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Abstract

The relationship between Moment and Curvature of Reinforced Concrete sections
is an important parameter for Nonlinear Analysis of RC framed structure. This helps
in determining strength, stiffness, ductility, and energy dissipation capacity of the
RC sections. The moment-curvature relationship would enable us to observe the
strength reduction beyond the yield point and degradation of the flexural rigidity.
Theory of beam flexure states that curvature is the second derivate of displacement.
Moment-Curvature (M-)) relation is then very important as it helps to calculation of
displacement due to the forces acting in to the inelastic elements.

Analytical as well as experimental study is carried out for RC beam section. A
well-established models of stress-strain for concrete and steel material are used. Mod-
els showing relationship of stress-strain for both confine as well as unconfined concrete
are studied. Six deferent stress-strain models are selected. Among those IS 456 Model,
Hongnestad Model, Kent and Park Model, IRC Model are pertaining to unconfined
concrete and Cusson Model and Mendar Model are pertaining to confined concrete.
For steel material King Model is used. A MATLAB based program is developed to
derive Moment-Curvature relationship for RC beam elements using above mentioned
models for concrete and steel material analytically.

An experimental program is design to evaluate Moment-Curvature relationship for
RC beam elements. Both singly and doubly reinforced sections are design with under
and over reinforcement for each section. Three sample specimens of dimension 120mm
x 150mm x 1700mm are prepared for each case leading to total twelve numbers of
test specimens. Loads and strain are measured to derive Moment-Curvature for each
test specimens.

It is found that well established models of stress-strain for material to derive
Moment- Curvature relationship closely match with the Moment-Curvature relation-
ship experimentally. It is noticed that model suggested by IRC 112 shows good

agrement with experimentally obtain Moment-Curvature relationship.
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Abbreviations, Notations and Nomenclature

Mo Moment of Reinforced Concrete Elements.
D e e Curvature of RC Elements.
ek oo Characteristic Strength of Concrete.
o7 Stress at Any Point.
i et e e e e e e Strain at Any Level.
e oo Characteristic Strength of Confined Concrete.
SO o Characteristic Strength of Unconfined Concrete.
7 Cylinder Strength of Concrete.
7 P Design Compressive Strength of Concrete.
E00 Peak Strain for Unconfined Concrete.
Eal e v v e Peak Strain for Confined Concrete.
gl e e Strain in Steel at Level of i** Bar.
Ao Lateral Confinement Pressure.
M o e Moment at Cracking.
D+ e e Curvature at Cracking.
S Modulus of Rupture.
Ly Gross Moment of Inertia.
D e e Tensile Steel Ratio.
O Compression Steel Ratio.
00 P Modular Ratio.
Sy Yield Strength of Reinforcement.
KA Neutral Axis Depth.
K Neutral Axis Depth Factor.
B e Depth of Rectangular Stress Block.
My Moment at Yielding.
D e e e Curvature at Yielding.

M Moment at Ultimate.
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DUl - e e e e Curvature at Ultimate.
O Concrete Compressive Strength.
QU e e Mean Stress Factor.
0 2 AP Centroid Factor.
0 Tensile Steel.
Mo ool Moment of Compressive Force in Concrete About the Neutral Axis.
Meg oo Moment of Force in Compressive Steel About the Neutral Axis.
M, oo Moment of Force in Tensile Steel About the Neutral Axis.
At Area of Tension Reinforcement.
A o Area of Compression Reinforcement.
2 Area of Transverse Reinforcement Running in X Direction.
Agy oo Area of Transverse Reinforcement Running in Y Direction.
SUR o Singly Under Reinforcement.
SOR . Singly Over Reinforcement.
DUR . Doubly Under Reinforcement.

DOR . Doubly Over Reinforcement.
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Chapter 1

Introduction

1.1 General

Reinforced concrete (RC) is the one of the most widely used structural material.
Because of the non-homogeneity of the reinforced concrete, various methods for its
analysis and design are used. However linear behavior is valid for a region of small
response. At ultimate load condition material and geometrical non-linearity occurs
which calls for non-linear analysis of structure. In present days, there is a turn in
design philosophy from linear static approaches to performance based approaches.
Nonlinear analysis required relationship of Moment-Curvature for section so it play
important role. Moment-Curvature relationship for the section is the initial input of
the Non-Linear analysis. The Moment-Curvature relationship of RC section demon-
strates the strength, ductility, stiffness and energy dissipation capacity of the struc-
tural section subjected to bending. The Moment-Curvature also give as the clear
view of strength reduction beyond the peak point and degradation of the flexural
rigidity. In present report, a computer program is developed to evaluate Moment-
Curvature relation for RC rectangular beam section analytically. An experimental
program is also design to obtain Moment-Curvature for RC beam experimentally.

Then experimental results are compared with the analytical results.
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1.2 Introduction

Most of buildings and bridges are designed to exceed their elastic limits when at-
tacked by the design earthquake. Exceeding elastic limits for reinforced concrete
sections means cracking of concrete, yielding of reinforcement, crushing of concrete
and eventual collapse of the section. The nonlinear flexural behavior of reinforced
concrete sections can be assessed by a special type of section analysis called Moment-
Curvature analysis. The outcome of this analysis is the relation between applied
moment and related curvature in the section.

”Moment-Curvature analysis is a method to accurately determine the load-deformation
behavior of the concrete section using nonlinear material stress-strain relationship.”

For given axial load there exists an extreme compression fiber strain and a section
curvature at which the nonlinear stress distribution is in equilibrium with the applied
axial load. A unique bending moment can be calculated at this section curvature
from the stress distribution. The extreme concrete compression stain and section

curvature can be iterated until a range of moment-curvature values are obtain.

1.3 Significance of Moment-Curvature

The design of the structure is carried out by limit state method even though the anal-
ysis of structure is done by the conventional elastic theory, for taking in to account the
material nonlinearity. This method is good for determinate as well as indeterminate
structure even under factor load conditions till the Moment -Curvature relationship
remain linear. For under reinforced section it is valid till the reinforcement steel is
not yielded. However, once yielding has take place (at any section), the behavior of
a structure enters in an inelastic phase, and the simplified conventional linear elas-
tic structural analysis is no longer valid. There is a called for inelastic analysis of
structure. One has to determine the bending moments for loading beyond the yield-

ing stage. In simplified limit analysis the moment-curvature relation is an idealized



CHAPTER 1. INTRODUCTION 3

Muﬁ'——- o

yielding
of steel

Moment M
El

{'p ¥y ('p max

Curvature @

Figure 1.1: Idealized Moment-Curvature Relation [I]

bilinear elasto-plastic relation as shown in Fig. (1.1}

1.4 Objective of Study

Objectives of the present study have been identified as follows:

e To understand the various stress-strain models for confine and unconfined con-

crete.
e To develop computer program to calculate analytical Moment-Curvature.

e To carry out experiment to determine relation between Moment and curvature

for RC beam elements.

e To explore various computational tools for Moment Curvature.
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1.5 Scope of Study

In order to achieving the above objectives the scope of study are as under:
e To study need of Moment-Curvature relationship in Non-Linear analysis.
e To study various nonlinear stress-strain models for concrete and steel.

e [t also include the preparation for RC specimens for deriving experimental

Moment-Curvature relationship.

e To study about instrumentation for measuring the curvature in RC beam ele-

ments

e To develop a computer program to determine the moment curvature relationship

for RC rectangular beam element using Matlab.

e To study the different available tools which are used for finding Moment -

Curvature for RC Beam Element.

e Comparison of results obtain by experiments and analytically.

1.6 Methodology Carried Out

Methodology adopted in present study are as shown in Fig. [1.2 Here, study was
divided in to two parts part-I include the experimental work and part-II include
analytical work. Experiment work includes casting of specimens, preparation for
instrumentation and testing of specimens and part-II include analytical evaluation of

moment curvature by transform area method and strain compatibility method.
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1.7 Organization of Report Work

Chapter 2 starts with a literature review which include three parts. In first part
description of various stress-strain curve for concrete and steel are included. In second
part the experimental evolution of moment-Curvature relationship is given. And in
third part is dealing with the evolution of analytical Moment-Curvature relationship.
Chapter 3 includes the theoretical evolution of Moment Curvature relationship for
unconfined concrete as well as confined concrete. these chapter also deals with the
various methods for evaluation of Moment-Curvature.

Chapter 4 includes the problem statements and Moment-Curvature relationship was
evaluated for the designed RC beam elements by using various mathematical stress-
strain models. In this chapter, a Moment-Curvature relationship was also developed
by using various available tools.

Chapter 5 discusses about the experimental setup and experimental evaluation of
the moment curvature relationship for RC beam Element.

Chapter 6 includes the experimental results for concrete properties as well as exper-
imental Moment-Curvature. It also deals with the comparison of analytical Moment-
Curvature and experimental Moment-Curvature.

Chapter 7 deals with the summery of the study. It also include the conclusions and

future scope of the work.



Chapter 2

Literature review

2.1 General

This chapter deals with the most relevant literature available on the study of Moment-
Curvature relationship. It includes the study of different existing confined and un-
confined stress-strain models for concrete. It also deals with the literature available

for evaluation of moment and curvature for reinforced beam and column elements.

2.2 Unconfined Concrete

IS Code Model[7], IS456 suggests a standard constitutive model for concrete. The
constitutive behavior of concrete in compression is assumed to be parabolic up to
strain 0.002 and then it follows a straight horizontal line up to failure. It ignores
the degradation of concrete at strains beyond 0.002. Thus the constitutive relation

is expressed as follow:

For 0 < e, < 0.002

ey (Lo (2.1)

8CO €CO

Oc = fck[(
For 0.002 < e, <0.004

7
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Oc = fck (22)

Where,o, = stress in concrete at any point of strain; e.= strain at any point;
g.o=strain at which parabolic part ends=0.002; f.,=characteristic compressive strength
of concrete.

Hognestad Model[6] The Hognestad model includes the damage parameter of
concrete. The stressstrain curve before maximum stress reached is a parabola and
then the falling branch behavior is adopted depending on the limit of useful strain

the relations is expressed as under;

For 0 < e, < 0.002

2¢e, €e

) = (=5)7] (2.3)

Oc = fck[(
Eco €co

For 0.002 < e. <0.004

0c = fer[l —100(gc — €co) (2.4)

Kent and Park (1971) [4] proposed a stress-strain equation for both unconfined
and confined concrete. In their model they used Hognestad’s (1951) equation to
more completely describe the post-peak stress-strain behavior. In this model the
ascending branch is represented by modifying the Hognestad second degree parabola

by replacing 0.85fc” by fc¢’ and ., by 0.002.

ey (Zeyy (2.5)

860 é\CO

Oc = fc[(

The post peak branch was assumed to be straight line whose slope was defined

primarily as a function of concrete strength.

Oc = fc[l - Z(Sc - 500)] (26)

Where,
0.5

€50u — €co
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34 0.29fc
E50u =

b 2.8
145 fc — 1000 (28)
esou=the strains corresponding to the stress equal to 50% of the maximum concrete

strength for unconfined concrete. The Kent and park model is represented in Fig. [2.1

'y
fIC
Unconfined concrete
<&
0 s
S Confined concrete
»
0.5f, £
0.2f, -
|
| >
£,=0.002 Fs0u z0e €20
Strain (=)

Figure 2.1: Proposed Stress-Strain Model for Confined and Unconfined Concrete by
Kent and Park [4].

IRC 112 Model[8] The parabolic rectangular stress-strain block described by

the IRC 112 model is valid for all situations and expression for ascending portion are
as under;

e = feall — < - (%)2>] (2.9)

Post peak behavior of the curve describe by follow:;

0o = fod (2.10)
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0.67 fur
1.5

Jea = (2.11)

Where, f.q = design compressive strength of concrete; 0. = stress in concrete at
any point of strain; €. = strain at any point; ¢, = strain at reaching characteris-
tic strength=0.002; .,o = Ultimate strain=0.0035; f., = characteristic compressive
strength of concrete.

Popovics (1973) [10] proposed a single equation to describe unconfined concrete
stress-strain behavior. A major appeal of this model is that it only requires three
parameters to control the entire pre and post peak behavior, specifically f.., €., and

Ec.

o. n(;;)
fa (n—1)+ (&=)n (2.12)

Eco

In which the power 'n’ can be expressed as an approximate function of the compressive

strength of normal-weight concrete as;

n=0.4x10"fy+ 1.0 (2.13)

Popovics equation works well for most normal strength concrete (f < 55 MPa),
but it lacks the necessary control over the slope of the post-peak branch for high
strength concrete.

Thorenfeldt et al. (1987) [12] made modifications to the Popovics (1973)[10]
relation to adjust the descending branch of the concrete stress-strain relation. The
authors proposed the following equation for the unconfined concrete stress-strain re-

lation.

o. n(;;)
for (n—1)+ (=) (2.14)

co

In above eq. for (e./e.) < 1 value of k is taken as 1 and for (g./e.) > 1 value of

k is taken as greater than 1. Thus by adjusting the value of ’k’ the post-peak branch
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of the stress-strain relation can be made steeper. This approach can be used for high

strength concrete.

One shortcoming of those models are that they ignore the level of confinement
provided by the lateral reinforcement. The useful strain in concrete depends on the
confinement of concrete. So in present study confined model were also included to

study the effect of the confinement.

2.3 Confined Concrete

Kent and Park (1971) [4] modified their stress-strain model for including effect
of the confinement. Based on the results from tests on square columns by Roy and
Sozen, it was shown that confining the concrete with rectangular or square hoops was
not very effective and there was no substantial increase in the concrete compressive
strength due to confinement because of this the maximum stress in the confined
concrete is assumed same as that unconfined concrete so thus the ascending branch

of the model is represented by the same second degree of parabola.

The slope of the post-peak branch is affected by the confinement. The empirical

equation for descending branch of the stress-stain relation is given by,

Oc = fc[l - Z(ec - 50)] (215)

where,
0.5
Z —

= (2.16)
€50n 1+ €50u — €o

3+ 0.29fc

o o+ 0je 2.17
90 = 145 f¢ — 1000 (2.17)

€50h = €50c — E50u (2.18)
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3 b77
= —p’ \/— 2.19
€50h 419 9 ( )

where 50, and €50, are the strains corresponding to the stress equal to 50% of the

maximum concrete strength for confined and unconfined concrete respectively.

b” is the width of the confined core. S is the spacing of the confine reinforcement

p” is the volumetric ratio of the confine hoops to the volume of the concrete core

measured to the outside of the perimeter hoops and is given by

7

” 5\ A o
_ 2(b b—’l’—j’s)As (2.20)

d” is the depth of the confine core and As” is the cross sectional area of the hoop
bars. It is assumed that concrete can sustain some stress at indefinitely large strains.
However, the failure of the member would occur before the strains in concrete become
impractically high. Hence, for this model it was assumed that the concrete can sustain

a stress of 0.2fc’ from a strain of 99, to infinite strain. Fig. shows the proposed

stress-strain model by Kent and Park.

Mander et al. (1988) [8] tested a full scale rectangular, square and circular
column to study the effect of the transverse reinforcement on the confinement effec-
tiveness and overall performance. From the test he observed that if the peak strain
and stress co-ordinates could be found then the performance over the entire range
of stress-stain curve was similar. And it was not depends on the arrangement of
confinement reinforcement. Author decide the failure criteria base on William and
Warnker model and Schicert and Winkle model to generate a confine model. He
used Popvics model to describe entire stress-strain model.

or _ ) (2.21)

Fec

"= Ec — FEsec

(2.22)
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Ec = 50001/ for (2.23)
/

Esec = fee (2.24)
E‘CC

E¢c 18 the stain at the maximum compressive strength of confined concrete fec’.

fed

Ecc = Eco[l + 5( fc’

)] (2.25)

fce’ is the compressive strength of confine concrete. For circular section:

7941 2fU
fod = fu(—1.254 +2.254, |1 + fr_ 2/ ) (2.26)
ka fck
in which fl” is the confinement pressure and is given by
, 1
fU = =K.psfyn (2.27)

2

ps= ratio of volume of transvers confining steel to volume of confine concrete core.

fyn=yield strength of the transverse reinforcement. K.= Confinement coefficient.

For rectangular section:

fcc - fco +4.1 x fl€ (228)

fle=/flez + fle2 (2.29)

ke X Agp X F,

fles === " (2:30)
k. x Ay X F,

fle, = Fe X sy X Iy (2.31)

s x b,
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Figure 2.2: Stress-Strain Relation for Monotonic Loading of Confined and Unconfined
Concrete by Mander [§]

n (w;)? s’ s
k, = (1->" 6bcd{>(1 — o)L~ 33)) (2.32)
— Pece

Where, b. and d. are the core dimensions. p..= ratio of area of longitudinal
reinforcement to area of core of section. S'= Spacing between hoops. Ay, and A,
are total area of transverse steel running in the x and y directions, respectively The
Mander et al. (1988) model does not handle the post-peak branch of high strength
concrete particularly well and requires some modification. Fig. shows stress-strain
curve proposed by the Mander.

Cusson et al. (1995) [14] conducted an experiment on 50 large scale high
strength concrete column to developed stress-strain model which includes the effect
of concrete compressive strength, tie yield strength, tie configuration, transverse rein-
forcement ratio, tie spacing and longitudinal reinforcement ratio. Base on the exper-

imental results he proposed following sets of equations. The ascending part(OA) Fig.
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is a relationship originally proposed by Popovics [§] for concrete and written as:

Oc = fcc( K(Egccc> ) (233)
K—1+(=)K
where,
E.

Ecc

Here, K controls the initial slope and the curvature of the ascending branch.
E.=tangent modulus of concrete. The descending part (ABC) Fig. of the stress-
strain curve is a modification of the relationship proposed by the Fafitis and shah

[23] for confined HSC and is described as under:

A
= r@e """""""""" !
L ]
= |
3 |
S f. A |
@ E | .
é '“'.5fu- [ ';L “““““ ‘? ---------------- :
= ! ' H
E 0,50, -f---b 5 E
g b E i
3 Pl : : .
B — Unconfined | Confined c
i ! ¢ ! Concrete ; Concreta
0 & Eam Ex [
Concrete Axial Strain, £,

Figure 2.3: Stress-Strain Relation for Monotonic Loading of Confined and Unconfined
Concrete by cusson [14].

e = froehEemee)’? (2.35)

[n0.5
kl B (86500 - é:cc>1'5 (236)
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ky control the general slope of the descending branch of the curve.

Li et al. (2000) [5] conducted an experimental investigation on circular and
square reinforced concrete columns to study the behavior of high-strength concrete
columns confined by normal and high-yield strength transverse reinforcement and
with different confinement ratio and configurations. From the tests they concluded
that volumetric ratio and the yield strength of confining reinforcement significantly
affect the shape of the stress-strain curve. Based on their experimental study, Li et al.
(2001) proposed a three branch stress-strain model for high strength concrete confined

by either normal or high-yield strength transverse reinforcement. The equations are:

Eee, + (f7eee)e? 0<ee < e
_ ' fek
.= fed — %(ec — €ee)? Eco < ¢ < Ece

fed — Bfec (50 — 500)2 >0.4fcd €c>Ecc

Ecc

The term S controls the slope of the post-peak branch of the stress-strain model.

The maximum confined concrete compressive strength is given by

| 7.94fl 20, f1
fed = fou(—1.254 + 2.254 1+7£;C‘,f — O;jcj,f) (2.37)

(21.2 — 0.35fck) 4L fck < 52Mpa

3.1]{—0’; fck > 52Mpa

Where

Qg =

Where fl” is the effective lateral confining pressure, calculated using the equations

proposed by Mander et al. (1988).

2.4 Inelastic Analysis of RC Elements

Shamim A. Sheikh [22] developed the computer program by using four stress-strain
model (i.e Mander model, Fafitis model, Sheikh and Uzumeri model, and modified

Kent and park model.) to predict the moment curvature relationship for the column
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section under axial load. By comparing the experimental results with the analytical
results he found that the model by Mander at el. overestimate the moment curva-
ture for RC element and analytical results from the modified Kent and park model
underestimate the sectional capacity.

Srikanth at el. (2007) [17] found out the analytical Moment-Curvature behav-
ior for statically determinate RC beam elements by considering effect of the confine-
ment reinforcement in the compression zone. Author developed Moment-Curvature
relationship by using six different stress-strain model as a stress block. Analytical
Moment-Curvature obtain from different model was compared with the experimen-
tal results. Author has found that the results obtain from the Cusson and Mendis
model are very closer from the experimental results. Srikanth also carried out para-
metric study to find out the effect of various parameters on the Moment-Curvature
relationship.

Noor [25] developed experimental program to find ductility for simply supported
beam subjected to the two point loading. Noor considered moment-curvature relation,
depth of natural axis and strain in the material as a performance criteria. Here author
found out the effect of the high strength steel and high strength concrete on the
ductility and moment curvature. Noor concluded that by using high strength steel
ductility and stiffness were increased and in the case of high strength concrete it was
decreased.

Kwak at el. (2000) [16] carried out the material nonlinear analysis of RC beam
using Moment-Curvature instead of using sophisticated layered approach because it
has some limitation in application to large structure with many degree of freedom.
Kent and park and later extended by Scott [I1] model was used as a stress block
for the concrete in the computer program of Moment Curvature. Kwak found the
moment- Curvature at three different point such as cracking, yielding and ultimate.

Suarez at el. [20] Developed tool known as RC-analysis to find out the Moment-
Curvature for RC square, rectangular and circular column and rectangular RC beam

element. RC-analysis models nonlinear behavior of confine concrete, unconfined con-
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crete and reinforcing bars to obtain curvature response. The shear strength plot
is obtain by modified Kowalsky and priestly model. From the moment curvature
plot different response limit states can be identified. The stress-strain relation for

reinforcing steel is same used by the king program.

2.5 Summary

Present study include different stress-strain blocks for confine and unconfined concrete
member. Literature review shows that Mander[d] and Cusson [12] gives close solution
to the experimental solution.

In literatures L/d ratio for simply supported beams were taken around 10. And b/d
ratio was taken around 0.5 to 0.9.

Literature also shows that as the concrete grade is increased probability of brittle

failure of RC section is also increased.



Chapter 3

Analytical Evaluation of Moment

Curvature

3.1 General

This chapter deals with the analytical evaluation of Moment Curvature of RC rect-
angular beam element. A matlab program is developed to evaluate the Moment-
Curvature relationship for rectangular RC beam element by transformed area method
as well as by strain compatibility method. Here the stress-strain curves which are
used in this study are also discuss. This chapter is include various computational
tools available for Moment-Curvature relationship for confine as well as unconfined

RC elements.

3.2 Evaluation of Moment-Curvature

Moment-Curvature can be evaluate by using Theoretical Method or Strain Compat-
ibility method anad Transform area method. The transform area method is simple
but approximate method to evaluate moment curvature while strain compatibility
method is accurate but iterative method. In strain compatibility method material

models used as a stress block. Following section explain in detail about the evalua-

19
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tion of Moment-Curvature by these two methods.

3.3 Moment-Curvature by Transform Area Method

In transform area method, Moment-Curvature relation is found out for three different
points say cracking, yielding and ultimate to plot whole curve. Each state is described

in details in following sections.

3.3.1 Moment-Curvature at Cracking

When the stress in the concrete reached equal to the modulus of the rupture of section,
the first oneset crack is occur and critical moment is calculated by using following

equation;
1
M., = frly (3.1)
Yt

Where, f, is the modulus of rupture of concrete, I, is the moment of inertia of gross
section considering the contribution from reinforcements, and y; is the distance of
extreme tension fiber from neutral axis of the section. Considering the contribution
of reinforcements to moment of inertia. Corresponding curvature can be find out by

using following equation;

Ir
E.y

6= (3.2)

This gives the cracking point on the curve (M. , ¢.-). Where, E. is modulus of

elasticity of concrete.

3.3.2 Moment-Curvature at Yielding

As the moment is increased the cracks in the tension zone propagates through the
cross-section. The moment-curvature relation is linear till the tension reinforcement
yields. At yielding, strain in the tension reinforcement is €, and neutral axis shifts

towards the compression area. The neutral axis at yielding is given as distance kd from
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extreme compression fiber, where the depth factor k is calculated using expression in

case of doubly reinforced section;

/d/

kr:\/(p+p’)2m2+2(p+%)m—(p+p’) (3.3)

In case of singly reinforced section k is calculated by calculating roots of following
equation;

k* + 2mpk — 2mp = 0 (3.4)

Where p and p' are the tension and compression steel ratios, m is the modular ra-
tio, and d and d’ are the distance of compression and tension steel from extreme

compression fiber. Moment is given by following equation;
M, = jdf,A, (3.5)

Where, f, is the yielding of the reinforcement. A, is the tension reinforcement and
jd is the distance from centroid of compressive forces in the steel and concrete to the

centroid of tension. Corresponding curvature is given by following equation;

€s

Oy = = kd) (3.6)

This gives the cracking point on the curve (M, , ¢,).

3.3.3 Moment-Curvature at Ultimate

After yielding of tension steel, stress remains constant but strain keeps increasing
until compressive strain in extreme fiber of concrete reaches its maximum value. In
order to address the nonlinearity in concrete at high strains, whitney-block is used
to convert the parabolic stress distribution in concrete to an equivalent rectangular
stress-block representation. The ultimate Curvature and moment of doubly reinforced

section for the case where the tension steel is yielding may be found using following
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equations;
_ Asfy — Afsfy
~ 0.85f%b (3.7)
/ a !/ /
M = 0.85fab (d - 5) +ALf(d—d) (3.8)

The ultimate Curvature and moment of singly reinforced section for the case where the
compression steel is yielding may be found using following set of equations. Equivalent

depth of the rectangular stress block can be calculated by solving following equation;

( 0.85f/

——2%e ) g2 4 qd — 0.85d% = .
O'OOSECp)a—i—a 0.8 0 (3.9)

Ultimate moment can be calculated by;
M, = 0.85f.ab(d — 0.5a) (3.10)

where, d is the effective depth of the section. f! is the concrete compressive strength.
E. is the modulus of the elasticity of concrete. b is the width of the section. Corre-

sponding Curvature is given by
~ 0.85¢,

a

Pu

(3.11)

Where, ¢, is ultimate strain in concrete at maximum stress. Assumption of yielding

in tension reinforcement is now checked by ensuring:

_d
el =e. (C > <eg, (3.12)

c

If the above condition is satisfied then assumption made is true and obtained value
of defines the ultimate state on the moment-curvature curve (M, , ¢,). A Matlab
program was written to calculate the moment-curvature values for three states as per

principles explained in above sections. Code is attached in the appendix.
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3.4 Strain Compatibility Method

By strain compatibility method, Moment Curvature for the RC section with flexural
and axial load can be derived on bases of the assumptions similar to those used for

the determination of the flexural strength. Assumptions are as under :

e Plane section before bending remain plane after bending.

The tensile strength of concrete is neglected.

Stress- strain curves for steel and concrete are known.

The steel is perfectly bonded.

The variation of the strain across the section is taken as a linear up to failure.

The stress-stain relation proposed in a model is taken as a stress block.

The curvature associated with the large range of bending moment can be find out by
using above assumptions, from the equation of equilibrium, strain compatibility and
stress-strain models for concrete and steel. fy= yielding strength of steel fc” =strength
of concrete in a member . For a given concrete strain in the extreme compression
fiber €., and neutral axis depth kd, the steel strain (i.e £5; and £ ) can be determine
by using similar triangular strain diagram.

kd — d;

— (3.13)

€si = Eem

The stress corresponding strain can be determine by using stress-strain curve for steel.
Fig. show typical stress-stain curves for steel. Then steel force can be found out
by multiplying stress in to steel and area of the steel. Fig. shows distribution
of the forces. For given concrete strain €., in the compressive fiber, the concrete

compressive force is given by

C. = afc bkd (3.14)
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Figure 3.1: Stress-Strain Curve for Steel [3]

It is acting at vkd from the extreme compression fiber. « is the mean stress factor.

v is the centroid factor. a and ~ is given by following eq.

Jo" fedee
_ Jo Jedee 3.15
Fre (3.15)
sem C Cd C
y=1- Jo imf c (3.16)

Eem Jo  Jedee
If the stress in the concrete fc can be written in terms of the strain e. , the con-
crete force and its line of action may be determine from above equation.The force

equilibrium equations can be written as follow;

P=af bkd+ Y fils (3.17)
=1

) h = h
M = of,”bkd (5 - fykd) + ; fsiAst <§ - di> (3.18)
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Figure 3.2: Section With Strain, Stress and Force Distribution [3]

Where, M is the Moment and P is the axial load. Here in this case it was taken as

zero. Corresponding curvature is given by following equation;

gcm
¢="4 (3.19)

3.4.1 Procedure for Strain Compatibility Method

For deriving the complete moment-curvature relationship for RC rectangular beam
element, discrete values of concrete strains (g.) were selected such that even distribu-
tions of points on the plot, both before and after the maximum were obtained. The

procedure used in computation is given below:

e The extreme fiber concrete compressive strain was assumed (i.e. 1/10 of ulti-

mate strain).
e For the value of assume strain N.A. depth, kd was assumed. Say 0.5d.

e For this value of N.A. compressive forces C. in concrete was calculated by using

stress-strain models for concrete.

e The strain in tension and compression steel was calculated base on the strain

compatibility.
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e Based on the strain in the tension steel, corresponding stresses were calculated

from the stress-strain curve of steel.
e The total tensile force (T) in tensile steel was calculated.

e Same procedure was repeated for compressive steel to calculated compressive

force in compression steel.

e The total compression force C (C=C.4C}) acting in the compression zone was

calculated.

e If C=T then assumed value of N.A. depth was corrected and M and ¢ ia calcu-
lated otherwise the N.A. depth was modified until the C=T was achieved.

e Same procedure was repeated till the assume strain is equal to the ultimate

strain.

Now, the total moment about N.A. was given by:

M=M. + M., + M,

where,

M. = Moment of compressive force in concrete about the N.A.

M., = Moment of force in compressive steel about the N.A.

M, = Moment of force in tensile steel about the N.A.

Corresponding curvature is given by using Eqn. 3.19]

A Matlab code is developed for evaluation of Moment-Curvature relationship by us-
ing various stress-strain model for concrete as well as steel. Code is attached in

appendix.Flow chart of the matlab program is shown in Fig [3.3]
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Figure 3.3: Flow Chart of Computer Program
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3.5 Computational Tools for Moment Curvature

e CUMBIA is a software written in Matlab language by Luis A. Montejo,
North Carolina State University. The software is able to perform monotonic
moment-curvature analysis and force-displacement response of reinforced con-

crete column.

e Response 2000 is a software developed by Evan Bentz and Michael P.
Collins, University of Toronto. It is used for sectional analysis program that
will calculate the strength and ductility of a reinforced concrete cross-section
subjected to shear, moment, and axial load. All three loads are considered
simultaneously to find the full load-deformation response using the modified
compression field theory. He used popovics and thorenfeldt equation for basic

stress-strain block.

e RC-Analysis is a software developed by Suarez V. A. and Hurtado J.
C.. It is used for moment-curvature and shear strength analysis of reinforced

concrete sections.

¢ XSECTION, CONSEC, UCFyber are also used to predict moment curva-

ture relationship.

In the present study, RC-Analysis and Response 2000 are used in order to deter-
mine moment-curvature relationship for a beam section. Yield curvature and ultimate

curvature are obtained using these tools.



Chapter 4

Analysis of Moment-Curvature for

RC Beam Elements

4.1 General

Development of the software programs requires clear understanding of programming
language and the domain knowledge. Matlab is used for the coding of the program.
The entire program is based on the formal mathematical models which have been
coded for stress-strain block. Results obtain by analytical method are compared to
the experimental results. This chapter includes the problem statement. It also deals
with the analytical evaluation of Moment-Curvature of designed RC rectangular beam

element by using transform area method and strain compatibility method.

4.2 Problem Statement

In present study four different type of rectangular specimens (Singly Under Rein-
forced beam, Singly Over Reinforced, Doubly Under Reinforced and Doubly Over
Reinforced) were designed to calculate Moment-Curvature. From the literature it is
found that b/d and L/d ratio for the simply supported beam was taken between 0.5
to 0.9 and 10 respectively. Where, L is the span of the beam, d is the depth of the

29
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Table 4.1: Geometric Specification for Beam

Description | SUR | SOR | DUR DOR
b (mm) 120 | 120 | 120 120
D (mm) 150 150 150 150
d (mm) 135 |135 | 135 135
fer (MPa) 20 20 20 20

f, (MPa) | 415 | 415 | 415 415
A, (mm?) | 260 | 260 | 2-84 286
Ay (mm?) 3-8¢ | 3-10¢ | 2-10¢ +1-8¢ | 3-10¢
Xu (mm) | 63.01 | 112.9 | 4521 71.59
M (KNm) |59 |1051 |6.64 10.9
P (KN) 23.6 | 42.04 | 35.32 43.6

beam and b is the width of the beam. So in present study, b/d ratio of the beam was
taken as 0.8 and L/d ratio was taken as 10. Dimensions of the RC specimens were 120
mm X 150 mm x 1700 mm, where span of the beam was taken as 1500mm. General
specifications of beams are shown in Table 4.1 Fig. [£.1] shows the cross section and
reinforcement details for singly under as well as over reinforced beam. and Fig.
shows the cross section and reinforcement detail for Doubly under reinforced as well

as Doubly over reinforced RC beam element.

260 /ﬂ@ @100c/c — 120 ——

EEERZERE]N=

- a5

—*

Singly Under reinforced Beam(Not to scale)

2-60 80 @100c/c

i I i

—X
BT

\—ua

Singly Over reinforced Beam (N ot to scale)

Figure 4.1: Cross Section of Beam (a) Singly Under Reinforced (b) Singly Over
Reinforced
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Figure 4.2: Cross Section of Beam (a) Doubly Under Reinforced (b) Doubly Over
Reinforced

4.3 Analytical Moment-Curvature

In this section Moment-Curvature was evaluated for selected problem by using trans-
form area method as well as strain compatibility method. Transform area method is
the simple but approximate method where strain compatibility method is accurate

method for beam under flexure and axial load. But this method is iterative method.

4.3.1 Transform Area Method

In present study, it is assumed that 100 mm spacing between ties is small for any con-
fining effects so beam can be treated as an unconfined section for obtaining moment-
curvature relationship[3]. Plots obtained from the matlab are as shown in Fig.
and Fig. [4.4 From Fig. [4.3] it is observed that in case of singly under reinforced RC
beam there is a minor drop in moment carrying capacity after the yielding of the
reinforcement. In this case ultimate moment carrying capacity is less compare to the
singly over reinforced section but the ultimate curvature is more. In case of singly

over reinforced section, degradation in strength after peak is comparatively more.
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Figure 4.3: Moment-Curvature Relationship for Singly Reinforced Beam
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Figure 4.4: Moment-Curvature Relationship for Doubly Reinforced Beam
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Curvature ductility, the ratio of ultimate curvature to the curvature at yielding
of reinforcement, is 4.88 in case of singly under reinforced beam and 2.80 in case of
singly over reinforced section. So even though singly over reinforced section has more
moment carrying capacity ductility is less as compare to the Singly under reinforced
section.

From Fig. [£.4}in both the case (Under reinforced and Over reinforced) of doubly
reinforced beam, degradation in strength after peak is less compare to the singly over
reinforced section. Curvature ductility for doubly under reinforced section is 6.72 and

for doubly over reinforced section is 5.2.

4.3.2 Strain Compatibility Method

To evaluate Moment-Curvature relationship for RC rectangular beam elements by
Strain Compatibility Method, six different existing confine as well as unconfine math-
ematical stress-strain models were used as stress block. Among these six models IS
456 Model, Hongnestad Model, Kent and Park Model and IRC 112 Models were
unconfined concrete models. Cusson Model and Mander Model were confined con-
crete model. One shortcoming of unconfined models are that it ignores the level of
confinement provided by the lateral reinforcement. The useful strain in concrete de-
pends on the confinement of concrete so to study the effect of the confinement on
the Moment-Curvature confine stress-strain models were also used. Fig. shows

various stress-strain models which were used in present study.

Table shows Moment-Curvature relationship at different strain level by using
all six stress-strain models as a stress block for singly under reinforced beam. Cusson
Model and Mander Model are for confined concrete as the effective strain in concrete
depends on the confinement of concrete so they were used to study the effect of
the confinement on the Moment-Curvature relationship. Fig. shows Moment-
Curvature for singly under reinforced beam. Form Fig. [£.6] it is observed that

Moment-Curvature plot for singly under reinforced (SUR) remain linear in elastic
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Figure 4.5: Various Stress-Strain Models

zone and remain horizontal in inelastic zone. This is due to the increase in lever-

arm in to the RC beam after the yield. Here, 0.00105 was consider as a yielding

strain for all models excluding IRC 112 Models. In IRC model 0.0014 was consider

as a yielding strain. Curvature ductility, ratio of ultimate curvature to curvature at
yield for SUR beam was observed 4.3, 3.66, 2.54, 2.72, 4.71, and 5.22 form IS Code
Model, Hongnestad Model, Kent and Park Model, IRC Model, Cusson Model and

Mander Model respectively. Curvature ductility obtain for SUR from IS code Model

and Mander Model are near to the Curvature ductility obtain from Transform area

method.
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Figure 4.6: Moment-Curvature for Singly Under Reinforced Beam

From Fig. [4.6] it is observed IRC 112 model shows more ultimate moment but
less curvature than other models. Neutral axis depth is inversely proposed to the cur-
vature. Here neutral axis depth was observed more than other models because of this
curvature is less compared to the other models. After the yielding of reinforcement
slight increased in moment than drop in moment carrying capacity was observed.

Table f.3hows the Moment and corresponding curvature at different strain level
for singly over reinforced beam(SOR) for all six concrete models. Fig. [4.7] shows
Moment-Curvature plot for SOR. Here Moment-curvature is liner in elastic zone but
minor drop was observed in strength after the peak. Curvature ductility calculated for
SOR was 4.3, 3.66, 2.63, 1.72, 4.7 and 5.25 form IS Code Model, Hongnestad Model,
Kent and Park Model, IRC Model, Cusson Model and Mander Model respectively.
Curvature ductility obtain for SUR from Hongnestad Model are near to the Curvature

ductility obtain from Transform area method.
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Figure 4.7: Moment-Curvature for Singly Over Reinforced Beam

From Fig. [4.7 it is observed that the slope of the Moment-Curvature plot in
elastic zone is more compare to the case of singly under reinforced beam. Here also
IRC 112 shows more ultimate moment and less curvature. Mander and Cusson models
shows more degradation in strength compare to other models.

Table f.4hows the Moment-Curvature at different strain level for Doubly Under
Reinforced beam(DUR) for all six concrete models. Fig. [1.8shows Moment-Curvature
plot for DUR. Here Moment-curvature is liner up to the yielding of reinforcement but
after this sudden drop was observed in strength. In case of Moment-Curvature obtain
by using Cusson Model and Mander Model drop in strength was not drastically as
it was in other models. Curvature ductility calculated for DUR was 4.9, 4.4, 3.644,
3.72, 5.105 and 5.525 form IS Code Model, Hongnestad Model, Kent and Park Model,
IRC Model, Cusson Model and Mander Model respectively.
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Figure 4.8: Moment-Curvature for Doubly Under Reinforced Beam

From Fig. 4.8, In case of doubly under reinforced section IRC 112 shows maximum
degradation in strength after the peak. Here also IRC shows more ultimate moment
and less curvature.

Table [4.55hows the Moment-Curvature for Doubly Over Reinforced beam(DOR)
for confine as well as unconfine concrete models. Fig. shows Moment-Curvature
for DUR. Here also Moment-curvature is liner up to the yielding of reinforcement but
after this sudden drop was observed in strength. Curvature ductility calculated for
DOR was 5.05, 4.6, 3.64, 2.62, 5.3 and 5.8 form IS Code Model, Hongnestad Model,
Kent and Park Model, IRC Model, Cusson Model and Mander Model respectively.
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Figure 4.9: Moment-Curvature for Doubly Over Reinforced Beam

From Fig. [£.9) In case of doubly over reinforced section IRC 112 shows maxi-
mum degradation in strength after the peak. Here also IRC shows more ultimate
moment and less curvature. As Mander and Cusson models includes the effect of the

confinement it shows less degradation in strength after the peak.

4.4 Moment-Curvature by Computational Tools

In present study, among various available computational tools RESPONSE 2000 and

RC-analysis were used to evaluate Moment-Curvature for design problem.

4.4.1 Moment-Curvature Relationship by RC-Analysis

Tabld4.6| shows the Moment and corresponding Curvature for different strain level.
These values were obtain by using RC-ANALYSIS which used Mander model for
concrete and king model for steel. The curvature ductility obtain by this tools were

5.73, 4.17, 5.72 and 5.62 for SUR, SOR, DUR and DOR. Fig shows moment-

curvature relationship for beam elements. This tools consider the effect of the shear
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also so it under estimate the moment carrying capacity of the section.

Table 4.6: Moment-Curvature Relationship by Using RC-ANALYSIS.

Strain SUR SOR DUR DOR
M 3 M 7 M ) M ¢
(kNm) | (rad/m)| (kNm) | (rad/m)| (kNm) | (rad/m) | (kNm) | (rad/m)
0 0 0 0 0 0 0 0 0
0.00112 | 6.73885 | 0.02808 | 8.02358 | 0.02257 | 7.96076 | 0.02427 | 8.29511 | 0.02304
0.00223 | 6.9637 | 0.08239 | 10.33318 | 0.05464 | 9.20419 | 0.06543 | 10.34796 | 0.05811
0.00335 | 7.4642 0.12518 | 10.33489 | 0.09218 | 9.42523 0.10619 | 10.4271 0.0974
0.00446 | 7.71671 0.16127 | 10.57575 | 0.12142 | 9.70586 0.14023 | 10.7437 | 0.12946
RC-ANALYSIS
12
10
=R
= ——5UR
z°® SOR
¥ :
S 4 DUR
7 DOR

0.05 0.1 0.15 0.2
CURVATURE (RAD/M)

Figure 4.10: Moment-Curvature Relationship from RC-ANALYSIS

4.4.2 Moment-Curvature Relationship by RESPONSE 2000

Fig. shows moment-curvature relationship for all four type of RC beam ele-
ments which were derived by using RESPONSE 2000. Tabld4.7] shows Moment
and corresponding curvature obtain from RESPONSE 2000 tool. RESPONSE 2000
was used Popovics model for the concrete. Comprssion field theorem was used to

derive Moment-Curvature relationship.
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Table 4.7: Moment-Curvature Relationship by Using RESPONSE 2000

SUR SOR DUR DOR
M ¢ M ¢ M ¢ M ¢
(kNm) | (rad/m)| (kNm) | (rad/m)| (kNm) | (rad/m)| (kNm) | (rad/m)
0 0 0 0.00000 0 0.00000 0 0.00000

0.76 0.00088 0.787 0.00088 0.796 0.00088 0.805 0.00088
1.396 | 0.00221 1.529 0.00221 1.511 0.00221 1.554 0.00221
1.782 | 0.00354 2.046 0.00354 1.992 0.00354 2.078 0.00354
2.131 | 0.00488 2.532 0.00488 2.44 0.00488 2.57 0.00488
2.472 | 0.00621 3.009 0.00621 2.88 0.00621 3.053 0.00621
2.81 0.00754 3.484 0.00754 | 3.317 | 0.00754 | 3.534 0.00754
3.147 | 0.00888 3.956 0.00888 3.752 0.00888 | 4.012 0.00888
3.484 | 0.01021 4.426 0.01021 4.186 0.01021 4.489 0.01021
3.819 | 0.01154 4.894 0.01154 | 4.618 0.01154 | 4.962 0.01154
4.154 | 0.01288 5.357 0.01288 5.048 0.01288 5.433 0.01288
4.488 | 0.01421 5.817 0.01421 0.476 0.01421 5.901 0.01421
4.843 | 0.01563 6.302 0.01563 9.928 0.01563 6.394 0.01563
5.23 0.01720 6.829 0.01720 6.421 0.01720 6.931 0.01720
5.654 | 0.01891 7.4 0.01891 6.957 | 0.01891 7.514 0.01891
6.114 | 0.02081 8.015 0.02081 7.538 0.02081 8.144 0.02081
6.449 | 0.02289 8.674 0.02289 8.165 0.02289 8.821 0.02289
6.794 | 0.02518 9.377 0.02518 8.74 0.02518 9.547 0.02518
6.751 | 0.02769 9.972 0.02769 9.032 0.02769 10.13 0.02769
6.78 0.03046 | 10.156 | 0.03046 9.071 0.03046 | 10.181 0.03046
6.807 | 0.03351 | 10.199 | 0.03351 9.106 0.03351 | 10.222 | 0.03351
6.833 | 0.03686 | 10.236 | 0.03686 9.14 0.03686 | 10.259 | 0.03686
6.865 | 0.04055 | 10.269 | 0.04055 9.168 0.04055 10.29 0.04055
6.95 0.04460 | 10.295 | 0.04460 9.236 0.04460 | 10.332 | 0.04460
7.035 | 0.04906 | 10.402 | 0.04906 9.342 0.04906 | 10.446 | 0.04906
7.124 | 0.05397 | 10.505 | 0.05397 | 9.448 0.05397 | 10.558 | 0.05397
7.214 | 0.05936 | 10.604 | 0.05936 9.554 | 0.05936 | 10.667 | 0.05936
7.297 | 0.06530 | 10.667 | 0.06530 9.629 0.06530 | 10.737 | 0.06530
7.341 | 0.07183 | 10.686 | 0.07183 9.662 0.07183 | 10.765 | 0.07183
7.378 | 0.07901 | 10.681 | 0.07901 9.675 0.07901 | 10.771 0.07901
7.43 0.08691 | 10.667 | 0.08691 9.715 0.08691 | 10.788 | 0.08691
7.477 | 0.09560 | 10.685 | 0.09560 9.758 0.09560 | 10.828 | 0.09560
7.519 | 0.10516 | 10.697 | 0.10516 9.798 0.10516 | 10.866 | 0.10516
7.556 | 0.11568 - - 9.835 0.11568 | 10.904 | 0.11568
7.587 | 0.12725 - - 9.871 0.12725 - -




CHAPTER 4. ANALYSIS OF MOMENT-CURVATURE FOR RC BEAM ELEMENTS45

5.7, 3.8, 5.03 and 4.59 were evaluated curvature ductility by RESPONSE 2000 for
SUR, SOR, DUR and DOR RC elements respectively. These values are much closer

to the values obtain by Cusson and Hongnestand model.

RESPONSE 2000
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Figure 4.11: Moment-Curvature Relationship from RESPONSE 2000

4.5 Summery

This chapter discussed the various methods for analytically evaluation of Moment-
Curvature relationship. The transform area method is the approximate method while
the strain compatibility method is accurate but iterative method. Response 2000,
which is based on the Popovics model is gives the Moment-curvature near to the
Kent and park model. and RC-Analysis is also include the shear effect on the RC
beam so it under estimate the moment carrying capacity of the beam. By calculating
moment curvature for any beam one can estimate the curvature ductility also estimate

the degradation in strength after the peak.



Chapter 5

Experimental Program

5.1 General

This chapter deals with the experimental evaluation of Moment-Curvature. The
experimental program was design to compare the experimental values to the values
obtain by analytical Methods. The experimental program consist of casting and
testing of twelve RC beams of M20 grade concrete and Fe 415 grade steel. Two point
loading was applied in middle one third portion. The beams were testes as a simply

supported beams.

5.2 Concepts for Evaluation of Moment-Curvature

By using Moment-Curvature relationship we can estimate stiffness, ductility, energy
dissipation and strength beyond the post peak of the stress-stain curve for any RC
elements. Here Fig[5.1]shows an initially straight element of RC member having equal
end moments and axial force. Let R is the radius of the curvature. It is measured
from the neutral axis of the section. Neutral axis is located at depth kd from the
top fiber of RC element. . and ¢, is the concrete strain in the extreme compression
fiber and strain in the steel respectively. Then considering only small length dx of

the member, the rotation between two ends is given by following equation;

46
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Figure 5.1: Curvature of Member [3]

dr  e.dx esdx
— pu— -].
R~ hd d—k) (5.1)
1 Ec €s
R kd  d(1—k) (5:2)
1 EC Es Ec + E:5

R kd dl-k  d

Here, % is the curvature of the elements and is denoted by ¢. It is also called as

rotation per unit length of member.

Curvature is also called as a gradient of the stain profile. It can be vary along the
length of the member because of the fluctuation of the neutral axis depth and strains
between the cracks. If the strain at the critical section of RC beam are measured
as the bending moment is increased to failure, the curvature can be calculated by

equation [5.3| Fig shows Moment Curvature for RC beam failing in tension and
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Figure 5.2: Moment-Curvature Relationship for Singly Reinforced Section

compression. Both the curves are linear in the initial stage. Relation between moment

and curvature is given by classical elastic equation.

EI=MR = (5.4)

M
¢

Where, El is the flexural rigidity of the section. With increase in moment, cracking
of the concrete reduces the flexural rigidity of the sections, the reduction in rigidity
being greater for the lightly reinforced section than for the more heavily reinforced
section. The behavior of section after cracking is dependent mainly on the steel
content. Lightly reinforced sections shows Fig. |5.2] (a) results in practically linear M-
¢ curve up to point of steel yielding. When steel yields, a large increase in curvature
occurs at nearly constant bending moment, the moment rising slowly to a maximum

due to an increase in the internal lever arm, then decreasing. In heavily reinforced
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sections shows in Fig. (b), on the other hand, the M-¢ becomes nonlinear when
the concrete enters in inelastic part of stress-strain relationship, and failure can be
quite brittle unless the concrete is confined by closed stirrups at close centers. If the
concrete is not confined, the concrete crushes at a relatively small curvature before
the steel yields, causing an immediate decrease in the moment-carrying capacity. To
ensure ductile behavior in practice, steel contents less than the balanced design value

are always used for beams [3].

5.3 Experimental Problem

Under Reinforced
Beam (3NOs.)

Singly Reinforced
(6 NOs.)

Over Reinforced
Beam (3 NOs.)

Under Reinforced
Beam (3NOs.)

Doubly Reinforced
(6 NOs.)

Over Reinforced
Beam (3 NOs.)

RC Beam Elements {(12NOs.)

Figure 5.3: Experimental Program

The experimental program includes the casting of twelve RC rectangular beam of
M20 grade concrete and Fe 415 grade steel. Dimensions of the sections were decided
on the base of available literatures. In the literature, it was found that the L/d ratio of
the simply supported beams was taken around 10 and b/d ratio was taken around 0.5
to 0.8. Where, L is the span of beam, d is the depth of the section and b is the width

of the section. So in present study first of all L./d ratio was assumed. it was taken as
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10 and b/d ratio was taken as 0.8. Hence overall dimensions of the beams 120mm X

150mm X 1700mm were selected. Here clear span of the beam was taken as a 1500mm.

In present study, all the beams were designed by using limit state method. Here,
four different types of beams were design like Singly Under Reinforced, Singly Over
Reinforced, Doubly Under Reinforced and Doubly Over Reinforced. Fig [5.3| shows

the layout of experimental program.

Clear cover of the beams were taken as 15mm. In present study in the case of
singly reinforced beams 2-6mm dia bar used as a hanger bar at the top. Two legged
8mm dia stirrups were used at 100mm c/c in all twelve beams. The details of the
beams are as shown in Table L1l The cross sectional and reinforcment details of the

beams are as in Fig. and Fig. 5.5
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Figure 5.4: Cross Section of Beam (a) Singly Under Reinforced (b) Singly Over
Reinforced
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Figure 5.5: Cross Section of Beam (a) Doubly Under Reinforced (b) Doubly Over

Reinforced

Table 5.1: Mix Design for M20 Grade Concrete
SR. . Wt Wt
No. | D | (kg/m®) | (kg/beam)

1 Cement 371 12
2 Water 214.14 7
3 20 mm 710.16 22
4 10 mm 473.44 15
5 F.A. 725.43 22.2

5.4 Casting of RC Beam

Fig. shows 3D view and cross section of the formwork. Formwork was prepared

from the wooden sheet. Wooden clamps were also prepared for the ensuring the di-

mensional stability during the casting of the specimens. Two sets of the formworkwas

prepared so that two specimens could be casted at a time.

Mix design for M20 grade concrete was prepared. Mix design are shown in Table

6.1 During the casting of the specimens for measuring the cube strength at 7 days

and 28 days, six cubes(150mm x 150 mm x 150 mm) were casted. Three cylinder(150
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Figure 5.6: 3D View of Formwork for Beam

mm X 300 mm) and three beams(100 mm x 100 mm x 500 mm) were also casted
for measuring the modulus of elasticity of concrete and flexure strength of concrete.
Cube strength, Modulus of elasticity of concrete and flexure strength of concrete will
be used in the analytical solution for the moment curvature of the RC beam. Fig.
5.7((a) shows drum mixer. And Fig. |5.7(b) shows casted specimens for measuring

concrete properties.

Figure 5.7: Casting of Specimens for Deriving Concrete Properties
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Figure 5.8: Formwork and Reinforcement Cage of RC Specimens.

Fig. [5.8(a) shows reinforcement cage and Fig. [5.8(b) shows casted reinforced

concrete beam specimens.

5.5 Instrumentation and Test Setup for RC Beam

Hydraulic jack
| beam
‘ - Mechanical Strain gauge
@] [
el — RC Specimen

€3 El 3 7

= = = — Dial gauge

f — 500 1 é 500 M =
1500

Figure 5.9: Instrumentation and Test Setup.

Fig. shows the test set up and instrumentation diagram for all four type of

RC beams. Test setup was design in such way so that in middle one third of the
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beam was in pure bending zone and flexure failure was occurred in this portion. Two
point load applied in the middle one third portion. As the curvature is the strain
gradient, in present experiment the main focus was kept on measuring the strain in
the RC rectangular beam elements. For measuring strain at the level of core, strain
was measure at the top and bottom reinforcement level. Total six mechanical strain
gauges were used. Among these three were fixed at top and remining were fixed at

bottom.

(b)

Figure 5.10: Test Setup and Instrumentation Used for Experiments

Strain was measured by using mechanical strain gauge having 10 cm gauge length.
Fig. |5.10[(a) shows test setup of the experiments and also shows position of strain
points at where strain was going to measure. Fig. b) shows mechanical strain
gauge. d is the distance between top and bottom strain gauge. In present experiment
it was kept as 90mm.

Experimental curvature is measure by using equation[5.3, Where, ¢, is the concrete
strain which was taken as a average concrete strain from the top three strain gauge
and ¢, is the bottom strain or tension steel strain and was taken as a average strain

from the bottom three strain gauge.



CHAPTER 5. EXPERIMENTAL PROGRAM 95

(b)

Figure 5.11: Testing of Specimens

5.6 Testing of RC Specimens

(b)

Figure 5.12: Failure of RCC Beams

Fig. [5.11] shows the testing of RC beam elements. Readings were taken at each
4 kN increment of load till the beam was failed. Corresponding Curvature were
calculated from the top and bottom average strain. Corresponding moment was

calculated from the load value. Then experimental Moment-Curvature relationship
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(d)

Figure 5.13: Failure Patterns of RCC Beams

was plotted. To measure the defection for the RC beam deflection gauge was used
near the center of the beam. It was observed that all the beams were failed in the
flexure. And cracks were observed in middle one third portion of the beams. Shear
failure was not observed. Fig. [5.12 shows failure pattern of the beam elements. Fig.
5.12((a) shows the cracks in the tension zone and Fig. |5.12(b) shows deflected shape of

beam after testing. Fig. a) and [5.13{(b) shows failure of specimens. Fig. |5.13(c)
and [5.13|(d) shows the compression failure of the RC beams.
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5.7 Test Results

This section discussed the test results for concrete properties as well as the Moment-

Curvature.

5.7.1 Test Results for Concrete Properties

In present experiment cubes (150mm x 150mm x 150mm), cylinders(150mm x
300mm) and beams (100mm x 100mm x 500mm) were also tested to find out the
concrete properties. These properties were used in the analytical solution for Moment-
Curvature. Table shows 7 days and 28 days cube results. Table [5.5] and Table
[5.4] shows the flexure strength of concrete and Modulus of elasticity of concrete which
were used in the computer program to evaluate Moment-Curvature relationship ana-

lyticaly.

Table 5.2: Cube Strength

7 Days Cube strength
Sr No Wt (kg) Strength (Mpa) ?&‘;‘:)ge Strength
1 8.54 29 9
8.62 21.4 21.8
3 8.79 21.9
28 bays Cube strength
1 8.68 25
2 8.74 26.4 25.7
3 8.69 25.7

Table 5.3: Flexure Strength of Concrete

Load (kN) Flexure Strength Average
M20 15 3.39
12 2.71 3.09
14 3.17
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Table 5.4: Modulus of Elasticity of Concrete

L=212mm
P (kIN) dly(mm) | dly (mm) | di3(mm)
50 1 1 2
100 3 2 3
150 4 D 4
200 6 6 7
250 7 8 8
300 10 9 10
350 13 12 12
400 17 16 15
450 20 22 22
E.(kN/mm?) 24.69 23.436 24.34
E.(kN/mm?) 24.15

After the testing of the cube specimens, average 7 day cube strength was observed
21.8 MPa. And 28 days cube strength was obseved 25.7MPa. Cube strength was used
in transform area method as well as strain compatibility method. Flexure strength of
beam was found 3.03 and Modulus of elasticity of concrete was found 24.15 kN /mm?.

These two were used only in transform area method.
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5.7.2 Experimental Moment-Curvature

29

Twelve specimens were tested and experimental Moment-Curvature relationship was

obtain for all the RC specimens.

Table 5.5: Moment-Curvature for SUR-1

Bottom

Load M Top Strain X ¢ x 1072

(kN) | (kNm) |  x 103 Stjgl_‘; < | (rad/m)
0 0 0 0 0
4 0.5 -0.0200 0.0533 0.0772
8 1 -0.0800 0.1133 0.2035
12 1.5 -0.1667 0.1600 0.3439
16 2 -0.1867 0.2467 0.4561
20 2.5 -0.2533 0.4067 0.6947
24 3 -0.2733 0.4867 0.8000
28 3.5 -0.3667 0.6200 1.0386
32 4 -0.4400 0.7400 1.2421
36 4.5 -0.5333 0.8067 1.4105
40 5 -0.6067 0.8333 1.5158
44 5.5 -0.7133 0.9400 1.7404
48 6 -0.7533 1.0667 1.9158
52 6.5 -0.8933 1.2333 2.2386
56 7 20,9800 1.4600 2.5684
60 7.5 11133 1.8733 3.1439
64 8 11,3533 3.5667 5.1789
63 8.5 14867 6.6267 8.5404
70 8.75 -1.7133 8.9933 11.2702
70 8.75 -2.0333 11.1600 13.8877
70 8.75 -2.1067 16.9333 20.0421

Table shows Moment and corresponding Curvature for singly under reinforced

beam 1. Here the Ultimate Moment was observed 8.75 kNm and Ultimate curvature

was observed 0.2 rad/m. First crack was observed at 40kN load. Table shows

Moment and corresponding Curvature for singly under reinforced beam 2. In this

case ultimate Moment was observed 8.625 kNm and Ultimate curvature was observed
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0.191 rad/m. At 44kN load first crack was observed and similarly Table shows
the Moment-Curvature relationship for Singly under reinforced beam 3. Ultimate
Moment was observed 8.625 kNm and Ultimate curvature was observed 0.166 rad/m.
At 42kN load first crack was observed. Table also shows the compression and tension

strain of the concrete at each increment of load and moment.

Table 5.6: Moment-Curvature for SUR-2

Load M Top Bottom 6 x 1072
(kN) | (kNm) | SO SO (1 /m)
0 0 0.0000 0.0000 0.0000
4 0.5 -0.0133 0.0333 0.0519
8 1 -0.1000 0.2067 0.3407
12 1.5 -0.1933 0.3933 0.6519
16 2 -0.2933 0.5067 0.8889
20 2.5 -0.3267 0.5267 0.9481
24 3 -0.2333 0.4867 0.8000
28 3.5 -0.3800 0.7067 1.2074
32 4 -0.5267 0.6467 1.3037
36 4.5 -0.6400 0.7600 1.5556
40 5 -0.7267 0.8800 1.7852
44 5.5 -0.8067 1.0333 2.0444
48 6 -0.9067 1.1400 2.2741
52 6.5 -1.0200 1.2867 2.5630
56 7 -1.1200 1.4467 2.8519
60 7.5 -1.2267 1.5800 3.1185
64 8 -1.3467 2.1533 3.8889
68 8.5 -1.3867 2.9267 4.7926
69 8.625 -1.7267 6.8667 9.5481
69 8.625 -2.0467 9.9200 13.2963
69 8.625 -2.1133 15.0867 19.1111

Table [5.8|shows the average Moment and corresponding curvature for singly under

reinforced beam. Ultiment moment and corresponding curvture was observed 8.67

kNm and 0.186 rad/m. Fig shows Moment-Curvature relationship for all three
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Singly Under Reinforced beam. Fig also represent the average M-¢ relationship.
The experimental plot of the M-¢ diagram starts with the elastic region which is
signified by its large slope, followed by plastic region which occurs after yielding and
is signified by its parabolic shape and proceeded by ultimate and failures. In case
of average Moment-Curvature, it is almost linear in elastic zone but after yielding it
follows parabolic path and than horizonatal path which represent more increment in

curvature for nearly constant moment.

Table 5.7: Moment-Curvature for SUR-3

Top Bottom _9

Load (kN) (k11:14m) Stlie(;i_r; X Stge(;i_r; X ?r;: d}?n)
0 0 0.0000 0.0000 0.0000
1 0.5 20.0200 0.0333 0.0056
8 1 20.0800 0.1133 0.2035
12 1.5 20.2067 0.1867 0.4140
16 2 20.2333 0.3533 0.6175
20 2.5 20.2133 0.4800 0.7298
24 3 20.3333 0.7533 1.1439
28 3.5 20.5000 0.6400 1.2000
32 4 20.5200 0.8933 1.4877
36 4.5 20.6067 1.0533 1.7474
40 5 20.6733 1.2000 1.9719
14 5.5 20.7333 1.2067 2.0421
48 6 20.8400 1.3067 2.2596
52 6.5 20.9600 1.4267 2.5123
56 7 21.0333 1.5933 2.7649
60 7.5 21.1400 2.4200 3.7474
64 8 21.2200 4.3533 5.8667
68 8.5 21.4200 6.4600 8.2947
69 8.625 | -1.5667 8.6467 10.7509
69 8.625 | -2.0733 9.4533 12.1333
69 8.625 | -2.1800 13.5800 16.5895

Fig. shows the strain in the compression zone and tension zone for all three
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Table 5.8: Average Moment-Curvature for Singly Under Reinforced RC Beam.

Load M To.p Botiosom ¢ x 1072
(kN) | (kNm) Stﬁg{g X St‘igl_f; X (rad /m)
0 0 0.0000 0.0000 0.0000
4 0.5 -0.0178 0.0400 0.0617
8 1 -0.0867 0.1444 0.2493
12 1.5 -0.1889 0.2467 0.4699
16 2 -0.2378 0.3689 0.6542
20 2.5 -0.2644 0.4711 0.7909
24 3 -0.2800 0.5756 0.9146
28 3.5 -0.4156 0.6556 1.1487
32 4 -0.4956 0.7600 1.3445
36 4.5 -0.5933 0.8733 1.5712
40 5 -0.6689 0.9711 1.7576
44 5.5 -0.7511 1.0600 1.9423
48 6 -0.8333 1.1711 2.1498
H2 6.5 -0.9578 1.3156 2.4379
56 7 -1.0444 1.5000 2.7284
60 7.5 -1.1600 1.9578 3.3366
64 8 -1.3067 3.3578 4.9782
68 8.5 -1.4311 H.3378 7.2092
69.3 8.67 -1.6689 8.1689 10.5231
69.3 8.67 -2.0511 10.1778 13.1058
69.3 8.67 -2.1333 15.2000 18.5809

Singly Under Reinforced beam. Negative value indicate the concrete strain while the
positive values represent steel strain. Concrete strain is closer the steel strain till
the yeilding that shows good bonding between steel and concrete. After the yeilding
there was drasticaly increment was observed in the tensile strain.

As the yielding has occured there was sudden increment in deflection was observed.

As the deflection was incresed the rigidity of the RC beam was decreased.
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Table 5.9: Moment-Curvature for Singly Over Reinforced Beam-1

Top

Bottom

)
%IS;(; M (kNm) Strai_r?l’ X Strai_r; X g(zﬁr: d}(r)n)
10 10
0 0 0 0 0
4 0.5 -0.013 0.033 0.052
8 1 -0.080 0.127 0.230
12 1.5 -0.080 0.200 0.311
16 2 -0.113 0.307 0.467
20 2.5 -0.160 0.293 0.504
24 3 -0.147 0.400 0.607
28 3.5 -0.220 0.493 0.793
32 4 -0.280 0.533 0.904
36 4.5 -0.473 0.540 1.126
40 5 -0.487 0.467 1.059
44 5.9 -0.373 0.587 1.067
48 6 -0.427 0.680 1.230
52 6.5 -0.513 0.773 1.430
56 7 -0.520 0.840 1.511
60 7.5 -0.560 0.887 1.607
64 8 -0.600 0.960 1.733
68 8.5 -0.593 1.033 1.807
72 9 -0.553 1.093 1.830
76 9.5 -0.667 1.107 1.970
80 10 -0.727 1.253 2.200
84 10.5 -0.787 1.340 2.363
88 11 -0.800 1.440 2.489
92 11.5 -0.933 1.527 2.733
96 12 -1.040 1.467 2.785
100 12.5 -1.033 1.407 2.711
104 13 -1.007 1.753 3.067
108 13.5 -1.153 2.107 3.622
112 14 -1.233 3.233 4.963
113 14.125 -1.660 7.287 9.941
113 14.125 -2.060 9.593 12.948

64



CHAPTER 5. EXPERIMENTAL PROGRAM

Table 5.10: Moment-Curvature for Singly Over Reinforced beam-2

Top

Bottom

Load M X . ¢ x 1072
(kN) | (kNm) St;%“_f; X 5“1'3‘_{; x (rad /m)
0 0 0 0 0
4 0.5 -0.027 0.053 0.089
8 1 -0.053 0.093 0.163
12 1.5 -0.053 0.120 0.193
16 2 -0.100 0.287 0.430
20 2.5 -0.187 0.333 0.578
24 3 -0.240 0.413 0.726
28 3.5 -0.213 0.447 0.733
32 4 -0.293 0.693 1.096
36 4.5 -0.247 0.680 1.030
40 5 -0.333 0.753 1.207
44 5.5 -0.400 0.813 1.348
48 6 -0.427 0.907 1.481
52 6.5 -0.493 0.980 1.637
56 7 -0.507 1.000 1.674
60 7.5 -0.573 1.113 1.874
64 8 -0.640 1.200 2.044
68 8.5 -0.747 1.233 2.200
72 9 -0.847 1.353 2.444
76 9.5 -0.953 1.507 2.733
80 10 -1.033 1.573 2.896
84 10.5 -1.113 1.727 3.156
88 11 -1.187 1.847 3.370
92 11.5 -1.273 2.027 3.667
96 12 -1.327 2.173 3.889
100 12.5 -1.447 2.420 4.296
104 13 -1.553 3.040 5.104
108 13.5 -1.653 4.400 6.726
110 13.75 -1.680 5.793 8.304
109 13.625 -1.993 7.887 10.978
110 13.75 -2.087 9.527 12.904
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Table 5.11: Moment-Curvature for Singly Over Reinforced beam-3

Top

Bottom

—2
Load (kN) (kII:I/Im) Strai_r; X Strai_r?l) X g(br:d}(r)n)
10 10

0 0 0 0 0
4 0.5 -0.020 0.033 0.059
8 1 -0.067 0.140 0.230
12 1.5 -0.100 0.180 0.311
16 2 -0.140 0.273 0.459
20 2.5 -0.173 0.313 0.541
24 3 -0.187 0.427 0.681
28 3.5 -0.233 0.500 0.815
32 4 -0.340 0.440 0.867
36 4.5 -0.413 0.520 1.037
40 59 -0.453 0.460 1.015
44 5.5 -0.433 0.607 1.156
48 6 -0.500 0.633 1.259
52 6.5 -0.507 0.680 1.319
56 7 -0.547 0.727 1.415
60 7.5 -0.553 0.807 1.511
64 8 -0.600 0.873 1.637
68 8.5 -0.620 0.920 1.711
72 9 -0.707 1.040 1.941
76 9.5 -0.713 1.127 2.044
80 10 -0.793 1.200 2.215
84 10.5 -0.880 1.313 2.437
88 11 -0.920 1.300 2.467
92 11.5 -0.993 1.467 2.733
96 12 -1.133 1.673 3.119
100 12.5 -1.207 1.860 3.407
104 13 -1.313 2.507 4.244
108 13.5 -1.440 3.367 5.341
112 14 -1.707 5.113 7.578
113 14.125 -1.887 5.947 8.704
113 14.125 -2.147 8.920 12.296
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Table 5.12: Average Moment-Curvature for Singly Over Reinforced RC Beam.

Load M S'tI;'oaI;n St?a(i)rlt(t)ir;ws ¢ times 1072
(N) | (Nm) | es 102 1073 (rad/m)
0 0 0 0 0
4 0.5 -0.020 0.040 0.067
8 1 -0.067 0.120 0.207
12 1.5 -0.078 0.167 0.272
16 2 -0.118 0.289 0.452
20 2.5 -0.173 0.313 0.541
24 3 -0.191 0.413 0.672
28 3.5 -0.222 0.480 0.780
32 4 -0.304 0.556 0.956
36 4.5 -0.378 0.580 1.064
40 5 -0.424 0.560 1.094
44 5.5 -0.402 0.669 1.190
48 6 -0.451 0.740 1.323
52 6.5 -0.504 0.811 1.462
56 7 -0.524 0.856 1.533
60 7.5 -0.562 0.936 1.664
64 8 -0.613 1.011 1.805
68 8.5 -0.653 1.062 1.906
72 9 -0.702 1.162 2.072
76 9.5 -0.778 1.247 2.249
80 10 -0.851 1.342 2.437
84 10.5 -0.927 1.460 2.652
88 11 -0.969 1.529 2.775
92 11.5 -1.067 1.673 3.044
96 12 -1.167 1.771 3.264
100 12.5 -1.229 1.896 3.472
104 13 -1.291 2.433 4.138
108 13.5 -1.416 3.291 5.230
111.33 13.92 -1.540 4.713 6.948
111.67 13.96 -1.847 7.040 9.874
112 14 -2.098 9.347 12.716
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Singly Over Reinforced beam

MOMENT

Figure 5.16: Moment-Curvature relationship for Singly Over Reinforced beam

Figure 5.17: Concrete and Steel Strain of Doubly Under Reinforced Beam

Table [5.9) shows Moment and Curvature for singly over reinforced beam-1. Ul-
timate Moment and curavture was observed 14.125 kNm and 0.129 rad/m. Table
shows Moment and corresponding Curvature for singly over reinforced beam-
2. Here, ultimate moment and corresponding Curvature was observed 13.75 kNm
and 0.129 rad/m and Table shows the Moment and corresponding curvature for
Singly Over Reinforced beam-3. 14.125 kNm and 0.123 rad/m was observed ulti-
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mate moment and curvature for singly over reinforced beam-3. Those tables are also
shows concrete strain and steel strain for each increment of load. Fig. shows the
Moment-Curvature relationship for all three Singly Over Reinforced beam. It also
shown average Moment-Curvature for rc beam. Fig. shows the strain in RC

element at the top and bottom reinforcement level.

Table 5.13: Moment-Curvature for Doubly Under Reinforced beam-1

Top Bottom

Load (kN) | M (kNm) | Strain x Strain x ¢ x 107
0% 0% (rad/m)
0 0 0 0 0
4 0.5 20.013 0.033 0.052
8 1 20.073 0.087 0.178
12 1.5 20.167 0.120 0.319
16 2 20.193 0.147 0.378
20 2.5 20.280 0.233 0.570
24 3 20.593 0.253 0.941
28 3.5 20.593 0.307 1.000
32 4 20.600 0.373 1.081
36 4.5 20.533 0.427 1.067
40 5 20.660 0.540 1.333
14 5.5 20.740 0.487 1.363
18 6 20.720 0.647 1.519
52 6.5 20.847 0.720 1.741
56 7 20.893 0.827 1.911
60 7.5 “1.087 0.880 2.185
64 8 1,167 0.913 2.311
68 8.5 11.240 1.020 2.511
72 9 11.293 1.167 2.733
76 9.5 1.313 1.580 3.215
80 10 T1.387 1.927 3.681
84 10.5 1,507 2.180 4.096
87 10.875 “1.660 4.780 7.156
83 10.375 1873 6.660 9.481
80 10 -2.160 12.287 16.052




CHAPTER 5. EXPERIMENTAL PROGRAM 70

Table 5.14: Moment-Curvature for Doubly Under Reinforced beam-2

Bottom

Load M T(?p X ¢ x 1072
(kN) | (kNm) Stli%{f; X S“fglji X (rad /m)
0 0 0 0 0
4 0.5 -0.020 0.013 0.037
8 1 -0.047 0.060 0.119
12 1.5 -0.160 0.133 0.326
16 2 -0.180 0.300 0.533
20 2.5 -0.153 0.360 0.570
24 3 -0.227 0.373 0.667
28 3.5 -0.273 0.500 0.859
32 4 -0.400 0.647 1.163
36 4.5 -0.480 0.707 1.319
40 5 -0.560 0.767 1.474
44 5.5 -0.633 0.853 1.652
48 6 -0.640 0.920 1.733
52 6.5 -0.727 0.907 1.815
56 7 -0.847 0.993 2.044
60 7.5 -0.953 1.080 2.259
64 8 -1.040 1.147 2.430
68 8.5 -1.147 0.987 2.370
72 9 -1.073 1.187 2.511
76 9.5 -1.173 1.280 2.726
80 10 -1.340 1.733 3.415
84 10.5 -1.547 3.813 5.956
88 11 -1.940 5.833 8.637
82 10.25 -2.053 8.373 11.585
78 9.75 -2.240 11.867 15.674

Table shows the average Moment and corresponding Curvature for all three
singly over reinforced beam. Here, average ultimate moment and corresponding Cur-
vature was observed 14 kNm and 0.127 rad/m. Table represent Moment and
corresponding Curvature for doubly under reinforced beam-1. From Table ul-
timate Moment and Curvature was 10.875 kNm and 0.715 rad/m. Here first crack
was observed at 60 kN load. Table shows Moment-Curvature for doubly under

reinforced beam-2.
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Table 5.15: Moment-Curvature for Doubly Under Reinforced beam-3

71

Top Bottom é x 102
Load (kN) | M (kNm) | Strain x Strain x

10—3 10—3 (rad/m)
0 0 0 0 0
4 0.5 -0.020 0.000 0.022
8 1 -0.073 0.053 0.141
12 1.5 -0.140 0.127 0.296
16 2 -0.213 0.193 0.452
20 2.5 -0.327 0.260 0.652
24 3 -0.393 0.320 0.793
28 3.5 -0.513 0.440 1.059
32 4 -0.613 0.520 1.259
36 4.5 -0.667 0.573 1.378
40 5 -0.740 0.653 1.548
44 5.5 -0.820 0.707 1.696
48 6 -0.727 0.867 1.770
52 6.5 -0.793 0.947 1.933
56 7 -0.907 1.047 2.170
60 7.5 -0.980 1.153 2.370
64 8 -1.047 1.187 2.481
68 8.5 -1.227 1.307 2.815
72 9 -1.267 1.420 2.985
76 9.5 -1.360 1.687 3.385
80 10 -1.380 2.147 3.919
84 10.5 -1.647 3.887 6.148
87 10.875 -1.747 7.560 10.341
83 10.375 -1.980 9.867 13.163
78 9.75 -2.213 13.660 17.637
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Table 5.16: Average Moment-Curvature for Doubly Under Reinforced RC Beam.

Load M T(?p Botiosom ¢ x 1072
(kN) (kNm) Stral_r; X Stral_rgl’ X (rad/m)
10 10
0 0 0 0 0
4 0.5 -0.018 0.016 0.037
8 1 -0.064 0.067 0.146
12 1.5 -0.156 0.127 0.314
16 2 -0.196 0.213 0.454
20 2.5 -0.253 0.284 0.598
24 3 -0.404 0.316 0.800
28 3.5 -0.460 0.416 0.973
32 4 -0.538 0.513 1.168
36 4.5 -0.560 0.569 1.254
40 5 -0.653 0.653 1.452
44 5.5 -0.731 0.682 1.570
48 6 -0.696 0.811 1.674
52 6.5 -0.789 0.858 1.830
56 7 -0.882 0.956 2.042
60 7.5 -1.007 1.038 2.272
64 8 -1.084 1.082 2.407
68 8.5 -1.204 1.104 2.565
72 9 -1.211 1.258 2.743
76 9.5 -1.282 1.516 3.109
80 10 -1.369 1.936 3.672
84 10.5 -1.567 3.293 5.400
87.33 10.92 -1.782 6.058 8.711
82.67 10.33 -1.969 8.300 11.410
78.67 9.83 -2.204 12.604 16.454
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In case of Beam-2 11 kNm and 0.864 rad/m were the observed ultimate moment
and curvature. At the load of 56 kN first crack was observed. Table .15 shows the
Moment Curvature for doubly under reinforced beam-3. Here, ultimate Moment and
Curvature was observed 10.875 kN and 0.103 rad/m. Those tables also include strain
in concrete as well as strain in steel for Doubly Under Reinforced beam. Table [5.16
shows average moment and curvature for doubly under reinforce RC beam. Aver-
age ultimate Moment and curvature of doubly under reinforced beam was observed
10.92 kNm and 0.871 rad/sec. Fig. shows the Moment-Curvature relationship
for all three doubly under reinforced beam as well as avarege Moment-Curvature.
Here, Moment-Curvature is linear up to yielding of reinforcement after this it follows
parabolic path. In the case of doubly under reinforced beam degardation in strength
was observed after the peak strength. Fig. [5.19 shows the strain in RC element at the
top and bottom reinforcement level. Strain were liner up to the yeild then it follow

parabolic path. Here also drop in stregth was observed.

Doubly Under Reinforced beam

12

—a— DUR1

—a—DUR2

MOMENT
[=1]
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4 —e—DUR

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Curvature

Figure 5.18: Moment-Curvature Doubly Under Reinforced
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Womnet

Figure 5.19: Compression Strain and Tensile Strain in Doubly Under Reinforced
Beam

Table shows Moment and Curvature for doubly over reinforced beam-1. In
this case Ultimate Moment and Curvature was observed 13.5 kNm and 0.745 rad/m
respectivly. At the 68 kN load first crack was observed. Table shows Moment-
Curvature for Over Reinforced beam-2. For beam-2 ultimate Moment and Curvature
was observed 13.5 kNm and 0.749 rad/m respectivly. Here, first crack was occured at
72 kN load. And Table[5.19]shows the Moment Curvature for Doubly Over Reinforced
beam-3. 13.5 kNm and 0.693 rad/m were the ultimate moment and curvature for
beam-3. Fig. [.20| and Fig. [5.21] shows the Moment-Curvature relationship for all
three Doubly Over Reinforced beams and it also shows the strain in RC element
at the top and bottom reinforcement level. Table [5.20| shows average Moment and
Curvature for doubly over reinforced section. Average ultimate moment was observed

13.5 kNm and ultimate curvature was observed 0.728 rad/m.



CHAPTER 5. EXPERIMENTAL PROGRAM

Table 5.17: Moment-Curvature for Doubly Over Reinforced Beam-1

Top

Bottom

Load (kN) (kglm) Strai_n X Strai_n X g(br:d}?m)Q
10—3 10—3

0 0 0 0 0

4 0.5 -0.027 0.013 0.044
8 1 -0.067 0.033 0.111
12 1.5 -0.100 0.053 0.170
16 2 -0.087 0.147 0.259
20 2.5 -0.160 0.227 0.430
24 3 -0.160 0.280 0.489
28 3.5 -0.227 0.367 0.659
32 4 -0.233 0.527 0.844
36 4.5 -0.273 0.580 0.948
40 5 -0.300 0.667 1.074
44 5.5 -0.280 0.673 1.059
48 6 -0.347 0.733 1.200
52 6.5 -0.407 0.787 1.326
56 7 -0.473 0.880 1.504
60 7.5 -0.487 0.827 1.459
64 8 -0.607 0.880 1.652
68 8.5 -0.693 0.993 1.874
72 9 -0.713 1.000 1.904
76 9.5 -0.760 1.047 2.007
80 10 -0.807 1.047 2.059
84 10.5 -0.820 1.107 2.141
88 11 -0.940 1.207 2.385
92 11.5 -1.007 1.273 2.533
96 12 -1.173 1.620 3.104
100 12.5 -1.353 1.627 3.311
104 13 -1.433 2.873 4.785
108 13.5 -1.660 5.013 7.415
106 13.25 -2.007 8.507 11.681
98 12.25 -2.107 11.567 15.193
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Table 5.18: Moment-Curvature for Doubly Over Reinforced Beam-2

76

Top Bottom 6 x 102
Load (kN) | M (kNm) | Strain x Strain x

10-3 103 (rad/m)
0 0 0 0 0
4 0.5 -0.020 0.040 0.067
8 1 -0.053 0.080 0.148
12 1.5 -0.100 0.127 0.252
16 2 -0.087 0.213 0.333
20 2.5 -0.073 0.193 0.296
24 3 -0.140 0.267 0.452
28 3.5 -0.233 0.353 0.652
32 4 -0.333 0.427 0.844
36 4.5 -0.240 0.533 0.859
40 5 -0.320 0.440 0.844
44 5.5 -0.280 0.533 0.904
48 6 -0.460 0.593 1.170
52 6.5 -0.613 0.613 1.363
56 7 -0.713 0.747 1.622
60 7.5 -0.767 0.747 1.681
64 8 -0.767 0.800 1.741
68 8.5 -0.867 0.873 1.933
72 9 -0.927 0.853 1.978
76 9.5 -0.973 0.940 2.126
80 10 -1.007 1.013 2.244
84 10.5 -1.013 1.073 2.319
88 11 -1.087 1.127 2.459
92 11.5 -1.253 1.207 2.733
96 12 -1.373 1.613 3.319
100 12.5 -1.453 1.727 3.533
104 13 -1.480 3.553 5.593
108 13.5 -1.713 5.027 7.489
107 13.375 -2.053 8.793 12.052
100 12.5 -2.120 13.000 16.800
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Table 5.19: Moment-Curvature for Doubly Over Reinforced Beam-3

77

Top

Bottom

—2
Load (kN) (klliI/Im) Strai_r; X Strai_r; X q(br:; d}?n)
10 10

0 0 0 0 0
4 0.5 -0.013 0.033 0.052
8 1 -0.060 0.060 0.133
12 1.5 -0.100 0.147 0.274
16 2 -0.127 0.100 0.252
20 2.5 -0.087 0.253 0.378
24 3 -0.180 0.280 0.511
28 3.5 -0.233 0.387 0.689
32 4 -0.340 0.473 0.904
36 4.5 -0.313 0.567 0.978
40 5 -0.373 0.633 1.119
44 5.5 -0.427 0.720 1.274
48 6 -0.447 0.780 1.363
52 6.5 -0.507 0.820 1.474
56 7 -0.567 0.880 1.607
60 7.5 -0.627 0.933 1.733
64 8 -0.607 0.987 1.770
68 8.5 -0.647 0.967 1.793
72 9 -0.667 1.013 1.867
76 9.5 -0.807 1.047 2.059
80 10 -0.907 1.173 2.311
84 10.5 -0.967 1.227 2.437
88 11 -1.167 1.573 3.044
92 11.5 -1.240 1.747 3.319
96 12 -1.307 1.827 3.481
100 12.5 -1.360 1.980 3.711
104 13 -1.400 2.833 4.704
108 13.5 -1.620 4.647 6.963
106 13.25 -2.013 8.747 11.956
97 12.125 -2.160 11.720 15.422
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Table 5.20: Average Moment-Curvature for Doubly Over Reinforced RC Beam.

Top

Bottom

Load M s X C x 1072
(kN) (kNm) Stral_r; X Stral_r; X (rad/m)
10 10
0 0 0 0 0
4 0.5 -0.020 0.029 0.054
8 1 -0.060 0.058 0.131
12 1.5 -0.100 0.109 0.232
16 2 -0.100 0.153 0.281
20 2.5 -0.107 0.224 0.368
24 3 -0.160 0.276 0.484
28 3.5 -0.231 0.369 0.667
32 4 -0.302 0.476 0.864
36 4.5 -0.276 0.560 0.928
40 5 -0.331 0.580 1.012
44 5.5 -0.329 0.642 1.079
48 6 -0.418 0.702 1.244
52 6.5 -0.509 0.740 1.388
56 7 -0.584 0.836 1.578
60 7.5 -0.627 0.836 1.625
64 8 -0.660 0.889 1.721
68 8.5 -0.736 0.944 1.867
72 9 -0.769 0.956 1.916
76 9.5 -0.847 1.011 2.064
80 10 -0.907 1.078 2.205
84 10.5 -0.933 1.136 2.299
88 11 -1.064 1.302 2.630
92 11.5 -1.167 1.409 2.862
96 12 -1.284 1.687 3.301
100 12.5 -1.389 1.778 3.519
104 13 -1.438 3.087 5.027
108 13.5 -1.664 4.896 7.289
106.33 13.25 -2.024 8.682 11.896
98.33 12.125 -2.129 12.096 15.805

78



CHAPTER 5. EXPERIMENTAL PROGRAM 79

Doubly Over Reinforced beam
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Figure 5.20: Moment-Curvature Doubly Over Reinforced

Momnet

Strain

Figure 5.21: Compression Strain and Tensile Strain in Doubly Over Reinforced Beam

5.8 Summary

This chapter includes the concepts of the experimetal evalauation of Moment-Curvature
relationship. It also deals with the experimental program. The experimetal program

was designed in such way so that the experimental results can be compaired with
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the analytical results. Here, test setup, instrumentation for measuring curvature,
testing of the concrete cubes, cylider and beams to find out the concrete properties
and testing of RC specimens were discusssed in detail. The experimetal curvature
obtain from the testing of the RC specimens were also included in this chapter. From
the Moment-Curvature one can estimate the deflection, stiffness, and ductility of the

beam. Post peak behaviour of the beams can also be predicted.



Chapter 6

Results and Discussion

6.1 General

This chapter deals with the comparison of the analytical results for all four type
(Singly Under Reinforced, Singly Over Reinforced, Doubly Under Reinforced and
Doubly Over Reinforced) of beam elements with the experimental moment-curvature.

This also include the stress-strain diagrams for selected model.

6.2 Stress-Strain Curves

Various existing stress-strain models were used to evaluate Moment-Curvature by
using strain compatibility method. IS 456 model, Hongnestad model, Kent and Park
Model and TRC model were unconfined models. Cusson Model and Mander Model
for confined concrete was used. Fig. shows stress-strain curves obtain from these
models.

IS code model follows the parabolic path up to the peak strain than it follow
straight horizontal line up to the failure. Degradation in strength after the peak was
not considered in to the model. But Hongnestad include damage parameter in his
model. So hongnestad model shows degradation after the peak. In Kent and Park

model ascending part of the stress-strain curve is represented by a second-degree

81
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Figure 6.1: Stress-Strain Models

of parabola and here the confining steel has no effect on the shape of this portion.
Descending branch depends on the concrete cylinder strength. Stress-strain curve is
parabolic in the ascending portion then it follows horizontal line up to failure in the
case of material model proposed in IRC112. Fig|6.1|also shows the stress-strain curve

obtain by using Cusson Model and Mander Model.

6.3 Experimental and Analytical Comparison of

Moment-Curvature

Fig [6.2] shows analytical as well as experimental Moment-Curvature for singly under
reinforced beam. Experimental curvature are closer to the analytical values obtain
by using IRC model up to the yield, after yielding it follows the value obtains by
Hongnestad model. Experimental curvature was parabolic up to the peak than it

follows almost straight horizontal line.
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Figure 6.2: Moment-Curvature for Singly Under Reinforced Beam

Till the yielding only hairline cracks was observed but after the yielding of the
reinforcement, as the moment was increased cracks were propagates. Cracking of
concrete reduced the rigidity of the section due to these deflection of the beam was
increased rapidly. Here, it is observed that the experimental Moment-Curvature was
almost linear till the yielding than there was a large increment in curvature occurs at
nearly constant bending moment. The slowly rise of the bending moment is due to
the increment in to the lever arm, That represent tension failure.

Experimental values are observed very closer to the analytical value so only flexure
failure was there. In case of shear failure drop in moment carrying capacity of the
RC beam was observed.

If the ratio of analytical moment obtain by using IRC model to the experimental

—— 15456
Hongnestad

—+— Kentand park

—— [RC112

i CLISEON

MAnder



CHAPTER 6. RESULTS AND DISCUSSION 84

moment was found out. It is observed around 1.05 and ratio of analytical curvature
obtain by using IRC model to the experimental curvature was observed 0.8. These
values are closer than 1.

If the ratio of ultimate moment evaluated by using IS code model to the exper-
imental ultimate moment was found around 0.96. and ratio of ultimate analytical

curvature to the experimental was found 0.97.
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Figure 6.3: Moment-Curvature for Singly Over Reinforced Beam

Fig. [6.3]shows comparison of analytical as well as experimental Moment-Curvature
for Singly Over Reinforced Beam. Here,also the analytical Moment-Curvature values
obtain by using IRC model are closer to the experimental values up to the yield than
it follows the value obtains by IS code model. Experimental curvature was parabolic
up to the peak then it follows horizontal line. In the case of Singly Over Reinforced

slope of the Moment-Curvature curve in the elastic region is less compare to the under
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reinforced beam. Flexural rigidity of the over reinforced section is less compare to
the under reinforced beam.

In analytical Moment-Curvature, after the peak there was minor drop in the
strength was observed. Here also experimental values are observed very closer to the
analytical value so only flexure failure is there. Crushing of the concrete was observed

here.

DOUBLY UNDER REINFORCED BEAM
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Figure 6.4: Moment-Curvature for Doubly Under Reinforced Beam

If the ratio of analytical moment obtain by using IRC model to the experimental
moment was found out. It is observed around 1.022 and ratio of analytical curvature
obtain by using IRC model to the experimental curvature was observed 0.814. These
values are closer than 1.

If the ratio of ultimate moment evaluated by using IS code model to the exper-

imental ultimate moment was found around 0.978 and ratio of ultimate analytical
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curvature to the experimental was found 0.95.

Fig. shows Moment-Curvature for Doubly Under Reinforced Beam. Analytical
Moment-Curvature values obtain by using IRC model are closer to the experimental
values up to the yield than it follows the value obtains by Mander and Cusson model.
Experimental curvature was parabolic up to the peak then drop was observed in to
strength. Here, Moment-Curvature become nonlinear when the concrete enters the
inelastic part of the stress-strain curve. Here cursing of the concrete was observed
and after the cursing sudden drop in the strength was observed.

0.96 is the ratio of analytical yielding moment which was obtain by using IRC 112
to the experimental method. and 1.185 is the ratio of analytical yielding curvature
which was obtain by using IRC 112 to the experimental method. 0.967 and 1.05 is
the ratio of the analytical moment to ultimate experimental moment and analytical
curvature to ultimate experimental curvature respectively for doubly under reinforced
beam.

Fig shows Analytical and experimental Moment-Curvature for Doubly Over
Reinforced Beam. Here also Experimental Moment-Curvature follow the analytical
value obtain from the IRC model till the yielding was reached. After yielding it
follows the values obtain by using Mander model and Cusson model. Experimental
curvature was almost linear up to the peak then degradation in strength was observed
in to Moment-Caring capacity. Here also cursing of the concrete was observed and
after the cursing sudden drop in the strength as well as rapid increase in to the
deflection was observed. Here flexural rigidity were almost same as in case of Doubly
Under Reinforced section.

1.11 is the ratio of analytical yielding moment which was obtain by using IRC 112
to the experimental method. and 1.16 is the ratio of analytical yielding curvature
which was obtain by using IRC 112 to the experimental method. 0.85 and 1.073
is ratio of the analytical moment to ultimate experimental moment and analytical
curvature to ultimate experimental curvature respectively for doubly over reinforced

beam.
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Figure 6.5: Moment-Curvature for Doubly Over Reinforced Beam

The tensile and compressive strains of reinforcement and concrete were measured
at every load increment. The strain measurements against the moment for Singly
Under Reinforced (SUR),Singly Over Reinforced (SOR), Doubly Under Reinforced
(DUR) and Doubly Over Reinforced (DOR) are shown in the Fig The negative
values represent the compressive strain in the concrete, while the tensile strain in the

reinforcement are shown in positive values.

The higher strains in beam may be due to higher deflection due to low modulus
of elasticity. The strain were liner in beams until yielding od steel and then rapidly
increased before failure. The higher strains in concrete beams also show that good
bond between steel and concrete existed till the yielding of steel. the strain, before

final failure failure may have been having higher than the strains mentioned here.



CHAPTER 6. RESULTS AND DISCUSSION 88

SUR_S
—SUR.C

—30R_5

FOMENT

SOR_C
—DUR_S
—DUR_C
—DOR_S
—DOR_C

-0.005

0.015 0.02

Figure 6.6: Compressive and tensile strain in concrete and steel respectively

6.4 Summary

This chapter include the comparison of experimental and analytical Moment-Curvature
for RC beam elements. The strain profile was also discussed in this chapter. Analyti-
cal results by IRC model was found closer to the experimental results till the yielding
and after yielding experimental results are closer to the analytical results obtain by
using IS 456 model for singly reinforced beam and in case of Doubly Reinforced af-
ter the yielding, experimental results were closer to the analytical solution obtain by

using Mander and Cusson Model.



Chapter 7

Summary and Conclusions

7.1 Summary

In the present study a Matlab program was developed to determine the Moment-
Curvature relationship for rectangular RC beam elements by using transform area
method as well as strain compatibility method. Transform area method is the approx-
imate method and strain compatibility method is the accurate but iterative method.
For evaluation of moment-curvature relationship by strain compatibility method ex-
isting material models were used as a stress block.

Experimental program was design to evaluate Moment Curvature relationship for RC
rectangular beams. In experimental program casting of twelve reinforced concrete
beam element were carried out. In present study singly reinforced as well as doubly
reinforced RC specimens were design by limit state method. For measuring curvature,
strain was measure at the top and bottom reinforcement level. Moment-Curvature
obtain from the experiments was compared with the analytical results obtained from
the computer program.

Attempt was also made to evaluate Moment-Curvature relationship for by using var-
ious available computational tools. In present study Response 2000 and RC-Analysis

were used.
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7.2 Conclusions

Following are the important conclusions made from the present study:

e By comparing the analytical results and experimental results it is observed that
in the case of Singly Reinforced section the experimental Moment-Curvature
follows the analytical results obtain by using IRC 112 model till the yielding
of reinforcement. After this the experimental results were found closer to the

analytical results obtain by IS 456.

e In the case of Doubly Reinforced section the experimental Moment-Curvature
were found closer to the analytical results obtain by using IRC 112 model till
the yielding of reinforcement. After this the experimental results follow the

analytical results obtain by Mander and Cusson model.

e Asthe strain was increased, flexure rigidity of beam was decreased and deflection

of the beam was increased.

e For both singly reinforced and doubly reinforced section crushing failure of the
concrete was observed with the tension failure of RC beam. But in case of under
reinforced section tensile cracks were observed first and then crushing failure was
occurred. But in case of over reinforced crushing failure was observed first then

tensile failure was observed.

e By increasing the amount of tension reinforcement there is a increase in the
moment capacity of the section; however the ductility of the structure reduces

drastically which is not at all desirable.

e With the increase in the grade of concrete there is a marginal increase in the
moment capacity of the section but a substantial increase in the ductility of the

section.
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7.3 Future Scope of Work

Moment-Curvature will be evaluated by considering the flexure as well as shear

failure.

Various parametric study will be to estimate the effects of parameters (grade of

concrete, cover, grade of steel) on the Moment-Curvature relationship.

Moment-Curvature relationship can be evaluated for Reinforced Concrete rect-

angular, square and circular column by using layer approach.
Experimental evaluation of Moment-Curvature for RC Column elements.

Moment-Curvature relationship cab be developed by considering various sup-

port condition for RC elements.

Moment-Curvature will be evaluated for 2D Frame.
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Appendix A

Matlab Program by Transform
Area Method

Moment-Curvature Relationship for Doubly Reinforced by Transform
Area Method

Ast=input (’Enter the bottom Reinforcement area(mm2):’)
Asc=input (’Enter the top reinforcement area(mm2):’)
ecu=input (’Enter the Extreme compression strain:’)
f=input (’MOdulus of rupture:’)

Fy=input (*yield strength of steel:’)

b=input (’width of the beam:’)

D=input (’depth of the beam:’)

Fc=input (’Cylinder strength of concrete:’)

Ec=input (’Modulus of the elasticity of concrete:’)
Es=input (’Modulus of the elasticity of concrete:’)
di=input(’Clear Cover:’)

diab=input (’diameter of top bar:’)

diat=input (’diameter of botom bar:’)

M1=0
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phil=0
d=D-di

As=Ast+Asc

%step 1:

%First Crack

n=Es/Ec

M=[]

phi=[]

M=[M;M1]

phi=[phi;phiil

%Using transformed area

A=b*D+(n-1)*As

Y=((b*D*D/2)+(Ast* (D-(di+diab/2)))+(Asc*(di+diat/2)))/(A)

I=((b*D"3)/12)+(b*D*((D/2-Y) "2) )+
(Ast*(((D-(di+diab/2))-Y)"2))+(Ascx(((di+diat/2)-Y)"2))

M2=(£*I)*10"-6/(Y)

phi2=(f/(Ec*Y))*10"3

M=[M;M2]

phi=[phi;phi2]

%step 2
%At first Yield

del_t=Ast/(b*D)
del_c=Asc/ (b*xD)
K=(((del_t+del_c) "2*n~2)+2*((del_t+(del_c*di/D))*n))"0.5-(del_t+del_c)*n

kd=K*D
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es=Fy/Es
ec=es*(kd)/(d-kd)
fc=ecx*Ec

esc=ec* (kd-di)/(kd)
fs=esc*Es
Cc=(fc*bxkd) /2
Cs=Asc*fs

C=Cc+Cs
j=(Cs*(di+diat)+(Cc*kd/3))/(C)
jd=d-j
M3=Fy*Ast*jd*10"-6
phi3=(10"3%*es)/(d*(1-K))
M= [M;M3]

phi=[phi;phi3]

%At Ultimate

a=Fy* (Ast-Asc)/(0.85%Fc*b)

c=a/0.85

ess=ecu*(c-di)/(c)

fss=essx*Es
M4=(0.85*Fc*axb*(d-a/2)+Asc*fss*(d-di))*10"-6
phid=ecux10-3/c

M=[M;M4]

phi=[phi;phi4]

plot(phi,M),grid

xlabel (’Curvature of the section (phi)’);
ylabel (’Moment of resistance of the section (M) in kN-m’);

title(’Moment Curvature Relation For Over Reinforced section’);
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Moment-Curvature Relationship for Singly Reinforced by Transform
Area Method

Ast=input (’Enter the bottom Reinforcement area(mm2):’)
ecu=input (’Enter the Extreme compression strain:’)
f=input (’Modulus of rupture:’)

Fy=input (*yield strength of steel:’)

b=input (’width of the beam:’)

D=input (’depth of the beam:’)

Fc=input (’Cylinder strength of concrete:’)
Ec=input (’Modulus of the elasticity of concrete:’)
Es=input (’Modulus of the elasticity of concrete:’)
di=input(’Clear Cover:’)

diab=input (’diameter of top bar:’)

diat=input (’diameter of botom bar:’)

M1=0

phil=0

d=D-di

Ast=As

%step 1:

WFirst Crack

n=Es/Ec

M=[]

phi=[]

M=[M;M1]

phi=[phi;phil]

%Using transformed area

A=b*D+(n-1) *Ast
Y=((b*D*D/2)+(As*(D-(di+diab/2))))/(A)
I=((b*D"3)/12)+(b*D* ((D/2-Y) "2) )+ (As* ((((D-di+diab/2))-Y)"2))
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M2=(£*I)*10"-6/(Y)
phi2=(£f/(Ec*Y))*10"3
M=[M;M2]
phi=[phi;phi2]

%step 2

%At first Yield

del_t=As/(bxD)

J=solve (K" 2+2xn*del_t*K-2*n*del_t == 0)
K=input (’Value of K from eq. K"2+2*n*del*K - 2*n*xdel = 0’)
kd=K*xd

es=Fy/Es

ec=es*(kd)/(d-kd)

fc=ecx*Ec

Cc=(fcxbxkd) /2

C=Cc

jd=d-(kd/3)

M3=Fy*As*jd*10"~-6
phi3=(10"3%*es)/(d*(1-K))

M=[M;M3]

phi=[phi;phi3]

%At Ultimate

a=Fy*(As)/(0.85*Fc*b)
c=a/0.85
M4=As*Fy*(d-0.5%a)*10"-6
phid=ecux*10~3/c
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M=[M;M4]
phi=[phi;phi4]

plot(phi,M),grid
xlabel (’Curvature of the section (phi)’);
ylabel (’Moment of resistance of the section (M) in kN-m’);

title(’Moment Curvature Relation For Over Reinforced section’);



Appendix B

Matlab Program by Strain
Compatibility Method

Moment-Curvature Relationship for Singly Reinforced Beam

clc

syms epsi_int z alpha gamma fc c_c X_u epsi_sh epsi_su fsu r m x
b=input (’width of the beam:’)

D=input (’depth of the beam:’)

Asc=input (’Enter the top Reinforcement area(mm2):’)
Ast=input (’Enter the bottom Reinforcement area(mm2):’)
co=input(’Clear Cover:’)

fcc=input (’Cube strength of concrete:’)

ecu=input (’Enter the Extreme compression strain:’)
fy=input(’yield strength of steel:’)
fc=input(’Cylinder strength of concrete:’)

Es=input (’Modulus of the elasticity of concrete:’)
sh=input (’Spacing of Stirrups:’)

fsu=input (’Ultimate strength of steel:’)

s_d=input (’diameter of stirrups:’)
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b_s=input (’diameter of bottom bar:’)
dprime=h-co
d=h-2*co
b=B-2*co
deff=h-co-s_d-b_s/2
b_b=b-s_d
d_d=d-s_d
epsi_y=(fy/E_s)
epsi_sh=16*epsi_y
M=[]
phi=[]
for (i=1:10)
epsi_int=(epsi_ult/10)*i
X_u=0.5*dprime
if (epsi_int<0.002)
fc=((2%epsi_int/0.002)-(epsi_int/0.002) "2)*fcc
else (0.002 <= epsi_int <= 0.004)
fc=fcc

end

alpha=fc/fcc
gamma=0.5

for(j=1:5000)

c_c=alphaxfcc*B*X_u*x10"-3
epsi_s=epsi_int*((deff-X_u)/(X_u))
if (epsi_s<epsi_y)
f_s=epsi_s*E_s

else (epsi_y <= epsi_s < epsi_sh)
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f_s=fy
end
T=Ast*f_s*107-3

p=abs(c_c-T)

if (p<=0.05)
Mu=c_c*(deff-gamma*X_u)*10~-3+T*X_u*x10"-3
M(i+1)=Mu
phiu=(epsi_int*10°3)/(X_u)

phi(i+1)=phiu

break;
else
X_u=X_u-0.01
end
j=3
end
i=i+l

end

plot(phi,M),grid

xlabel (’Curvature of the section (phi)’);

ylabel (’Moment of resistance of the section (M) in kN-m’);

title(’Moment Curvature Relation For Over Reinforced section’);
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Moment-Curvature Relationship for Doubly Reinforced Beam

clc

syms epsi_int z alpha gamma fc c_c X_u epsi_sh epsi_su fsu r m x
b=input (’width of the beam:’)

D=input (’depth of the beam:’)

Asc=input (’Enter the top Reinforcement area(mm2):’)
Ast=input (’Enter the bottom Reinforcement area(mm2):’)
co=input (’Clear Cover:’)

fcc=input (’Cube strength of concrete:’)

ecu=input (’Enter the Extreme compression strain:’)
fy=input(’yield strength of steel:’)

fc=input (’Cylinder strength of concrete:’)

Es=input (’Modulus of the elasticity of concrete:’)
sh=input (’Spacing of Stirrups:’)

fsu=input (’Ultimate strength of steel:’)
s_d=input(’diameter of stirrups:’)

b_s=input (’diameter of bottom bar:’)

dprime=h-co

d=h-2*co

b=B-2*co

deff=h-co-s_d-b_s/2

b_b=b-s_d

d_d=d-s_d

epsi_y=(fy/E_s)

epsi_sh=1.5%epsi_y

M=[]

phi=[]

for (i=1:10)

epsi_int=(epsi_ult/10)*i
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X_u=0.5*%dprime
if (epsi_int<0.002)
fc=((2*epsi_int/0.002)-(epsi_int/0.002) "2)*fcc
else (0.002 <= epsi_int <= 0.004)
fc=fcc
end
alpha=fc/fcc
gamma=0.5

for(j=1:5000)

c_c=alphaxfcc*B*X_u*x10"-3
epsi_s=epsi_int*((deff-X_u)/(X_u))
if (epsi_s<epsi_y)
f_s=epsi_s*E_s
else (epsi_y <= epsi_s < epsi_sh)
f_s=fy
end
epsi_sc=epsi_int*((X_u-co)/(X_u))
if (epsi_sc<epsi_y)
f_sc=epsi_sc*E_s
else (epsi_y <= epsi_sc < epsi_sh)
f_sc=fy
end
c_t= Ascxf_sc*x107-3
c=c_ct+c_t
T=Ast*f_s*107-3
p=abs(c-T)

if (p<=0.05)
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Mu=c_c*(deff-gamma*X_u)*10"-3+c_t* (X_u-co-s_d) *10"-3+T*X_u*x10"-3
M(i+1)=Mu

phiu=(epsi_int*10°3)/(X_u)

phi (i+1)=phiu

break;
else
X_u=X_u-0.01
end
j=j+1
end
i=i+l

end

plot(phi,M),grid

xlabel (’Curvature of the section (phi)’);

ylabel (’Moment of resistance of the section (M) in kN-m’);

title(’Moment Curvature Relation For Over Reinforced section’);



Appendix C

Experimental Results

Strain was measured by mechanical strain gauges. Average strain from top three
strain gauge was consider as the compressive strain and average strain from bottom
three strain gauge, tensile strain was evaluated. Here €1, €3, €5 were represent top
strain. And &5, €4, €6 shows bottom strain. €. and &; repentant average compressive

strain and average tensile strain. Fig. shows the positions of the strain gauges.
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