201 V25 4275(220) Y 2 5 427.512201
V 25 427 5 (2201 V 12 405 (1901 V12 405 (1901

M/ Vd ra tio 2 5 2.5 2.5 2 5 2.5 2 5 2.5 4125

Table &.1:  Summary of Tast Program



Plate 4-1: Initial Set up of Test Rig 
(Notice the packing against 
left hand side support )

Plate U - 2  Revised Set up of Test Rig
(Notice introduced anchorage on jacks and see revised proping of left hand side support 
in plate U .3 )
(Notice also the plumb bobs)



6 3

Plate £-3! Anchorage of Support
( Notice the trussed square twisted bar)
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CHAPTER 5

ANALYSIS AND DISCUSSION

A comparative study of the predictions of the 

theoretical model developed in Chapter 3 and the 

results of the experimental program reported in 

Chanter 4 is presented in this chapter. It is recalled 

that the parameters of the test program were the 

longitudinal steel content, the transverse steel 

content, the concrete strength and the ^  ratio.

These were chosen so as to test the validity of the 

trends indicated in Figures 3.7 to 3.9. In addition 

to these trends, other profiles involving the 

measured strains are studied. Where transverse and 

principal compression strains are plotted, the theory 

is plotted only in the region below the neutral axis 

since the model assumes that it is this region which 

is cracked.

To enable easy comparison of behavioral trends, 

the experimental results and the theoretical 

predictions are plotted side by side on suitable 

graphs. Before these comparisons are made, the 

observed behaviour of test specimens and the 

limitations of the test specimens and testing equipment 

are presented.

5.1 Behaviour of Test Specimens

All the test specimens, except beams CFT-TBl and

*.* ' *•
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CFT-TB6 failed by crushinq of concrete in flexure in the 

region between the loads. The tests for all these 

beams failing in flexure were completed within a day 

except for beams CFT-TB5 which was unloaded at a load 

stage of 249.7kN after the rods used in anchoring the 

test rig bent. The testing for this beam was resumed 

seven days later after the test rig was upgraded to the 

state described in chapter 4. Plates 5.1 to 5.6 show 

the typical trend for beams which failed in flexure.

Beam CFT-TB1 had a typical shear failure* On the 

first day of the test, testing was stopped after 

spalling occured at one of the supports premature to 

the beam failure. The spalled end was reclaimed by 

means of concrete mortar and in addition, 300mm x 300mm 

x 1 2 m m  seating plates were used at each of the supports. 

The beain was tested to failure seven days later. Some 

of the stages of loading are shown in plates 5.7 to 

5.11.

As shown in plate 5.12, beam CFT-TB6 had bond 

f ailure.

The mode of cracking was observed to be generally 

the same for all the test specimens. Flexural cracks, 

which are practically vertical, formed first. As the 

load was increased, these developed into inclined 

cracks. The spacing of the cracks in the longitudinal 

direction varied from about 1 0 0 mm in the regions near 

the load to more than 2 0 0 mm towards the supports.
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Ve rtical stirrups rarely had more than three inclined 

cracks crossing them and most of the cracks did not 

extend beyond the surface 150mm from the top face.

These crack patterns can be observed in plates 5.1 to

5.3

5. ̂  Limitations of Test Specimens and Testing Equipment

It is assumed, in the development ot theory that 

the model is uniformly cracked and that the cracxs are 

closely spaced in the region below the neutral axis.The 

description ot the test specimens in the last section 

shows that uniform cracking assumed in the theoretical 

model did not take place for the specimens tested. With 

only very few cracks some ot the gauge lengths for 

measurement of strains did not cross any cracks .

However, for analysis, average strains evaluated in a 

manner shown in Appendix C were used. The averaging of 

strains was assumed to minimise the local effects due to 

the sparse cracking.

The stress picture of the prediction model is 

assumed to be tree from any localised stress concentration 

effects which occur at and around loading and reaction 

points. According to Saint Venant's Principle the 

complex stress condition resulting at auch load 

transfer points can be considered to be confined to the 

region within a radius equal to the effective depth 

of the beam as illustrated in Figure 5.1. Due to the
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size of the test SDecimens, which was limited by 

the available testing facilities, scrc of the gauge 

lengths extended into such regions. However, these 

localised effects are more severe at the load transfer 

point and less severe tewards the boundaries of 

these described regions and it is assumed tnat in the chosen 

gauge lengths (see Figure 4.7) extreme effects of stress 

concentrations are avoided. Moreover, it was of interest 

to find out how veil the resoonse of a specimen with stress 

concentrations is predicted by the compression field theory.

The strains were obtained by means of mechanical demec 

meters. These were calibrated in inches per division with one 

division equivalent to O.UOOl inches. Readings were taken to 

the nearest one division. The possible error in readings due 

to these meters was computed based on repeated readings over a 

given gauge length using the meters. These readings showed 

that an error of ± 2 divisions could occur when the meter is 

held steadily on the target points. This means an error in
-3

the measured strains of upto ± U.05 x 10 for the 4 inch
_3

gauge lengths! U.025 x 1 0 for the 8 inch gauge lengths and 

±0.044 x 10 for the 4.56 inch gauge lengths is possible.

For a beam with bottom longitudinal steel yield strain value 

of 2 . 3  x 1 0 the respective errors that can occur at 

yield expressed as percentages are ± 2 .2 %, ± 1 .1 % and 

± 1.9%. These percentages are larger at lower strains.
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The loading jacks were calibrated as explained in 

Chapter 4. The loads were read to the nearest 5psi 

(0.45KN) in units of pressure and the equivalent load 

in metric units obtained from the calibration curve. 

The final load used is subject to errors that arise 

from determining the calibration curve and reading the 

loads. Using the graph of Figure 4.5, an average 

error of about ± 3.75% is estimated.

5.3 Transverse Strains Profiles and Principal

Compression Strains Profiles.

The experimental average transverse strains at 

six levels in the section were obtained from the 

measured strains as illustrated in Appendix C. The 

six levels were 50mm apart, the first and the sixth 

being 75mm clear of the edges. As already noted, 

theoretical predictions for transverse and principal 

diagonal strains were restricted to the region below 

the neutral axis. Typical transverse strains profiles 

are plotted in Figure 5.2.

The experimental average principal compression 

strains are computed based on Mohr's circle of 

compatibility of strains by a method developed by 

Onsongo (1978) and included in Appendix C. Average 

values of the measured strains are used and plots 

similar to those for average transverse strains 

profiles are given in Figure 5.3.

_
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As expected, it is observed from Figures 5.2 

and 5.3 that for both theoretical and experimental 

trends, the strains increased with load. For 

transverse strains, the increase was greatly 

accelerated after the yield of transverse steel. 

However, although theory predicts that for a given 

load the strains are consistently largest at the 

bottom of the section decreasing towards the neutral 

axis, the experimental plots do not exhibit a similar 

pattern. In the later case, higher strains at rows 

other than the bottom level are observed.

Observation of the test specimens revealed that 

the variation of strains was related to the crack 

patterns. Rows with high strains were those in gauge 

lengths crossed by cracks. As shown in Figure 5.2, 

the transverse strain values in the uncracked region 

above the neutral axis are low. Although a complete 

picture requires observation of both faces of the beam, 

due to the process of averaging, this effect of the 

crack distribution can also be studied by observation 

of Plates 5.1 to 5.12 and also Plates C.l to C.5

The trend of low transverse strains in uncracked 

concrete is expected. It is likely that the 

experimental strain profiles were affected by the 

distribution of cracks and that these differed from 

the theoretical predictions because specimens were 

not uniformly cracked.
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However, looking at figures 5.2 and 5.3, for any 

given load, it is observed that the maximum strains 

in the section predicted by theory is comparable to 

the maximum average strain from experiment with the 

predictions being generally higher than the measured 

values.

5.4 Longitudinal Strains Profiles

Using the assumed linear variation, prediction 

of longitudinal strains is possible over the entire 

section given the extreme compression fibre strain 

and the depth to the neutral surface. The experimental 

and theoretical plots are presented in Figures 5.4 

and 5.5, average longitudinal strains having been 

obtained from measured strains as shown in Appendix C.

In Figure 5.4, the profiles from experiment 

from a region of combined flexure and shear are compared 

to those from a region in pure fldxure. A linear 

regression analysis of the experimental data plotted 

in Figures 5.4 and 5.5 yields correlation coefficients 

close to 1 which are denoted r in the figures. The 

comparable nature of plots in Figure 5.4(a) and (b) 

and computed correlation coefficients show that the 

assumption plane sections remain plane provides a good 

approximation of the strain profiles.

In most of the plots in Figures 5.4 and 5.5, 

the experimental strains tended to be higher than the
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predicted strains. However, the difference hardly 

exceeds 5% of the predicted values.Considering the 

limitations of the test specimens and the testing 

equipment already discussed, in particular local

effects and errors due to testing equipment, the strains
*

obtained from experiment and theory are quite at 

comparable. It is also noted that near failure, where 

errors due to equipment tend to be minimised and the 

cracking is more, the theory predicts larger strains 

than measured over most of the sections.

5.5 Shear Force - Shear Strain Relationships

Typical shear force - shear strain relationships 

are plotted in Figure 5.6. The maximum shear strains 

were obtained by use of equation (3.18). The 

experimental response corresponds to average strains 

at row 2 of Target Patterns given in Figure 4.7 while 

the theoretical prediction is done at the bottom 

longitudinal steel level which gives the maximum 

value of maximum shear strain. Row 2 was chosen 

because it gives maximum values of the maximum shear 

strain in most cases> (see Figure 5.7). Although 

row 4 gives the maximum values in some cases, they 

do not differ very much from those given by row 2 

(see typical plots of shear strain variation in 

Appendix C ) .

Figure 5.6 shows that the predicted and the 

experimental trends of shear force - shear strain

- 71 -
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are the same. For any given load, the predicted shear strains 

are generally greater than those obtained fran experiment shewing 

that the theory predicts shear strains conservatively.

5.6. Shear Force-Angles ' of Principal Carp res s ion Relationships

The experimental angles of principal compression were 

deduced fran measured strains using Mohr's circle lsee 

Appendix C). Typical relationships are plotted together with 

the theoretical predictions in Figure 5.8

There is good agreement between the trends exhibited by 

predictions from theory and those deduced from experiment; 

angles decrease as we move from the bottom level up the section. 

Canparing experimental and predicted angles at the bottom level, 

the experimental angles are found to be greater than the 

predicted ones (Figure 5.8 (a))by as large a factor as 1.5 in 

most cases. However, there was comparable agreement in a few 

cases (Figure 5.8 (b)). One possible explanation of the

results of Figure 5.8 (a) may be that the angles were deduced 

from the longitudinal strains, transverse strains and principal 

compression strains using equation (3.16) which is non linear.

The effect of non uniform cracking on the individual 

strains has been noted. Combination of these strains 

in the equation mentioned above is likely to have
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affected the angles of principal compression strains 

to cause the observed difference. The plots of 

Figure 5.8 (b) were obtained from beam CFT-TB8 in a 

region that had inclined cracks and considered free 

from local effects as defined by Figure 5.1. The 

capability of the theory in predicting trends is, 

however, shown.

5.7 Moment-Curvature Relationships

Some of the moment-curvature relationships 

determined for the test specimens are compared with 

theoretical predictions in Figure 5.9. The trends 

for theory and experiment are observed to be similar.

It is noted that the moment-curvature relationships 

were plotted for a given section on the beam. The theory 

assumes that the section under prediction is loaded to 

ultimate capacity. This was not the condition on the 

test specimens as failure occurred in one region only, 

typically in the central region with pure flexure. 

However, with the exception of the plot for beam 

CFT-TB6 in Figure 5.9 (d), the typical plots of 

Figure 5.9 show that the theory predicts ultimate loads 

well and conservatively. As has been noted in section 

5.1, beam CFT-TB6 had local bond failure before the 

expected capacity load was reached.

5.8 Response with Varying Material Properties
and Loading Condition

Figures 3.7 to 3.9 were obtained by varying
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material properties and loading conditions for a 

chosen beam section. Similar plots for the test 

specimens are presented in Figure 5.10. It is, 

however, noted that a strict control on concrete 

strength could not be achieved for the test specimens. 

Table 4.1 also reveals that the modulus of elasticity 

and the stress at yield varied from one bar size to 

another for both mild and square twisted steel. This 

is a factor not considered in the development of 

Figures 3.7 to 3.9 where steel contents were varied 

with the modulus of elasticity and the stress at yield 

assumed constant.

Figure 5.10(a) presents the trends for varying 

longitudinal steel content, other parameters being 

nearly constant. The general trend of curves from 

experiment and theory are in agreement.

Comparing the plot of beam CFT-T32 in Figure 

5.10(a) and that of beam CFT-TB8 in Figure 5.10(b), 

it is seen that the predicted relationship is 

confirmed; there is an increase in moment capacity 

for an increase in ration other parameters being

held constant. ••

In Figure 5.10(c) variation of transverse steel 

content- is considered. The general trends are 

observed to agree well. The displacement of beam 

CFT-TB5 above CFT-TB3 at ultimate is likely due to the 

fact that the test for beam CFT-TB5 was done on two
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separate days leading to a change in concrete 

strength.

Figure 5.10(d) shows good agreement in predicted 

and experimental trends for varying concrete strength, 

other parameters being held constant.



Fig. 5.1 : Strass  concentrations
(Shadad regions indicata areas affected by 
local affacts)
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(a) AV. TRANSVERSE STRAINS (*1(T3

(a) Beam CFT-TB3

(a) AV TRANSVERSE STRAINS U10‘3)
(b) Beam CFT-TB6 

Fig. 5.2 ; Transverse strains profiles
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(a) Beam CFT-TB3

Fig. 5.3 : Principal compression strains profiles





LE
V

E
L 

O
N

 
S

E
C

TI
O

N
 

(m
m

) 
o 

LE
V

E
L 

O
N 

S
E

C
T

IO
N

 
(m

m
)



SH
EA
R 
FO
RC
E 
Ik

N)
 

SH
EA

R 
FO

RC
E 

Ik
N)

(□ ) Beam CFT-TBt,
LEGEND

o Experimental plot at row 2 
—  Theoretical plot at bottom level

(b) Beam CFT-TB3
Fig. 5.6: Shear Force-Shear Strain Relationships
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(b) Beam CFT-TB6
Fig. 5.7: Variation shear forca
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PRINCIPAL ANGLES OF COMPRESSION (DEG)

(a) Beam CFT-TB4

PRINCIPAL ANGLES OF COMPRESSION ( DEG)

(b) Beam CFT-TB8
Fig. 5 .8 : Shear F o rc e - P rin c ip a l Angles 

of com pression Relationships
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(a) Beam CFT-TB3 
LEGEND
O Experimental points 
_  Theoretical prediction

200t

(b) Beam CFT-T34
Fig. 5.9 : Moment -  curve ture Relationships
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(c) Beam CFT-TB5

(d) Beam CFT-TB6

Fig. 5.9: Moment -  curvature Relationships



(e) Beam CFT-TB8

if) Beam CFT-T88
Fig. 5.9: Moment - curvature Relationships





P la te  5 .1 !  Beam CFT-TB4 a t  F le x u r a l  C ra ck in g  Capac i ty

Plate 5 2 ! Beam CFT-TB4 a t Star t  ot  Inc l ined  C r a c k s
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P la te  5*3 ! Beam CFT-TB4 at  a b o u t  2 / U  C a p ac i t y

Pla te 5 U \ Beam CFT TB4 Near C a p a c i t y  Load in g

( Not ice s t a r t  o f  c r u s h i n g  in c o n c r e t e  
at the  top b e tw e e n  lo a d s )
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P la te  5 5 !  Beam CFT-TB** at C a p a c i t y  L o a d i n g

P la te  5 -6  ! Beam CFT-TB** at F a i l u re  ( S e q u e n c e  of B e a m  

CFT-TB** was T y p ic a l  of Beam CFT-TB2, CFT-TB3 

CFT-TB7 and  CFT-TB 8 )
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Plate 5 -7 !  Beam CFT-TB1 in Test Rig ( f r o n t  s i d e )

Plate 5-8  ! Beam CFT TB1 at about  Half Capaci ty ( rear s i d e )
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P l a t e  5 9 ! Beam CFT-TB1 at  Near Fal l  Capci ty 
( r e a r  s i d e  )

Plate 5-10. '  Beam CFT-TB1 at  Fai lure ( f r o n t  s i d e )  

( Not i ce f a i l u r e  is in the s h ea r  s p a n )
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P l a te  511 . Beam CFT-TB1 at  Fa i l ure  ( r e a r  s i d e )

P l a t  5-12 ! Beam C F T - T B 6  a t  Fa i l u re  ( f r o n t  s i de)
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

From tne study of predictions using the 

compression field theory ana the data from the 

experimental specimens tested, the following 

conclusions may be made about structural concrete 

beams loaded in flexure ana shear

•(i) Due to non-uniform cracking of test specimens, 

the transverse strains and the principal 

compression strains profiles obtained from 

experiment differ from tnose obtained from 

theory. However, tne maximum average transverse 

strains and the average principal compression 

strains obtained from experiment are generally 

comparable to those obtained from theoretical 

predictions.

(ii) Application of.* the Bernoulli-Navier hypothesis 

which states that longitudinal strains along 

any line in a section vary linearly, is

reasonable.



I

(iii)

(iv)

(v)

(vi)

6 . 2

research

( i )
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The plots for the maximum shear strain 

from experimental data and from 

theoretical model are in good agreement.

The moment-curvature response for the 

test specimens is predicted well by the 

compression field t h e o r y .

The compression field theory predicts the 

ultimate loadswell and conservatively.

The predicted and the experimental trends 

as material properties and loading conditions 

are varied, are generally in agreement.

Recommendations

The followina reccrmendations are made for further 
on. present workl

It is recognized that the experimental 

program was restricted to only rectangular 

solid beam sections. It is recommended that 

tests be extended to other types of beam 

sections as further investigation of 

application of theory.
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(ii) Tests should be carried out on many 

identical specimens in order to yield 

statistically more significant data.

(iii) As a further development of the theoretical 

model, the tensile strength of concrete

- 96 -

should be taken into account.
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APPENDIX A

EQUATIONS FOR USE IN SOLUTION TECHNIQUE 
AND EXAMPLE CALCULATIONS

A. 1 F u rther retails on Solution Technlcue to 
ReinforcedConcrete Beans

Steps of the solution procedure were outlined in 

Section 3.6. The pure flexure and the combined 

flexure-shear cases are examined here with further 

detail.

Referring to Figure 3.1, for a known top face 

strain ec t , the following relationships can be deduced 

from the pure flexure theory.
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If y is the depth to the neutral axis,

y
y = y^ for pure flexure case and . 

y = y for combined flexure and shear case.

From the geometry of the diagram for strains 

(Figure 3.1 (c)) the following relationships are

deduced:-

(A. 1)

S - 6 - 2flct
(A.2)

ct

(A.4)

(A.5)
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A. 1.1 Pure Flexure Case

Given the extreme compression fibre strain, ect , 

for a rectangular section the pure flexure case is 

solved if the correct neutral surface depth is 

known so as to define the correct strain profile.

Using the well known equivalent rectangular compression 

stress block theory, the following cases are possible 

for y .

(i) For both top and bottom steel yielding,

equilibrium of forces requires that 

o8f,lbyp + A- f = A ^

hence
y P  =

A 0 f 0 - A ' f\
l ly l Zy

ccSf^b
(A.6)

(ii) For only bottom steel yielding, equilibrium 

of forces requires that

6&fcbYp + Aifi = Alfiy
and by using equation (A.4) the neutral 

surface depth can be shown to be:

= _(
?ctE h l- . #,ctE A I-AAfJ l y A id 's ctE

2a 3 fc b 2a 3fcb ) -aSf^b
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(iii) For all steel in elastic range, equilibrium of 

forces gives

aSf c %  t EctE < A^EctE ‘" I p 6  ’ = °

If the modulus of elasticity for bottom and top longitudinal steel 

are assumed, equal then the neutral surface depth for tnis case

is given by:-

YP =
£ . E (A ct

2a8f Md
i l Y , / c t E %

v ' 2a6f' b /c

2 r E (A'd1 + Ad)'Ct l

aBf’b

(A. 8)

(iv) For only top steel yielding equilibrium 

yields

a8f c ^ p

of forces

a&f’by + Atf’ly ~ \ f«g)

and y^ is given by:-

yp  =

Having

evaluated as:-

determined v , the flexural norent, Mp , can be

8Yp ,  , A  io)

«L • W
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Combined Loading Case

The shear force in the section is given by

(A.11)

and the lever arm, jd, by

(A.12)

As a start of the :iteration process the depth 

to the neutral axis is estimated to some value less 

than the known pure flexure value. A strain profile 

is thus established from which internal forces are 

calculated such that the section is in equilibrium.

From the internal forces, the moment, M, and the lever 

arm, jd, are computed. The value of jd is used to 

determine (see equation (3.6))which in turn is used 

to determine qn (see equation (3.7)). These define the 

shear flow distribution.

A .1.2.1 Evaluation of Angles and Strains

With the known shear flow distribution, the 

angles and strains at any level in the cracked concrete 

can be evaluated through an ^iterative process 

similar to that developed by Onsongo (1973) for the 

case of combined moment and torsion.

Equation (3.20) can be rewritten as:

bf tanO cp (A.13)
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For any given level, j, in the cracked concrete the 

strains and the principal angle of compression can be 

evaluated from the following relationships.

(i) Case of Transverse Steel Yieldincr

If is the shear flow and 0^ the

principal angle at the level j, equation (3.9) takes the 

form:-
V v ytan e* = v * -3 q . s ^3 v

Define t ....................  (A.14)
v

!

and let c = ..................... (A*15)
q j

q. (1+c2)
then f = — ......... ................... (A. 16)cp be

(see equation A.13)

The value of f is then used to calculate the cp
principal compression strain, e , from equation (3.21).

c p

By a systematic evaluation of response from low values 

of ec t f it is possible to choose which of the two 

roots of equation (3.21) is applicable. By calculating 

the longitudinal strain, eg , from the strain profile, 

the transverse strain is deduced from equation (3.16)

e ( 1 - c ) + €.
£V " 2 -  vy

a s :



104

(ii) Case of Transverse Steel in Elastic Range

Let ev = nevy

Then, using equation (3.16) the following 

exDression is deduced:-

fiCD =
3 2 o o 

11 c (A.17)
- 2 2 i - n c

For Q > o the following boundaries for ft are
cp —

i\

recognised.

or

i l  3
F - - —  ^ n - cvy c J
i r n z  i i-i-

5 < n  »! l

Eauation (A.13) can be rewritten in terms of n as

bX (2S1cd - ncp ) nc
qiT — — —  2-21 + n c

leading to the function

f (n ) = "” 2 2 
1+n c

2. qi_
^cp ’ ' h\

____ (A.18)
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Tnis function is conveniently differentiated to allow 

use of the recursion formula for obtaining a solution 

for n . The first differential takes the form:-

3 3, ^n c fivy-ca*
f (n)=---- 2 ( n c £ ) v y l ( 3 - n 2c 2)-2ri2)-2 n 2c 3n .) ( l - n  )

T -5 -5 ------ (2 -ii_) + ----------— --------------- --------------------------  « ■ CP
(1 + n c )2 ^  (i+n2c2) ( 1  - n2c2 )2

.........................(A.19
A value of n is first guessed within suitable limits 

established. Subsequent iteration steps are then

obtained using the recursion formula.
f( n.)

ni+l = ni ...........
1 f ’O^)

lA.20)

This gives quadratic convergence close to the root 

of f (n) = 0 . Once a solution is found, the 

transverse strain and the angle of principal strain 

are calculated. The principal tensile strain in 

concrete, zt , is then computed as:-

et ccp + Gv +

This enables determination of the effective peak 

concrete stress,  ̂ . The effective peak concrete 

stress is calculated in an iterative scheme. 

Initially, * is assumed equal to f'. 

are calculated fran:-

i
X + 1 =

: A.______1 _____
0.8 + 0.34ft

Subsequent values for X
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For every new value of X, if there is no satisfactory 

convergence (between Xi and X* + 1 ) , a new set of strains is 

computed using the latest value of X as the effective peak 

concrete stress until convergence is obtained.

The evaluation of angles and strains is done at all 

chosen levels in the section to enable use of Simpson's 

integration formulae. This in turn enables the evaluation 

of new values for the moment and shear. These are compared with 

the previous values. If the difference is significant, the whole 

process is repeated until acceptable convergence is obtained.

A  sample calculation to show how the iterative process works is 

presented in the following section.

A. 2 Sample Calculation

Consider the beam section shewn in figure 3.1 Given:

A * = 190511111“ , eco = 0.002
2

Ai
b —

2226rrm
200nm

fc-

fy —

36.8N/itm 

462N/mm2

h i = 345.8nm f'y = 282N/rrm2

d = 368..8mm. E = 200kN/mm.

d' * 23rrm z \
= 1.41 x 10'

\
h = 400mm = 2.31 x 10'

« = 0.705vy

Consider a case loading with top face strain = 0.001. 

Then ft t = 0.5

6 = 0.7

a 8. = 0.417
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Step 1

Assume both top and bottom longitudinal steel are 

yielding for pure flexure loading.

equation (A. 6) , yp = 271.91mm

equation CA. 4) e £ = 0.915xl0”3 < e' ,
ly Not

equation (A. 5) e
l

-3
= 0.356x10 < £ Not <

W

Hence try both steels in elastic range.

equation CA.8) gives = 157.46mm

Check values of e£ and e?

equation CA.4J e* -= 0.854xl0-3 < e' O.K.
IY

equation CA. 5) = 1.342x10 3 < e 0 n „£y O.K.

Hence C
S H  E £ i  = 38.60kN

T A HE e Jl 511.30kN

c = U 1 a6fc byp = 472.76kN

Using equation (A. 10), find the pure moment value, MJr
as: M = 16G.96kNm

P

Step 2

For the combined flexure - shear case, we start 

by guessing a value for y^

Guess A: y = 120mmn
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Equation (A.4) ej = 0.808 x 10 J hence C = 36.54kNX# s

Equation (A.5) e =X*

Take
c i = “ Sf;'byn

c 2 * T -c s-c i

Take d - y= Jn
2

SteD 3

Taking moments about

new moment , M, is deduced

and

M  = 181.16kNm 

jd — 229.33mm

hence for a = lm, V = 181

Step 4

Equation (3.6) 

Equation (3.7) 

hence

Evaluate 6̂.

Equation CA.15

.073x10 hence T = 7 8 9 . 9 4 ^

hence = 3.60.29

C 2 = 398.11kN 

x2 = 129.17mm

bottom longitudinal steel, 

a s :

.16*N

cr. = 0.7899kN/mm
4b
a = 0.4495kN/mm

a = 0.6197kN/mm 
nm

} c = 0.94523; 0 <n< £
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1 = 1.079
c
2c = 0.89346

Try n = 0.50l

Equation (A.17) ft = 0.10138cp
Equation (A.18) f(n) = 0.01193

Equation (A.19) f'(n) = 0.59776

Hence using the recursion formula (equation A . 20)

n = 0.48004
2

Repeat step 4 until convergence in n is obtained and

then deduce 0 frcm n
tan 0^ = nc

From the strains, work out X, the effective peak 

concrete stress. If the difference from the previous 

value of X is significant, repeat step 4 with the 

new value of X until satisfactory convergence is 

obtained. Further progress of the iteration process 

is shown in Table A.l »

Consider the evaluation of 0^ 

c = 0.53789 0 ' < n c ^



no

- = 1.8591c

2 = 0.28933

Assume transverse steel yielding

Equation (A.16)f = cp 9.467

Equation (3.21) n = 0.14151 1

Hence e = cp 0.283 x 10-3
-3

and e = V 7.860 x 10 J >

Transverse steel yielding and hence

tan0. = C = 0.53789
D

The above procedures are repeated at all the chosen 

levels depending on whether or not the transverse steel 

is yielding. On obtaining the full set, a new value 

for C 2 , the compression in cracked concrete belcw the 

neutral axis is determined together with its point of 

ac t i o n .

Step 5

With . the new value of C 2 check the equilibrium 

of the section. If equilibrium does not exist, repeat 

steps 2,3 and 4 with new values for y^ until equilibrium 

is established. See Table A.l*

Note that in Table A.l, the effective peak •» 

concrete stress was not revised and so the results



represent only one step of Iteration v/ith respect to 

the peak concrete stress, \
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APPENDIX B 
COMPUTER PROGRAM

B . 1 Program Capabilities

The program is capable of solving the response 

of solid rectangular reinforced concrete section whose 

material and geometrical properties and the ratio of 

moment to shear are known. It will also handle 

prestressed concrete sections for certain values of 

prestressing force.

B .2 Input of data

The following symbols are used in the program 

for input of data. Their respective descriptions are 

included here.

NLCB

NSPECIMEN

SMSR

ACS

YSH

YST

YHS

MES

Number of different sections to be analysed 

Beam number (for example 1 for CFT-TBl)

Ratio of moment to shear in section

Area of top longitudinal steel

Yield strain of transverse steel

Yield strain of bottom longitudinal steel

Yield stress of transverse steel

Modulus of elasticity of bottom longitudinal

YTS

BRS

EPZERO

steel

Yield stress of bottom longitudinal steel 

Width of section

Concrete strain at peak concrete stress
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YSC Yield strain of top longitudinal steel

DP Depth to centre of mass of prestress steel

AHS Area of transverse steel

ATS Area of bottom longitudinal steel

PCS
i Peak concrete stress

SPACING Spacing of transverse steel

Dl Depth to centre of mass of bottom 

longitudinal steel

D2 Depth to centre of mass of top longitudinal 

steel

MESC Modulus of elasticity of top longitudinal 

steel

MESH Modulus of elasticity of transverse steel

APS Area of prestressing steel

YPS Yield stress of prestressing steel

YSP Yield strain of prestressing steel

The input data is accessed by READ statements 

in the program. In Appendix B.6, the input data for 

the eight test beams is presented. The data is in six 

separate subfiles as shown separated by the horizontal 

lines. At the beginning of each subfile, the number of 

different sections to be analysed is entered. On the 

next line the beam number and ratio of moment to shear 

in the section under consideration are entered.

Material and section properties are then entered on the 

next two lines. Hereafter, other sections can be
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considered upto the maximum number specified, by 

repeating operation of lines 2 to 4. Note that the 

data is entered in the order in which the symbols have 

been described above.

B. 3 Steps of the Program

The program carries out an iterative scheme as 

discussed in the theory presented in Chapter 3. The 

working of the program is summarised by the flow 

charts presented in figures B.l (a) - (j) . In this 

program, Simpson's Integration rule has been applied 

for five ordinates instead of the three considered in 

the theory. Equations (3.11)and 3.12) are therefore 

revised to:-

d-y
c2 =-T2- £ -<q nc“ t e n + 4queo t9 u + 2V * t0 m+4<3 icOt0i

+ qb coteb )

and

%Qoten + \ cotev + + qf°tei ,
x2 = d-yn <------------------ ------------------------------ •

q^COt&n + 4q^cot6^ + 2c^pot6m  4q cot0^+ qbcot0b

/

Where u and l are new positions at the mid-points of the top half 

and bottom half, respectively of the region below the 

neutral axis (see Figure 3.1). The other symbols are 

as defined before. Further information about the 

steps of the program is available from the program 

listing given in Appencix B.5 by means of ccrrnent statements.
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B. 4 Output of Results

The notation used in the input of data is also 

used in the printout of the input data except where 

specified. The required convergence parameters for a 

chosen top face strain value are output in a suitable
i
tabular form as shown in Table * B.l. The new 

symbols used are as defined below

SHS

PMOMENT

PCUR

MOMENT

CUR

SHEAR

ANGLES

SHEAR FLOW

LSTR

TRST

DIAGST

FCP

FCD* •

Spacing of transverse steel

Pure moment value from consideration of pure 
flexure theory

Curvature due to the pure moment

Moment for the combined moment and shear 
loading consideration

Curvature due to the above moment

Shear force in section

The angles of principal compression at 
each of the five levels considered

Corresponding shear flow values

Corresponding longitudinal strains

Corresponding transverse strains

Corresponding principal compression strains

Corresponding principal compressive stresses

Corresponding effective peak concrete 
stresses

COUNTERS Number of iterations to convergence: the 
first five corresponding respectively to 
convergence in strains at each of the chosen 
levels and the last representing the 
overall number for convergence of the forces 
on section
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B.5 Program Listing

fOkJ dMi  CGtIPILAT1UK J l  \jU  A l  PlA oA t>ATC 21 /J1 /34  TXAC 11 /00 /37

Guu > Solo  u  l*.o/5».rtX CO.IPILCd)UOJ o L i i fCon 7 AuU t>u»V U J / P i ib u ^ A I  HTXX)
Uo j o L ld kA KY luO JU R uJF iR F7)
Go j V • L X_»h ahY UbJCAJUP jKuP)
G l i l  J L id iiARYUUUViaOUPFiCC)Go] 1 L i j k iM l  Y v j J Juk JUP 3 — k w)Gul 3 PMj u k A.1 IMXMX)Go 13 OvHPkwuu X.4TC3CR A.'4D LOGICAL
0014 LXTbhilbJ GAIA
Go 1 3 TiOtbb «.Obi o I V U I  l/j = CR J
GUI 7 OUTPUT G/u =LPJ
0 0 U _ klu l

GUI 9 MAj Tl K CcAu
0G0U W<U UL/IOj)GuJ1 0 k i l c l w , 1 u 1 )
ou<:«: Hlii I c ( k /  1 J )
OUCJ C j l . ldN  / u l O /  J l  / OJ / r j / T l / P R J O u .T ^ A jA n x  Y3T/YTS/C2
0u24 COMMuft /uLk.2/ YM,PUR£AONcNT, i;4>5Out 3 CurtrtbH / u c k 4/ PCS/UR3/CPXSRO/PCUR/LTA,I/XF/MA1/NA2/MA3/AA4/MA3
bUb 6 COA.luN /«LK S /  IKS#TSC#ATi/92#TCS#AC3#SNSlGUw 7 GuMOf« /jLkj/ U J/Q1,.iN/uU,aL/A.'1, V ,Y iH /YHu,AH3/ iFACXN(i/LOjb! o CoMrtoN / u *.*7/ RAT I02/RATX03/K/X
Uuc9 Cair lo* / u l AV/ A.40LC:( J ( j ) / C b ( 5 )
GGj o CJ.11o4 / wGa I 1/ K '_O 3 < 3 )/U 3T (5 )# 0 IA o (5 )
C U i l bUirtbM / j c k K /  VA (3 ) rC ST (3 )#FRAC T lGN (1U3J)#dO ( inn )

C u j t CbTIAv.0 /b,u»iU/ 11/M2/1 j/H4/M5/<C1/KCc/ICC j»KC4/KC j/XCo
0033 CbrtnON / u u n Jj / AP i/YP- i/Y iP/HbJP/OCP/UP/a A/KC/X I/RAVC/AN iC/RCHUu j 4 D IA b lu l J i l  L C ( j J r j )GUj 3 MCA»l1s>wdJ) riLCB
Go j  6 5JC0 FuRfiAT ( i u )
Go j  f XPa u L«1
Uu.>8 t> u uuw i»=1/ i4LCJ
U U iy I f = u
0040 1 LI rib" J
0U4 1 iP A u c s l i ’AOL*'!
004 c R L A . i i 1 , / o J j )  4SPCCX1u'4/SASR
0043 5 GO 3 f Ok A A f C i u / f  J«U)
0u4 4 • U i T b i L i b j J )  4iPCCi1C4
UJ<* 3 3 GO F O R A A i r i * / / / / / / / / / / / / / / / / / ^ 1 C X / ' P k L 3 IC T I 3 N 5  TO« oLAP CFT-T3 ',

00-* u l i i ^ i w A , * u J i i « c o : 5 i o x r o r :  u:«x v l a j x t y  of m a x k o j x i i / 3 3 ) • >
Uu4 7 » . (U lL ( b / J j J )
Uo4 o JGu FuR.i m T I / ^ u J X / ' T A u LC OF XNPUT M A M M A L  A.4*> OLCTIOM P ROPCR TX C S*)
oo*. 9 a .? x r u w i u J )
00 j  J 400 F J » 1 n U l u X / ' j A i , #?X/, 0T0 '^9X# , 0C5*#?A/ 'ATS •/?X/* ACO* *9X/ * A»43 •

Gu j 1 1 /Va , * u .Iu * )GUIl Ki_Atii1suuO> AC5s Y SiisY jT/T r t j^ncO^YT^/ jn i^ .PZLkO/Y rfC^TbO/OP

00 >3 300 r uAiI a I i 4» u . j /  to# c r o . J )
00 j  * kwA/ 11 / / u 0J A^l3/ A T3/PC 3/ jPAb IMu# 0 l# 0 3 / K L3C /P>COP/ APu/ YP/ / Y * P/
Loj  j 1 i-vP
0 \j‘j o 7GU f On |IA I l  U F U a >)/ J I 0/ 4 F J i  J )
00 » l ■ Ki Iv  (b /uo j ) j / i i l / J b / n T  j / X w j / A H j / j i ’ A * X J 0
Gu j >1 . 300 f uk• ia i l  1 j  a / 71 3X/ 0 1  J «4 )  )
00 uV tal.i ( i  10/90 J )
Oouj vug FuK .AX l / , l u X , '  Y ^ i , , 9 X , , r c i ' / 9 X , • Y H ; , , 9 x , • P C 5 • / 9 X , • T 5 f ^ 9 X / • r 3 C ,
OUu 1 1 9Xs'Yu«i'J
OOu 3 - k l f t ( ^ / 1 J O J )  YTO/YCO/YH i/PC i/Y iT /YOC/Y3M0Uo3 1 oCO f vW;i a T U J A / / ( 3 X / C 1 0 . 4 ) 7

0uu4 d.uib(b/Ui) tp4liiy
GO w j G«U To (4. / >ot J) OrtOR
Gouo 3g1<- Fok in  I v / /  /  / 4!JA/*f10'1L.'4 7“ SM4.AR R A r i J s ' / F  6 * 1 )

OOvi / 0 id [b (4 />b1 i i  XP AuL

0 c u 3 >013 F JR m l  1* 1 * , / / / / / / / / / / #  11 iX / 'P A g b  ’ #14)
00 u V b V/UY . M ( b  OTATLMb.irO ACCOROil.-LY I f  RC Jk PC I J  JwXf.O

Ob/ J C AwuY
o o / l c u kO~uAb.AU I i l  OF ObCTXJN
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B.6 Input Data'
2
1 8*? @ ,
1.9a . ,0*248 .0*322 495. 166060 36". 6 200. .9 * 3 5  .00256 410. 0 .
wy 7 1 P_ 2 30. 100. 3-8.4 23.2 1600:0 0 0  0 . 0 0.
2  6 0 0 ,
1V6. .00174 .00196 330. 220560 *32.8 200. .0035 .00256 410. 0.
143. 2175.4 26.6 100. 365.9 25.1 160000 0 0. 0 . 6 . 0.

2
3 8 0 0 .
210.6 .00139 .00196 304.8 220560 432.6 200. .0035 .00139 30 4 . 0  0 .
210.6 2175.4 39.1 100. 363.9 27.4 220000 0  0. 0. 0 . 0.
3 850.
210.6 ,00139 .00196 304,8 220568 432.8 200. .0035 .001.39 304.8 W,
210.6 2175.4 39.1 100. 363.9*27,4 220000 0 0. 0. 0 . 0 .

4

4 800.
196. .00174 .00194 330. 220800 427.5 200. .0035 .00256 4 1 0 . 0 ,
143. 1027 . 22.9 1 0 0 , ' 367. 7 25. 1 160000 0 0 . 0 . 0 0 ,
4 850.
196. .00174 .00194 330. 220000 427.5 200. .00 5 5  .00256 410. 0.
143. 1027. 22.9 1 0 0 . 367.7 25.1 160000 0 0. 0 . 0 . 0.

2

5 800. 
2 1 0 . 6  .@0241 ,00196 445. 220560 432.8 200. . @0 55 .00139 304,8 0.
48.2 2 1 75.4 36.8 50. 369.9 21.3 2 2 0 0 0 0  0 0 . 0 . 0 . 0 .
5 850, 
2 x0 . 6  .00241 ,00196 445, 220560 432.8  200 . 0055 .00139 304.6 0.
48,2 21 7 5 , a 38.8 50. 3 6 ?  .9 21.3 2 2 0 0 0 0  0 0 . 0, 0 . 0 .

3

6 800.
710.6 ...00174 ,00213 330. 190000 405. 200. .0035 00139 304,0 0.
143. 2587.8 25.8 1 0 0 . 363.9 25.3 220000 0 0 . 0 . 0. 0.
6 850.
2 1 0 . 6  .00174 .00213 330. 190000 405. 200. .0035 .00139 304.8 0.
147. 2587.6 25.8 100. 363.9 25.3 220000 0 0. 0. 0. 0•
6 650.
2x0,6 .00174 ,00213 330. 190000 405. 2 0 0 . .0035 .00139 304.8 0.
143, 2507.6 25.8 100. 363.9 25.3 220000 0 0. 0. 0. 0.
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3
7 8 0 0 .
210.6 ,60174 .00208 330. 1^6888 418.2 200. .0035 .00139 304.8 8 .
143. 2238.7 36.6 100 364.8 25.3 220000 0 0. 0. 0 . 0.
7 850.
210.6 .00174 .00208 330. 196880 410.2 200. .0035 .00139 304.8 0.
143. 2238.7 36.6 100. 364.8 25.3 220000 0 0 . 0 . 0. 0.
7 650.
210.6 .00174 .60208 330. 196880 410.2 200. .8035 .00139 30a .8 0
143. 2238.7 36.6 100. 364.8 25.3 220000 0 0 . 0. 6 . 0 .

9
8 1000 .
210.6 .00174 .00208 330. , 196880 410.2 200 
143. 2238.7 28.9 100. 364.8 25.3 220000 0 
8 1050.
210.6 .80174 .00208 338. 196880 410.2 200.
143, 2238. 7 28.9 100. 3*4. a 25.3 220000 0 
8 1100.
210.6 .00174 ,08208 330. 196880 410 2 200.
143. 2238.7 28.^ 100. 364.8 25 3 220000 0
8 1200 .
210.6 .00174 .0@208 330. 196880 410.2 200.
143. 2238.7 28.9 100.- 364.8 25.3 220000 0 
8 1250.
2.1.0.6 .00174 ,00208 330. 196880 410.2 200.
143. 2238.7 28.9 100 364.8 25.3 220000 0
8 1300.
2J0.6 .00174 .08208 330. 196880 410.2 200.
143 2238.7 28. Q 100. 364.9 25.3 220000 0
8  1 4 0 0 .

210.6 .00174 ,00208 330. 196880 410.2 200.
143. 2238. 7 28.9 100. 364.8 25.3 220000 0

8 1450,
210 6 .00174 ,00208 330. l Q b 880 410.2 200. 
143 2238.7 28.9 100. 364.9 25.3 220000 0
8 1500.
210.6 .00174 ,00208 330. 196880 410,2 200.
143 2238.7 28.9 1 0 0 . 364.8 25.3 220000 0

. 0035 ,00139 304, 8 0.
>. 0, 0 0.

.0035 .00139 304, 8 m .
1. 0. 0. 0.

. 00 35 00139 304. 8 0.
1. 0. 0. 0.

. 0035 00139 3 0 4 .8 0,
'. 0. 0. 0.

, 00 jj5 00139 304. 8 0.
1. 0, •0. 0.

. 0035 t00139 304. 8 0.
1 , 0, 0. 0.

. 0035 . 00139 304. 8 0.

. 0. 0. 0.

. 0055 00159 .5 0 4 .H 0
■ 8. 0. 0,

. 003*3 00139 304. 8 M .
0. 10.
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B.7 Printout of Input Data and Start
of Output Printout

u c i iAFU R AL  RESPONSE PRERICTiwK F OR STWJ C TOR AL 
wwWCRETC ocAH :<• wUrtulNCo fli f lcNT AM SMcAR 

cw«tf*M* OSlf.c t- f lP K i i- iO f i  FIELB TMLORT A N Ac T S 1S

U h r f  f *j h j ^A i i  w f r - r j <* s o u r c e : ;  s h it u t c  u w v e a ; i t t  or n a i r o o i ( i98J )

J H
(AuuC OF INPUT AATCRXAL AMR SECTION PROPERTIES

»c ;  a t ;  acs  ah; shs

J .2U J02  JJ J . iU H O t  wi J .253UE  J2 J .2239E  04 0.21Q6E 33 J .1  430C 03 0.1000C 03

r r s re . tm; p c ; r ; r rsc rsH
0.4.1 J2c u5 j . 3 u<*oc u i  0 . 3 3 0 UL 03 0.2oV0E 02 Q.2U80E-U2 0 .  1390C-02 0.1740E-02

CONCRETE STRAIN AT P2A< STRC5S»0.3530E-02

MOHENT-SHCAR RA TIO- 1 05 u. (J

TOP FACE STRAiN-J.OUuES

PhOMLNT PCJR moment CUR SHCAR
0. *.<» uoL Uu u. 1 >.052-05 0.2529C 08 0..13C4C-05 0.2 4 09E 05

A JsiccS^.ittAK FLOW S.LSTR, TRST.BlAOST AT LEVELS shown

1 2 3 4 5
C0.07 32. o0 j o .45 39.21 41 .31
67.0 9 87 .00 90 .92 92. 34 94 .75

J.UOOL Uu u .5o4c—04 J . 1132-03 U.1O9C-03 0.226E-03
0. l o l l * j 3 o.C 1 JE-03 0.248C-J3 0.279E-03 0.3U7E-03
J .544E-J4 u . ,»?7l “ 04 0.487E-04 0.49OE-04 C.504E-04

F CP 0 .1U9L  01 u. VoJE 00 0 .9 51C 00 0 .9462 00 0 .955E  00
FCB J .3S 2E  02 0.340c  02 0 . 3*4L 02 U.341E 02 0 .337E  02

COUNTERS 40 o3 30 72 72 6

TOP FACE. STRAlN: 0<.UoU3J

PhOACMT PCJR MOMENT CUR SHEAR

0 . 4 o jo e  JO u.w373c-05 0.4954c 03 0. 25852-05 0.4718E 05

ANu l ESs j McAR FcOWS^cSTR/TRST/DIA&ST a t  l e v e l ; SHOWN

1 2 3 4 3
20.34. 32 .69 36.51 39 .25 41 .3 4

171.31 174 .96 173.o2 182.27 165.93

J • oJ J l  li j u . 1 1 12-03 3.2212-03 0.332E-03 0 .4  43E-03

0 . .EOL-Uj o.'»14E“ 03 J . 4832-03 0. 549c-0 3 0.603E-03

J . 1 lU c - d i 0. 1 J2E-03 J . 1012-03 0.1 03 E-03 0.1 05E-03

FCP J .E 1 JE  01 o. 192c 01 3.166E U1 0.136E  01 0 . 1 87E 01
FCu J .3 4 3 L  02 0.330E  02 0.329E 02 0 .3 23L  02 0.317E  02

COUNTER. 2d j 6 56 56 57 6

TOP FACE STRA lN«u. 0oo7 5

PHoMLnT P CO R MJM2NT CUR SHEAR

3 . 7 1 0 2 E Jo 0 . joo2E- 05 0.7273E 08 0. 3842C-U5 0.5? 26c 05

AMviecSs .itcAR FLO mS/LSTR/TRST/BIACST AT LEVEL5 SHOWN

1 2 J 4 5

27. Ow 3 2 .79 36 .57 39 .29 4 1 .37

252 .00 2S7 .32 263 .04 268.26 273.48

J.OOOE J j o . l  o3c**03 J.32ec-03 . C.489E-03 0.652E-03

0.<.75L-Ui o .o l2 c - 0 3 0.7202-03 0 . 809E-03 0.3862-03

0 . 1 o 7E-U 3 j . 1 5 o £-03 0.1562-03 3 . 1 oQE-03 • 0 .U 5 E - 0 3

f : p 0.312C  01 O.203E 01 0 . 27%2 01 C . 2732 01 0.276E  01

F CO 0 .335c  Uk J .325E  02 0 .3 1 6E 02 0 . 3 07£ 02 0.299C 02

COUNT £ i  j 35 56 60 o 1 61 6
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Fig.81 (a) MASTER SEGMENT
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Fig B l(d)
SUBROUTINE TRIPLE

Fig.B.Me) SUBROUTINE UPDATE n f f s m ' . pfNG
F ig .B . lU )
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Fig. B1(g)

Fig.BKh)
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Fig. B1 (i) SUBROUTINE LINEARFIT
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Fig.B.I(j) SUBROUTINE HRSTCRACKS
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APPENDIX C

e x p e r i m e n t a l  d a t a  a n d  p l o t s

Analysis of Strains

Figure C.l shows the typical target pattern

from which strains were measured. The measured strains
are presented in Appendix C.1 .4

A1 A 2 A 3

4 - -

Longitudinal strains (£ ( ) 

L' gaugo longth and 
8* gaugo longth

Transvorso strains I8v) 
C  gaugo longth

1st Diagonal strains 

L  56 gaugo longth

2nd Diagonal stra ins f t d j )  

L  56' gougo longth

Figure C 1: Target Arrongcmant
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Measurements for the various types of strains 

were taken over the gauge lengths indicated. For 

reasons already given in Chapter 5, average strains 

were considered in the analysis of the test specimens. 

The average strains were computed as outlined below:-

i

C.1.1 Longitudinal Strains

Consider Figure C.l. In band A 1 , eight strains 

were measured, that is, 01 —  11 , 02 - 12.... 08 - 18. 

A method of moving averages was first applied to 

obtain average strains at rows 2 to 7. That is the 

average longitudinal strain at 02 - 12,

at 03-13.
3

and so on.

This was then repeated for all regions with 

similar load conditions as band Al. Final averaging 

was then done for corresponding strains in such 

similar regions to give the average strains at rows 

2 to 7. For example, if another band, say A 6 , on 

the beam, has the same load condition as Al, then the 

average longitudinal strain at row 2 is given by:-

■ec
'2A i 2 A 6
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C.1.2 Transverse Strains

Still considering band Al, averaging of 

transverse strains from adjacent columns was first 

done and assumed representing the strain at the 

middle of the band. That is measurement on 01-03 

was averaged with that on 11-13, that on 02-04 

with that on 12-14 and so on. The final average 

transverse strain was then obtained in the same 

way as for longitudinal strains by considering 

corresponding regions.

C.1.3 Diagonal Strains

For these, there was no averaging in the

individual band. Averaging of corresponding

diagonal strains was done directly to obtain two

sets of diagonal strains; one set being predominantly

commpressive (Edl) and the other predominantly

tensile (Gd 2 ).edl and Gd 2 are chosen with respect to

the load and care must be exercised to avoid
e e

obtaining wrong averages. Note that dl and d2 are mutually

perpendicular.

With the average longitudinal strains, 

average transverse strains and the average 

diagonal strains, it has been shown by Onsongo (i978) 

that the principal compression strains can be deduced 

using Mohr's circle of strains. Consider Figure C.2



140

From the circle, it can be seen that A a 'A"B" is

similar to AC"D"D' and C"D"=A,A ,»Ylt If tension

strains are taken to be oositive then e will be
.  c p

negative; and assuming is compressive deduce

edl + ed2 £ l +ev ( C . l )

and the shear strain is evaluated at

ylt *d 2 ” *dl (C. 2)

Using equations (3.9) and (3.10) and considering

that e is negative, it follows thatcp

- ( ” 2  ̂ = ” Gcu  ̂ {ev ~ ^cp^

2 *£t 2
Hence ecp ? (p-v + zi) edp + eV£Jl ( 2 } " 0

,  . 2
ecp = ^  (ev + cl) -  / leV + " * (ev£* ■ 4 } }+ eJ - J (e„ + e0)̂  - \

2 2
= %((ev + eJ - ✓  (e.v “ > + T*t  > (C.3)

Multiplying equations (3.14) and (3.5) leads to equation

(3.16) from which the angle of principal compression
*

is evaluated as

2tan 0

Ylt ed2 -edl
(C.4)



Fig.C.2 : Mohrs Circle For Measured Strains

C. 1 • 4 Measured Strains

The dei nee readings taken during the experiment were used 

to caroute strains. The computed strains are presented in 

this appendix consistent with the target patterns drawn in 

Figure 4.7. For each set of strains, the dynamic and static 

nanents observed during the test have been recorded. In the 

rare cases that target points fell off during the test, donee 

readings were abandoned at those particular locations. Such 

locations are represented by blank spaces in the tables.
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v i.U O.U C.00 0 U. Uuu 0.000 0.000 O.OJO U.003 C.001 0.101 1. JUJ C.JCU o.uoo 0.1 uc

J i •')
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J . J  O.U
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1 3 2 . 4  1*9 .3
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141-133 1 4 2 - Id* 143-135 14*-U6 135-147 146-1S 1
STRAIN 5 »1 0» • 

191-191 192-19*

.  t

173-195 17*-17g 195-197 196-194
U..JQU U .06J U.'JOO 0. J6 J 0.000 O.OUJ 0 .01) c.o-io 0.000 C.Cr O 0. CM 0. 16U
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STRAINS M U **- ’

161-173 1a2- 17* 163-175 16*-1io 163-177 16 >— 1 73 171-163 172-16* 173-163 174-166 173-167 17 6— 1 w’J
G.UJO 0 .0 0 0 O.JOO J. JO J 0.000 O.UOO 0.001 C.JOJ O.Ubl O.OPU O.JOO 0.000
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Ot AH CFT-TU3 VIASONAL STRAIHS-SIDC 7 ACC
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» S 141-193 1*2-19* 143-195 144-196 185-197 146-194 191-183 192-10* 193-135 194-1C6 195-157 196-138
0 .  J 0 .6 o .uoo 0 . Juu U.000 J.O'JJ O.JOO O.OUJ a .o c j 0 .030 0.000 O.CCC O.OOi* 0.000

* U .  6 34 .5 0 .1 5 * 6 .000 -0.0*4 -J.11 J -0.066 -0.15* C.132 -G.06u -0.022 C.066 -O.u** O.UuU
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6 .AN CFT-TB3 l o n g it u d in a l  STRAINS-TOP fACE
NONk.ll T s t r a in ;  »1o••- 3

t> j CCT1 CCT2 CCT3 LCT* rc rs CCT6

0 . c 0 .0 O.OJO 0 .701 O.UOO O.UOO O.OOJ o.cuu

19 .o 17 .6 - 0 .067 - J .1 J9 -J.037 -0.112 -0.075 - c .0 6 :

2 0 .6 5 6 .6 - 0 .230 -0.237 -0 .230 -0.262 -0.2 57 -0.257

*9 . 9 * 7 .4 - J .2 «7 -0.153 -0.325 - 0 .5 (7 -0.T?5 -0.315

1UJ.1 167 .7 -0.375 -3.612 -0.700 - o . t c - j -0.651 - U .gJ'J

1*3 .4 142 .5 -0.867 -3.7UO -1.000 -0.975 -0.C50 -0.747

1w5. 2 1 o j  . 2 -'J.7o3 -1.03  7 -1 .162 -1.037 -0.951 -0.925

U.7. J 167 .3 -1.037 -1.173 -1.350 -1.275 -1.1 03 -1.050

211 .9 211 .3 - 1 .200 -1 .375 -1.362 -1.475 -1.262 -1.223

2 .4 .7 2 2 0 .  j -1 .300 -1.* 1 5 - 1 .to 37 -1.7J7 -1.517 -1.525

2 .9 .0 2 2 * .7 -1.363 -1 .475 —1.650 -1.012 -1.603 -1.525

233. 3 21u .V -1.300 -1 .4 00 -1.525 -1.612 -1.542 -1.512

25o.2 2 2 0 .3 -1 .337 - 1 .437 - l.o S O -1.863 -1.633 -1.512
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u.Afl crr-ib* lo n g itud inal  s t a a in s-s io l  face
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1 bto . b IU o .1 1.732 1. o 7 j 0 .9  JO 0 .4 75 O.'Jo'J - 0 .473 -1.C3J -1.373
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JEAM CTT-T07 TRANSVERSE STR 1 INS-SIOE F ACC
I f  la  I « i2»*-3

1 J j- 1  J4 103-103 10*-1Qu 105-107 1OD-10J 111-113 112-114 113-115 114-116 115-117 116-112
J .  J ju O .u JO O .JJJ w. 0 . «, 1 . t  ' » 1 C.CcC O.voO j.GCO U .uO i J . . —w

u • 4 j .  o2 ; o. 2uJ 0 . 3.0 0. 05 . 1.2T t —0..' 7 .  - li. 12 5 —2 ..25 - u .12. —w. U.*J
. . 3 / . - J . U S 1 .223 1.275 i. « 2 5 2 .5 .n - o . i. a  -n .u '5 -2.2CO -C.U2S J.075
. .  .7 . u.USJ . '.2 7 . 2 .J J J J. Go j 4.975 1 . . .5  -0.w7S -C.C59 0. 33w J.5-5
*J m J  Jo - o .u ; j 2 . " ; j 2.030 0.153 5.65 1 2. / j J  O.OJO c.ccc U. wC. J .  b.W
u . . 7 . 0.1 30 J .3 2 5 3.225 O.073 7.923 . . 7 7 5  -0 . 1 0 0 -0.C2S 0.4,00 1.025

OE AH CFT-TG7 TRANiVCRISC STiA INS-SI0Z FACC
STSAIM5 •13«»-3

1 2 2 - 1 2 *. 123-125 124-125 125-127 125-121 131-123 1 32-1 34 113-133 134-136 135-137 136-13*
j .  j  j j o. oG J J . u J j 0 . OO J j .  00 J O.Ok. J O .L .J  UiJUU 0.000 o.Ouo U. Jbv
u* oyu 1.775 1 .4 3 0 -0.125 O.C .J z . r . n 1 -J.C5J -0.475 0.225 J .2 5 o ‘ -0.u30
J* i J j o . o .* 5 . . . . . 1Jo 0 ..7 3 1.S.'3 0.125 0.15U 1.250 1 .1 2 . 1 . . . .

JEAN CFT-T J7 DIAGONAL STRAIN :- s i» r  fa c e

ST 4A 1,45 »1G»»-3
1u»-114 103-113 104 -11 u 1U5-117 1U--11 • 1 1 1 - ll l i 112-1u* 113-105 114-106 115-107 115-1w6

U . jJ y 0 . 0 il0 J . )J0 U.UOO O.OOli 0 . 9 0 1 C .'l.u  o.ouu U.OCO U.UO.I Q.ouu

- J. 1.1 - J . J / j -U .3.9 -u. J '.l : . r , ) —2.57 j  - 7 ..4b -J.L44 “O . i 19 -0.241
"w *1Jk - J . .4  o -u. 4 i - j . 329 —0.4>14 7.474 -0.11 0  -2.412 U.6JU 0 . 395 -.1.1 / i

-0.417 —0 . . . 6 -T . o 1 4 -0.219 -0. 7i»2 4.715 2.91? -2.50.1 1 • o4 5 1.531 U ../ L

■ u.«d . -J.504 - 0. 3 7 J 0 .1 .2 — 0. 4i 3. 2.1,51 3.947 -2.346 1.902 1 . 23u 9. 7bb

- 0 .5 4 . -1) . u . J 0.177 -0.055 7. !*> 1 4 .51 . -2.434 t.9 3 J 1.332 1). J11

JL AH rv • -i C. ** DIAGONAL STRAIN 3-3IPC fACC
S TTA In S •1 9 •  ‘-3

12.-1 a* 123-133 1 24” 13a 125-137 IEo-153 131-123 13.-124 133-125 134-126 125-127 136-124

0 . iiuw U.OjO J.tlOO O.UJJ u .u u l •J.00 ) . |J R.OO'l 2.0CO 0 . u0u O.Culi

* 0 . 1 j. - J . 32 9 -J.2  4 1 — 0 . . ‘.1 - J . b l l J .JJS J . T . .  1 .579 0.927 - u .329 -0.154

- O .o l4 - u .370 0 .41  7 -1.754 -1.447 3.114 0 .3 5 .  4.934 3.042 1.162 • 0 •64  *

u.AM CfT-Tu/ L 0 k . ITUDIMAL S MAlNS-SIDC FACE 
MOMENT .T .M IN 5  • 1 »- i

J & 141-15 1 142-152 143-133 144-154 143-135 1A u*  1 >J 147-157 143-150
kJ •  J 0 . 0 l*«JJ 0 to « UJW O.OJO 0 . U Jo J .  JJ J b.WUJ . .

2 4 . 3 2 4 .  1 0 .2  7*3 U • 1 *j*4 J • 0 J J J . 1 2 5 •  J • 'J J 'j J . O l i - r  . 17 3 - t . i i u
^ ^ •4 ) 4 / . j L . .  1 2 J • •> J  \J J . I  10 •J. 1 .  1 - 0 ,0 .2 -- .073 - 0 .7 3 7 - 1 . I0 J
7 ^ . 4 7-3.4 U m't 1 j u .yO J aJ • i-  > J . 2 2 5 -O .J12 - 0 .1 2 5 • i i - 3 .512

1 ^ 4 * 4 1 3b . 4 1 .93  u 1 .0 .7 0 .7  J *J J . 4 b  2 • J 'J 1 “ J » >JJ - 2 .773 - . . 1 . 7
l e i  . J 121 .0 t,m^7 J 1 . 4 .  A 0 .9 7 5 J«w - 3 n . j y j "  J • 4 Ob - 1 .1 3 7 - 1 .737
2 2 j  . 1 ••'•WkJ 1 . i . 2 .). -5 J J -O .0J2 •  M •  ̂40 ““ 1 • U» 4 *%»l i 4
2 5 2 .4 ? 4 / . , 5 .3  .7 3 . . 1 2 2 .1 1 2 1 .3 2 7 0.1.13 -kl.975 - : .  1.5.1 - : .  n o
2 o „ . ; i  j o .  2 L .S J I) 4 . w j j 3 . J>2 2 .  12 3 0. 0 0 J - 1 . . . J -4 . 1j  1 -4.473
2 7 ^ . 2 2 5 7 .7 U « 4  J 4 * • -»-*u 5 .4 4 / 3 . 112 :  . 0 1 : - 1 ./ 3 7 — . . 6 7 . 7 - 7 . ; . o

2 / J . 2 24 a . y 1 0  «w w •• 1 *1 . .Jk2 1 0 .2 3 0 1 I .O J 2 4 . 2.7 -2.71- - 7 ./o'

MD.1CNT 
J 5

1 1 AM

1«1-13 1

CF T-To/ 

l o . - U .

LilNOtTuDINAL S T IA In S-SIRL FAC. 
31 HA IN 5 *1u*»- i

1a i-15J 1 .4- 1 .4  10 .- 1 s5 1bw-1o6 1.7-137 loS-136
J* J U.O C.wOG 0 . 0 . 0 O.OJO J.OOJ G.uOJ 0. Lou c .c n j C.OJ.I

1 > . i 1*4.3 C .2 K 0 .- ./ J . 1/5 J . 11 3 0 . J75 0 . oJJ C.J12 C.OJ-3
37 .6 L .430 0 . .  to 3.2  Jo J .U 5 0 - 0 . i2S • u • Cu/ - o . i-  1 •  w «1 J J

b J . l 60 . J 0 .727 O . t i j -.237 0 . 0 7 3 U«6«li —0 .1 j ! -r ^ -5.311
l o y . l 1 u*y. 1 1 .u J J 1 .b iU J .  J Jo J .  31 3 0.425 -O.o23 •  C * b w 2
164. * 1 6 4 .J . .- 7 3 1.31- 1. J .  7 J.O-A 0.337 -0.112 - l.J- 2
1 Lu . 9 1 7 o .0 z . um r 2 . 1 . . 1.523 J • J 4 J 0.-3 I - U .1u3 -0.C12 -1 .2 . >
2u1 .9 1V».o 1.42 7 o . i / . 2.33 J J - 0 ”1 J J . J )d -o .-7 . -1..175 -1.712
2 1 ..1 206.o 4 .43  C -4 • OJO 2.234 0 .01  2 0.775 1 c k-4 t. - 1 .212 -1.373
2*2 .o 2Uo .2 4«Ub j -« . 4 4U 2.673 J .0 1 2 • Jw/ -1.2-2 -1 ..3 0

195. 1 4 . .7 5 ^•4  «il4 • 4J J - J .J 7 5 0.325 - J .3 7 . - l. J C  1 -1.717
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wLAH CFT-TU7

161-171 1 -2 - 1 7 2

C.OJO u . uuu 
U • 4 j  J  
u . /2>
. . U k i
4 .W -
y .  u O  
y . / j j  7 a.llj

0.3 71 
0.-7 5 
: . 5 jo  
I  .-2 3 
7.730  
L.-OU 
9.400

LONtilTUOINAL STRAINS-SIDE fACL STRAINS «ia»*-i
161-173 1-4-174 1 65-17$ 140-176 U7-177 168

o.u'JO j . jo j  u .ouo  u . o jj  u .o n j u
o . is o  o . :s o  o . ojo  -u. o s i - o . i 7 s - o

0.575  0 .3 5 J 0 .025 -3.1u0 -C.273 -C
1.600 J.625  -0 .125  0.150 -0.425 -0
1.423  J.t»2> -0.225 0.47> -0.95J -1
4.425  J .5 5 J  -0.225 0.400 -1.175 -1
4.700  J.523  -3.1JU  0.13J -1.373 -1
3.275 0.15 J -0 .450  0.025 -1.673 -1

-178
.no-) 

100 
.275  
.650  
.125 
.730  
.923  
• S3 0

nonent
86.7 

1 1 7 . 7  
1 6 4 . 1  
1 7 < md
1 *»U . 6

0
d - 0

1 1 - . 0
2 1 4 . 5

S
0 .0113.7

206 .u

U A N  CFT-Td7 LONGITUDINAL STRAINS-SIDE TACC

s 131-191 1-2-192 1S1-19 3 1 54-1 74 135-175 106-196 147-19? 104-196
o. u 0«0J U o .ujJ 0. 000 0. 00 J 0. 33 J J.UOO (I.UOfl C.OJO

86. 7 -C.12S 2.225 1.673 -0.1)73 -0.053 -0.075 -0.4 75
11 5 . V "C.JJ 0 tl m J\J  J 2.77 5 2. 12 3 -0.175 -3.17- -C.3o ) -0.673
1 59.7 -0.175 3.700 2.650 -0.523 -0.225 -C.4 03 -G.523
lo o ./ "C«*Id 0 4* bdu 4. 125 2.90J -0.675 -0.210 -0.575 -1.0-10
1 56.2 - C ^U 4.550 1.3 50 -U.730 -O.JOJ -0.301 -1.00J

OCA* CFT-TO7 TRANSVERSE STRAINS-SIDE FACE
STIA lNS • I I m -3

161-163 162-164 163-165 164-166 165-16? 168-16J 171-171 1 72-174 173-175 174-176 175-177 176-178
L.uOu u .uud  
L .—J 0 — u . 1 7 j
L.UUC 2.-7-

U.UJU
0.-50
1.575

O.UOJ
I .  32 3
J .  675

u .J J J  
0. dJO 
0.275

O.OOd 
0. 150

0 .0 0 )
C.OOO

2.225 -0.230

0.000
0.150

-0.125

C.uGJ 
0 .  200 

0 .3  75

0.000
0 .«25
5 .106

O.OOd
0.923
5.125

O..GC 
0. 25 li 
0.575

H O N E N T
JLAN C7T-T07 TRANSVERSE STRAINS-SIDE TACC

• S 161-143 142-144 133-185 184-136 135-137 186-164 191-19I 192-194 193-195 194-196 195-197 196-198
0 . 0 0 .0 0.200 L . U J j 0 .000 u.aoo 0.030 0.0(H) 0.0 00 0.000 o.uea o .c tn 0.000 O.dUU

8 a  . 7 8d . 7 C.02 5 0 • 1 ju 2.475 2.45 0 0. 000 — 0.03 0 2.930 0.530 -0.100 -C.13C 0.125 0. j 25
1 1 7 . 7 116.3 C.dOO “ U « J jJ 5.1 UO 5.350 -0.125 -0.125 5.601 3.350 -0.125 -0.225 1.250 3 .675
H / . O 143.o -C.1o 0 U. 1 <1'J 6. 02 5 7. 77 3 -0.050 0.175 9.175 6.425 0.000 -0.325 2.*75 2. 4d0
1 o 4 .1 159.7 -C.125 0 • *J u J 10.323 13.175 0.075 O.Oj O 12.675 9.425 o.ooc -0.075 3.100 : . . i u
1 76  . 6 167.2 -C.Oj 0 Urn J  I  J 11.575 11.52 5 0.1-0 U.02S 14.425 1C.dOO -0.125 0.C2S 3.175 3.150

DEAN CFT-TU7 DIAGONAL STRAINS-SIDE FACE
FIJNENT STRAINS •10*»-3

D S 161-173 1 6J-1 74 163-175 164-166 165-177 166-178 171-163 172-164 173-165 174-166 175-167 176-166
u .O 0 .0 c .uao u • u JJ u .aoo 3. 300 O.JOO U.OUO 0.00) 0.000 o.ono 0.000 O.UOO 0. uGG

11 o .  J 1 15.9 2.o 3 9 1 • o 4*. * 1.6011 1 .864 0.263 U.022 0.113 -3.768 -0.504 -0.680 -0.702 -0.331
2 1 4 . 5 209 .6 6 . .6 4 4» • j OJ 5.154 4.731 2.083 1.525 -0.175 -1.134 -0.789 -0.377 -0.171 -1.0>.9

JEAN CFT-T07 DIAGONAL STRAINS-SIDE FACE
N O N E  N T STRAINS *T0«*-3

• S 1 31-1V 3 162-194 183-195 134-196 185-197 186-198 191-133 192-184 193-185 194-186 195-187 196-1t8
0 . 0 0 .0 G.U3U 0. Odd 0. OdO 0.00  0 0.030 O.UUO C.OOT O.OUJ 0.000 o.cco 0. 000 0. OltG

8 1 . 7 89 .0 2 .116 1 . u J  9 2 .917 4.717 -0.044 -0.G-8 -0.373 -1.009 -n.702 -0.877 •0 .6 8 0 -0.616
1 1 7 .7 117.1 5.41 7 3 .1 9 / 4. 711 4.21 1 0.285 0.044 -0.439 -1.272 -0.768 -0.877 -0.592 -0.285
1 4 7 .0 143.5 6 .180 7 . u / j 7 .478 8 .332 0.789 0.52b -0 .541 -1.5 11 -0.9«7 -0.833 -0.746 0.0b6
1 6 4 .1 160.1 1G.-14 1 d. .19 9 .518 3. 130 1.05 3 3.592 -0.638 -1.952 -1.250 -1.031 -0.526 O.ULtt
1 7 4 . J 167.4 11.342 11.404 10.504 9 .167 1.162 3.614 -0.653 - 2 .0b l -1.180 -1.272 -0.482 0.263

J.AJ1 CFT-T07 LONGITUDINAL STRAINS-TOP FACE 
STRAINS »10»»-3

0 » CCT1 EC T2 CCT1 1C T4 ECT5 CCT6
0 .0 O .J 0 .000 0 .0 3 1 0.000 0.030 0.003 0.000

19. 6 1 w . 9 - J .0 J7 -0 .062 O.JCO -0.075 0. 100 -0.025
88 .9 -.O.J -3.225 -0.25(1 -0.163 -0.250 -0.112 -0.175
c J .  3 u(j . J . -0 .430 - 0 .482 -0.187 -0.412 -0.3JO -C.375

1U9.2 tu 9 .2 -0.983 -0 .875 -0.77S -0.775 -0.625 -0.713
144. 3 144.1 -1.317 -1.225 -1.100 -1.150 -0.9SJ -1.110
lo w .9 1 7 o . a -1 .637 -1 .353 -1.400 -1.463 -1.233 -1.4C0
iU l . 9 IW .w -2.303 - 1 .7 3 ) -1.o25 -1.710 -1.337 -1.712
2 1 ..1 6UO. 6. - 2 .100 - 1 .917 -1.750 -1.812 -1.530 -1.717
2 k ... 3 •1 Jo . i! -2 .1-7 - 1 .9 8 ) -1.717 -1.625 -1.512 -1.723
2-2.- 194 .9 - 2 .100 - 1 .3 1 2 •1 .6 2 5 -1.6-7 -1.525 -1.700
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NjfltNT

J - J
1 *.a
<•0 . 4  
77.S 

115.3 
1 * 1  . 9  
1oJ.1 
16<J.1 
1 70.4

S
0 .0
U.i
4 3 .5
7 5 .6  

112.6 
13(J.o 
15 1 .7  

15 0 .3  
153. o

l l A n CFT-Tow

1- 21 22
C.O jO 0 . Utf J
L.1c*3 - b .u l* .
0 .336 0 .1  JU
G .o l 2 0 .3 25
1 .3 30 6 . 4 jo
1 .437 0 .7 3a
1 .337 O. V Jo
1 .7 1 2 \ J m 0 7  J

1 .637 U.O?a

lOMSITUDINAL STRAItaS-SlDC f a c e

STRAINS *1C**-J
3- 23 4- 24 r —4 * J
0 .0 30 3.030 0.033
o. 1 0 0 0. 05 3 -0.025
0 . 1 0 0 0.323 -0.3«2
0 . 2 0 0 3.123 -0.073
0 .133 0 .033 -0.023
0 .063 -0.C37 0.023
vi. 053 -0.037 0.J370.000 -0 . 1 1 2 -0.037
0 .0 25 -0.125 -C .1 JJ

6 -  2a 7- 27 3— 2 wC.0J3 C.PC) C .C lu
3 .0 7 5 J.01Z -c.3i:
0 .1 5 3 • 8 . 1 4 5 -G .2 0 J
0 .2 o 2 - 0 . 4 1 2 -C.3233.333 -C .6 0 9 —
0 .4 6 2 -C .727 - 1 . 0 - 20.353 -c.?:s - 1 . 2 - 2
0 .6 1 2 -0 .9 5 3 - 1 .3 1 2
0 .6 3 7 -0 .7 7 3 - 1  .4 0 -

MOMENT
O S
J .  J U .u

1 7 .  i 1 7 .5
5 3 . 2 5 1 .5
9 2 -J 9 0 .5

1 3 7 . 7 1 3 4 .3
1 6 6 . 9 1 5 5 .5
1 9 0 . o 1 6 0 . o
2 U 0 . 1 1 7 3 .9
2 0 2 . 9 1 8 2 .3

ut-A A Cf T-TJ-

21- 41 22- 42
0 .0 00 U .buu
G.12S l i a l i i l
C.4 3- U . oOu
G.75C u. 71a
1 .3 37 u . 9 io
2.20C 1.40-
2 .975 1.0-7
3.20C 2 . j jo

3 .2 37 2 .0 75

LONuiruarjAu st« 
STRAINS •

25- 43 24- 44
0 .0 30 0 .003
J . 037 0. 3- 3
0 .1 63 0.083
J.42  5 0.22 5
0 .7 38 0.375
0 .5 00 0 .350
0 .9 00 0.352
0 .762 0.22 5
0 .7 0 0 0.183

AINS-SIPC FACE 
1 0 * *-3
25- 45 26- 46

o.coo O.OOJ
-0.025 0 .0 3 7
-0.050 - J .1 37
-0.073 - 0 .237
-3.150 - 0 .425
-0.212 - 0 .563
-0.300 -0 .6S8
-0.403 -0 .812
-0.450 - 0 .350

27- 47 2 b- 4 ,
o .u n j 0.000

-9.037 -C.130
-0.20 J -0.433
— C.4. j -C.825
-0.773 -1.262
-1.203 -1.62 5
-1.250 -2.025
-1.300 - 2 . 1 1 2
-1.337 -2.132

o tA fl CFI-Too LONGITUDINAL S TRAINS-SIDC FACE 
H3MCIIT STRAINS *1C**-J

0 S 41- 61 42— o2 43- 63
O .J O .J C .00  3 J. J Ju J .  JOG

2 J . J 20. J C .435 0 . 2  j J 0 .375
o4 .  J 59 .5 C.950 J .  5u5 0 .725

1 0 o . 7 104 .7 1.537 1 .LJU 1 .125
1 59 .7 155.2 1 .562 1 • 5a a 1 .762
1 9 5 . 9 180.4 \ . l z i 1.52a 2 .223
2 2 1  . 1 209. j 4..06 2 1.15a 1 .912
2 3 2 .1 207 .5 2 .175 1 . J 12 1 .523
2 3 5 .5 2 1 2 . 1 3 .775 U .9uJ 1 .725

44- 64 43- 65 46— 06 47- 67 43- 65
0.00 J O.U'JO 0 .003 C.OCJ 0.9QC
0 .1 5 J -0.050 - 0 . 1 0 0 -2.223 -C.250
0 .300 -0.137 - 0 .267 -8.550 -C.700
3.503 -0.125 -0 .325 -1 .03 7 -1.575
0.837 -0.037 - 0 .715 -1.463 -1.912
1.025 -0.125 - 1 . 0 1 2 -1.762 -2.4 U0
0. 750 -0.573 - 1 .253 -2 . 1 1 2 -1.205
O .o 1 2 -1.737 -1 .325 -2.2*3 -2.612
0 .537 -U.363 -1 .337 -2.275 - : . o i2

Ul AK C fT-T oo l o n g it u d in a l  s t r a in s -s id c  fac e

m o m e n t STRAINS • 10* *-3
0 5 1- 11 2- 12 3- 13 4- 14 5- 15 6- 16 7- 17 C- 18
J  •  J  U .U (..G IG O .O JJ 0 .0 00 0 .000 0.000 0 .0 3 0 0 .0 0 3 0 .0  JO

1 3 . 3  1 3 .4 C .S2 S U . 02a 0 .0 2 5 0 .0 5  J 0 .0 23 0 .0 5 0 C .000 c . n j j

4 4 . 1  4 1 .0 - C .125 0 . 2  JO 0 .1 2 5 0 .0 2 3 4 .9 5 0 - 0 .100 - 0 .2 0 3 -C.23 0
7 3 . 6  7 2 .2 - L .1 7 3 ‘J . u a j 0 .4 7 5 0 .2 7 5 - 0 .0 50 - 0 .2 2 5 -C.22  5 - 0 .52a

1 1 0 . 1  1 0 7 .9 - 1 .1 7 3 O. 7-a 0 .5  00 0. a j  ] O .OJJ -O .aaO -0 .32  a -C.173

1 3 5 . 1  1 2 4 .9 - 0 .1 2 5 u .  uOu 0 .  S23 0 .2 2 3 0.200 - 0 .4 3 0 -C .623 - I . I IO
1 5 2 . 5  1 4 4 . y - L .U  !5 0 .5 0 0 0 .2 7 5 0 .1 3 3 0 .5 73 - G .503 - 0 .7 7 5 -1..VJJ

1 6 J . 1  14 4 .5 C.OaO U . 4fcO u . 250 j .  12 a U .27a - 3 .5 7 5 —3.123 -1 .523

1 6 2 . 5  H o .  5 C .U j G U .u ia 0 .1 5 0 0 .0 5  3 0 .1 25 - 3 .6 0 0 - C .233 - 1 .400

«iwAn C F I — T00 LO N o ITU ftiN AL  aTRA lNS-S IO C  fACC
MJ.’l t N I «i TRAINS <* 1C**-3

9 i 51- 41 at.— 42 35- 43 34- 4 4 35- 43 a 0- 46 37- 47 32- 4 3

O . J  U .U L.OOQ 0 .0  Jo 3 .3 0 0 0 .000 0.000 O.OUO 0 .0 0 3 C .00J

1 J . 'J  16 .0 0 .0 7 5 O. J7a u .  000 — J .  0 > 0 - J .J5U - J . l i a l - 0 .0 75 - 0 .2 30

5 7 . 4  3 3 .9 1 .6 0 0 0 . 20a 0 .1 00 0 .0 2 5 - 0 .023 - 0 . 1 7a - 0 .3 0 1 -C.4 75

9 4 . 5  9 5 .9 1-500 t i.4 a  j 0 .2 7 3 J . 1 i  0 — O. 0 7a - 0 .2 3 3 -0.4  75 - 3 .7 5 3

1 4 5 . 2  139 .1 2 .6 7 5 0 .5 a t i 0 .2 00 J . 12 5 - C .373 — J .4  53 - J .1 7 5 - 1 .2 75

1 7 a . 0 1 o 1 .7 4 .2 0 J 1 .0  Jo j .  07 a 0 . 353 - 0 .1 3 0 - 0 .6 5 3 - 1 .1 3 3 - 1 .525

1 9 6 . 2  1 6 5 .3 5 .7 7 3 2 • o2a U .0 2 5 0 .3 5 0 - 0 .23  C - 0.«"• 50 - 1 .4 0  J -2 .U 23

2 0 5 .1  1 oO • 1 6-475 a .  0 7a - U .U 73 - 3 .1 0 3 - 0 .3 7a - 0 .9 3 0 - 1 .533 - 2 .1 5 J

LEAN CFT-Too L J . to IT  u o in a l  s t r a in s - s io l . FACE

MOMENT «*TRAINS *10*»-3

0 6 51— 6 l a 2 — o2 35-  t>3 54- 64 3a- o3 3 0— 60 37- 67 37- a 3

0 .0  o .u U.OGC 6 .  uJu J.'JOO O.OOJ 0 .000 U. CJ0 C.C ',0 C.03C
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C . 5 Further Plots from Measured Strains

Further plots similar to those in Chapter 5 

are presented in Figures C.3 - C.3.
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(a) Beam C F T - T B 5

Fig .  C 3 : T ra n s v e rs e  strains profi las
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AVERAGE TRANSVERSE STRAINS (* 10-3 )
(c) Beam CFT-TB8

TB8 (2

LEGEND
O Experimental points
--Theoretical prediction

Figures against  th e o re t i c a l  p red ic t ion  
indicate moment v a lue  in kNm

AVERAGE TRANSVERSE STRAINS ( *10 -3
(d)__________ Beam C F T - T B 8  

Fig. C .3 :__ l ransverse  stra in profiles
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Shaar span = 0. 85m 
Moments for experimental 
sets 1 -5  in k N m  are :
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(b) Beam CFT-TB6

Fig. C .4 : P r in c ip a l  compression strains p r o f i l e s

■m
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PRINCIPAL ANGLES OF C0MPRESSI0N { DEG)
(a) Beam CFT-TB8
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O Experimental points 
— Theoretical plot at 

bottom level 
Figures against plots
indicate rows at which streins were measured
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PRINCIPAL ANGLES OF C0MPRESSION ( DEG)
(b) Beam CFT-TB7

Figure C. 7 . Shear F o rc a -P rin c ip a l Angles of compression 

R elationsh ips
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UO 60
PRINCIPAL ANGLES OF COMPRESSION ( DEG)
(c) BEAM CFT-TB3

Figura C.?: Shoar Force- Principal Angles of 
compression Relationships
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Figure C.s : Moment - Curvature Relationships

. >
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(d) Beam CFT-TB7
Figure C.Q : Moment - Curvature R elationsh ips
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(g) Beam CFT-TB5

(h) Beam CF T-TB6
%

Figure C. s :  Moment - Curvature Relationships
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P la te  C.1 ! F a i l u re  , Beam CFT-TB2

Pla te  C-2! F a i l u r e ,  Beam CFT-TB3
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P la te  C 3 !  F a i l u r e ,  B eam  CFT-TB7

P la te  C ! Fa i lu re ,  Beam CFT-TB 8
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P la te  C 5 :  F a i l u r e .  Beam C F T T B S
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APPENDIX D

EVALUATION OF SHEAR FLOW AT COMPRESSION STEEL LEVEL

D.1 Shear Flow Distribution for Sections with High 
Top Longitudinal Steel Content

As was pointed out in Chapter 3, the suggested 

shear flow distribution for the development of the 

theory applies only to cases with nominal 

longitudinal steel content in the compression zone.

A high top longitudinal steel content will 

significantly affect the shear flow distribution. The 

shear flow value at the top steel level may be 

calculated in such cases by consideration of Figure D.l.

The compression force, C fc, on the element shown 

in Figure D.lCc)is balanced by the resultant, T-CAQ of
i

the compression force on the rest of the section and 

the tension force in the bottom steel. The distance 

of the point of action, jT^^ , from the extreme 

compression fibre is given by:-

(T ‘  CAB> V i  + S b V i  

V l  =

- Td = 0

Tdl “ CA3^cd l (D.l)
T -  CAB

The symbols are as defined on Figure D.l

The elemental moment on the section due to the 

force is given by:-

Mt  = c t V i ...............................................(D* 2)
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Differentiating,

iT d i + c td i i*
(D. 3)

But . qfc and --- - - V,., the shear due to change

in moment on the free body diagram of Figure D.l(c >. 

Hence using equation (D.3)

3 jT
V t " q t^Tdl + C +.d1 -

w 3*
3 j

Assuming is negligible,

V t ..........(D. 4)
qt = V 4  .....................

Now, the shear force, V, is proportional to the 

moment, M.

(D.5)

The compression force, C fc, on element is due to 

steel and the concrete over depth d 2 .

Denote contribution from steel C], and concrete

c ; - A i  q.or A’tf’iy £or ?ost yield range 

C ct= “ Sfcb d 2

Then



193

For steel in elastic range

Mt - a g f ^  (jTd1 - -fr> ♦ A-f- (ij4j - dj)

and fran equation (D.5)

a

Fran equation (D.4)

a8f^bd2 ( 2 ^  - d2) + 2A£fi ( j ^  - dj)... (D.6)

Hence can be calculated, jT being obtained fran 

equation (D.l).

The bottom shear flew can now be determined in the 

manner illustrated in Figure 3.4 (d) and then proceeding 

as in section (3.2), the shear flew at the neutral axis is 

calculated by consideration of shear equilibrium leading

to four ordinates between which linear variation is assumed.

This is illustrated in Figure D.2.
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(a) ̂ Length of Beam, d*

Ct

(b) Forcos

Ct
q*dt u * ■ a c t  z

(c) D e te rm in a t io n  of Shear R o w  a t  (D - (D

Ct = Compression Forca ovor dopth d2
Ca b = Total compression Force on section lass Cf

Figure D .1 : Determination of Shear Flow

Figure D .2 :  Shear Flow D is tr ibut ion


