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ABSTRACT

This study presents an experimental study of the behavior of
rectangular reinforced concrete beams made out of different overlays. For
each overlay two types of concrete grade is used. One is a normal concrete
with the compressive strength of f ’, =44 N/mm? and the other is a high
performance concrete with the compressive strength of f’~ 65 N/mm? .

The aim of the study is to investigate the effect of the partial use of
high performance concrete in normal concrete beams as different layers.
For this purpose, normal beams were casted having different parts made
out of high performance concrete. The investigation covered the effect of
this combination on the cracking moment, yielding moment, the ultimate
moment of the beam. Furthermore, the mid-span deflection, ductility, crack
propagation and pattern were also studied. In order to carry out these
investigations and evaluate the above parameters, sixty specimen beams
were prepared with a cross section of 200 mm x 350 mm and 2 m long
span. High performance concrete was used as a top overlay, bottom overlay
and middle segment in the normal beam. Specimens were divided into four
main groups. In the first group HPC was placed on the top layer of 120
mm. In the second, the bottom layer of 120 mm was casted as HPC. The
third group was fully made of normal concrete. Finally the fourth group of
beams were made using HPC in the middle segment of the normal concrete
beam. Each group consisted of 18 beams, which was divided into six
subgroups each having a different steel ratio.

The experiments carried out on sixty specimens beams have shown
that the tension overlay being high performance concrete increases the
cracking moment, reduces the mid-span deflection at service load in beams

with low steel ratios. However, no improvement was observed on the




ductility of those beams. In beams with compression overlay being high
performance concrete the ductility factor was improved 43% while
reduction was observed in the mid-span deflection. A reasonable
improvement in ductility, mid-span deflection and in cracking moment was
reduced in beams with middle segment is made out of high performance

concrete.
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INTRODUCTION




CHAPTER 1

INTRODUCTION
1.1 High Performance Concrete (HPC)

Concrete is one of the very widely used civil engineering material which is
characterized by its compressive strength. In recent years, there has been a rapid
growth of interest in high strength concrete. Those of concrete having uniaxial
compressive strength, in the range of 80-120 Mpa is termed as high strength
concrete. Such concrete are obtained by using certain admixtures including water-
reducing agents, fly ash and micro-silica in addition to other ingredients of
cement, sand and aggregates. Furthermore extreme attention is paid to the quality
control during its production. High-strength concrete also has higher modulus of
elasticity, tensile strength and lower creep coefficient. They are more durable and
resist corrosion and abrasion better than normal concrete. Due to these properties,
the high strength concrete is also termed as high performance concrete. The
increase in the compressive strength is achieved by using extremely fine

chemically reactive materials such as silica fume, calcareous fillers and even
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black carbon, so that they fill the microvoids in grain packing, thus improving the
compactness of the material and at the same time improving the rheological

properties of the fresh concrete mix. [5].

1. 2 Advantages of using HPC

The practical use of HPC has preceded full knowledge of its properties as a
material and of the behavior of structural members using the material. There are
good reasons, both technical and economical in which higher-compressive
strength correlates with improvements in other engineering properties such as
tensile strength, creep coefficient.

The classic and earliest applications of high strength concrete were for
piles, columns, and other axially loaded members. But, in current practice much
more attention is given to flexural members. With flexural members, high strength
concrete may provide greater deflection control, reduce prestressing losses,
and/or permit use of less mild steel and prestressed reinforcing.[2]. These
advantages can be summarized as follow:

Ability to use more slender, lighter sections.

Longer spans and/or wider member spacing.

Greater stiffness and better control of deflection.

Reduction in pre-stressing losses due-to a better control over creep and
shrinkage.
- Reduction in the amount of shear reinforcement required in some
flexural members.
- Reduction impact of high early stresses due-to prestressing and earlier
application of service loading and the effects it may have on members at

early ages.




1.2.1 Economy

In flexural reinforced concrete members, the maximum amount of tension
reinforcement is limited by Pma. < 0.75 pp (pp-reinforcedratio producing

balanced strain condition) as defined by design codes such as ACI 318-83 [12] to
insure a level of ductile behavior where the steel ratio of the beam must be less or
equal to P mam. Any increase in load capacity is only possible either by
increasing the steel percentage, or using higher strength concrete. If the steel
percentage is increased, the section size will be increased accordingly to maintain
the ductility of the section. On the other hand, using higher strength concrete
favorably reduces the section size, which results in a saving in the cost especially
in multistory buildings. Having smaller cross sections for beams and columns
yield to less amount of steel. In other words, the cost of high strength concrete 1s
largely balanced by concrete quantity savings and by productivity improvements.
Indirect benefits are also gained through durability improvements leading to

maintenance savings.

The use of high strength concrete in compression members for a given
cross section results in carrying more loads. As a result column sections can be
selected smaller. In flexural members, smaller sections reduce dead loads
involved and longer spans can be achieved [7]. For longer span bridges, the
combination of high performance concrete (to reduce dead load) with pre-stress
beams (to control deflections) extended the range of concrete bridge span to over

274 m [11].




1.2.2 Durability

In general the effect of environment on the durability of concrete structures
depends on the permeability of gaseous and dissolved substances. Permeability is
much influenced by the pore structure of the cement-paste that is dependent on
relevant porosity and pore size distribution, where the resistance is usually
reduced by the increase in the quantity of pores.  If the acids or salts are able
to reach the reinforcement through the cracks or pores, corrosion of the steel can

be induced causing cracking and sapling of concrete.

The durability of high strength concrete from the aggressive chemical
agent’s point of view is higher than that of normal concrete. This improvement is

related with the alkali-aggregate reactions due to the following reasons:[3]
- High performance concrete has a fine discontinuous pore structure

which reduces ionic diffusions through the mix and concrete paste-

aggregate interface.
- A reduction of Ca(OH)2 due to the pozzolanic reaction of silica fume.
- Frost resistance as well as deicer-salt resistant.
- A reduction of ions OH concentration in the pore soiution.

The use of superplasticizers is another way of increasing the concrete
compressive strength. These materials reduce the flocculation of cement grains in
which the cement grains in suspension in water can recover their initial grain size.
This approach leads to an appreciable reduction in the quantity of water
necessary, since quite a lot of this water is no longer trapped in the cement grain

flakes. However, superplasticizers fabrication technology has improved and there




are great number of commercial superplasticizers such as, sulphonate melamine

and sulphonate naphthalene.[5].

The addition of 5,10,15 and 20% silica fume increases the strength of the
concrete, and reduces both permeability ahd workability. Carbonation is reduced
to about 35% of that of the normal concrete beams with out silica fume. If silica
fume percentage is greater than 15% and that of the superplasticizer is greater

than 1.5% the pozzolan action reduces carbonation by 70% after a month [20].

1.2.3 Material properties

Compressive Strength: This is the most important functional property and
it can be attained faster and greater than that of normal concrete. It has been
possible to produce in the laboratory, concrete having a crushing strength
exceeding 200 Mpa [5]. Concrete with mean strength values between 100 and
120 Mpa at 28 days measured on a cylinders can be easily produced, by making

optimum use of locally available materials and water reducing agents.

Tensile Strength: The tensile strength is higher than that of normal
concrete due to the higher strength and densification of the matrix and of the
paste-aggregate interface. A better tensile strength, which results in an increase of
the cracking moment which in turn favorably, affect the appearance of the cracks.
For example in ordinary concrete structures, the micro cracking begins as soon as
the compression stress reaches about 30-40% of the ultimate compressive
strength and at 80-90% of this stress, cracks become inter-connected. In High
Performance Concrete a little micro cracking develops when the compressive
strength reaches about 65-75% of the ultimate stress and at 80-90% of this stress

the cracks are not fully inter-connected. [11]




70 o
Il
60 ; High-Strength comcwete
E 50
: / /ﬂn
] a0
/ / )
-1 Mediasm-Streaqth Coacrete
: | o]
N _‘__-’f"""m.

| %

1
[Low-Stremgth Comcrete |

D G 0.002 0,003 0.004 0.003
STRAIN

Fig. 1.1. Stress - Strain curve for different type of concrete

Young’s Modulus (Ec): High performance concrete has higher modulus of
clasticity as given in Table 1.1 which certainly results in smalier deflections in

beams.

Shrinkage and Creep: Some of the studies made on HPC show that [19]
the total shrinkage of HPC is approximately half that of the normal concrete.
Since the material contains a very little free water after hydration, the creep of
HPC is smaller than that of ordinary concrete. The creep coefficient Ccu
decreases while the strength increases as shown in Table 1.1. In other words

while the w/c ratio decreases the creep coefficient decreases too.

Bond with reinforcement: The bond stress between concrete and
reinforcement is proportional to the tensile stress. It is therefore a function of

compressive strength. With an increase of approximately 50% in the compression
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sttength, the steel-concrete bond increases approximately 40%, which stiffens the

section and reduces the crack widths. [5].

The use of condensed silica fume doubles the steel-concrete bond by
reducing the porosity and thickness of the transition zone adjacent to the steel.
This in turn improves the adhesion-type bond at small slip level and allows larger

stress and strain levels. [22].

Table 1.1 Material Properties as given in [19].

e o | Compressive strength | Modulusof | o | o
.o Material.. D f o000l Elasticity CreegCoe_ff CalCas
ce e T N (Be) N | T
Low strength concrete 20.7 23320 3.1 1.00
Medium strength concrete 41.4 32970 24 0.77
High strength concrete 70.0 42570 1.6 0.52

Ductility: In general, it is known that the stronger the concrete the more
brittle it is. But, since structural engineers deal with reinforced or pre-stressed
concrete, then the ductility of which can be adjusted accordingly to any particular
needs. Flexural tests run on reinforced HPC beams show that their ductility is

similar to that of beams made with ordinary concrete. [5].

Permeability: The combined use of ultrafine particles and a water
reducing agent result in concrete with a very low permeability. With increased
concrete strength, the permeability becomes consistently low to very low

according to both AASTO T277 and water permeability classifications. [21].




1.3 Composite Beams and Structures

In construction there is an essential way of improving the economy and
functionality of the structures by using a composite construction. The basic
principle underlying composite construction is that, certain materials may be used
more effectively in certain types of stressed conditions, Thus, the combination of
a material strong in compression with the strong in tension makes a very

economical structure.

It can be said that a reinforced concrete beam or slab is a composite
member of steel and concrete, Also, a precast beam with a cast-in-site concrete
slab or steel beam with a concrete slab are a composite constructions associated

with the use of two materials.

Currently the uses of composite construction are growing rapidly due to
economic reasons. Composite elements yield lighter beams which in turn result in
smaller columns and consequently less steel tonnage to be supported. This
results in savings in the cost of foundations and in the building height especially
in the multistory buildings.

1.3.1 Composite Action

The composite action in structures is considered as the interaction of
different structural elements, and may be developed using either different or
similar structural materials. Composite construction became generally accepted

by engineers for bridges during the 1950s and for buildings during the 1960s. [1]
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During the past decade, research on continuous composite beams and
connections has led to even greater economy through the use of composite design
in continuous structures due to increased strength through continuity and also the

increased stiffness due {o composite action.

In 1975 Johnson discussed the behavior of flitched beams with no shear
connectors with full slip and shear connectors with no slip (full interaction). The
result showed that the maximum bending stress was reduced by 50% when shear
connectors were provided, and the mid-span deflection was 25% of that in the

case with no shear connectors. [1]

1.3.2 Shear Transfer in Composite Action

Composite action between steel and concrete or between structural
elements of the material implies interaction between them and a transfer of shear
at the connections. In reinforced concrete beams, this is taken of by the natural
bond between concrete and deformed reinforcing bars. In the common type of
composite beams, there is some shear transfer by bond and friction at the
interface between steel beams and concrete slabs. Hence, shear connectors are
needed to give reliable composite action with the following two objectives:

- To transfer shear between the steel and the concrete, thus limiting the
slip at the interface and to make the structure to act as a unit.

- To prevent an uplift and separation between the steel beams and concrete
slab at interface.

In the case of reinforced concrete monolithic beam-slab constructions, the

longitudinal shear is taken by the concrete and the steel stirrups.
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1.4 Literature review

Considerable amount of research is carried out on the use of concrete
overlays in damaged or spalling structural members to restore or increase one or
more of the followings:

- Compressive and/or tensile strength.

- Stiffness of the members.

- Ductility.

- Functional performance.

- Chemical attack and/or fire resistance.

The behavior of strengthened beams by using different type of concrete
mix and/or different materials is similar to the partial use of high performance
concrete from the flexural behavior point of view as well as the study’s objective

of this study.

M. Saiidi, S. Vrontinos, and B. Douglas [13] have developed a model to
determine the vyield and ultimate behavior of reinforced concrete beams
strengthened by concrete overlays. The overlay may be on the compression or
tension side. The model was evaluated by comparing analytical results with the
test data obtained from 14 beams. A reasonably close agreement between the
calculated and measured moments due to applied load and displacements at
yielding of steel was noted. The most interesting results and conclusions derived
in this research were as follows:

- The observed mode of failure in different type of specimens varied from
flexural to beam shear and to separation of the overlay.

- The use of thick overlays for heavily reinforced beams increases the

mterface failure.
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- A slight increase of ultimate moment and ductility ratio was observed as
concrete strength increases.

- Both ductility and ultimate moment increased as the depth ratio of
overlay increased.

- Higher moment capacity and lower ductility observed as the steel ratio

increased.

Esam M. Ali [17] has conducted research to study the flexural behavior of
strengthened reinforced beams in which, part of this study dealt with different

types of concrete mixes as an overlay. The following conclusions were reported:

- The mid-span deflection of strengthened beams was smaller than that of
control beams (normal concrete beams).

- The compressive and tensile strain of strengthened beams was lower
than that of control beams.

- The ultimate load of strengthened beams was higher than that of control
beams.

H. H. Abrishiami, W. D. Cook, and Denis Mitchell [14] have conducted a
study in which the flexural behavior of both normal and high performance
reinforced concrete beams were investigated. The following are some of the
results and conclusions derived from this research.

- High-strength concrete beams had slightly higher stiffness and about a
5% higher ultimate strength than normal - strength concrete beams.

- Crack width in high - strength concrete beams were smaller than that in

normal-strength concrete beams at service load level.
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- After flexural yielding, normal - strength concrete beams displayed
diagonal tension cracks with final failure occurring by flexural crushing.
- After flexural yielding high - strength concrete beams experienced

sudden failure with diagonal tension cracking.

M.Maalej and Victor C.Li [23] have proposed a new design for reinforced
concrete flexural members to improve durability. The design makes use of unique
properties of strain-hardening cementitious composite to limit crack width. The
composite is used as a replacement for the concrete material that surrounds the
main reinforcement in a regular reinforced concrete member. With this design, it
was shown that crack widths under service load conditions could be limited to
values never before achieved using conventional steel reinforcement and
concrete. Under these conditions, it was concluded that it would be possible to
prevent the migration of aggressive substances into the concrete or reinforcement.
Furthermore, accelerated corrosion due-to longitudinal cracking or spalling can be
reduced, if not eliminated, and spalling and delaminating problems common to

many of today’s reinforced concrete structures can be prevented.

S. Setunge, M. M. Attard, and P. Lep Darvall [24] have carried out an
experimental research of ultimate strength using several mixes ranging from
normal strength concrete to very high strength concrete. Other parameters in the
mixes were the use of silica fume and type of crushed coarse aggregate. A two-
parameter model for the failure envelope for confined concrete was adopted.
Empirical expression for the failure envelope were derived for normal strength
concrete and very high strength concrete with and without silica fume. A simple

lower bound expression for the ultimate strength of concrete under confinement is
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presented for any grades of concrete. The following outcomes were concluded:

- Very high strength concrete produced with silica fume shows higher
normalized ultimate strength than the one without silica fume.

~ The failure envelope of very high strength concrete is similar for all three

types of coarse aggregate used.

S. E. Swartz, A. Nikacen, H. D. Narayan Babu, N. Periyakaruppan, and T.
M. E. Refai [25] have constructed and tested four reinforced concrete rectangular
beams with a nominal strength of 82.7 Mpa. The beams were reinforced
longitudinally with grade 60 steel at 50% and 150% of balanced ratio and had no
stirups of one beam, 50% stirrups of one beam, and full-required stirrups of two
beams based on ACI requirements. The results of this study were summarized
briefly as follows:

- The compressive stress block in the beam at failure is curved and may be
represented by parabola with a maximum fiber stress of £,

- The strain at ultimate load in the extreme compression fiber may be less
than 0.003 mm/mm{the maximum usable strain). A recommended value by the
author for design is 0.0025 mm/mm.

- The secant modulus of elasticity may be estimated reasonably well by the
ACI formula.

- The uni-axial compressive stress-strain curve is almost linear up to stress
value of about 0.5 f ..

- The beam and cylinder compressive stress-strain curves are similar.

Arthur H. Nilson [26] the main purpose of this paper is to summarize more
recent research at Cornell University dealing with the behavior of reinforced and

prestressed concrete structural members made using high strength concrete. Tests
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have included axially loaded members with varying amount of spiral condiment
steel, flexure-critical beams with varying amount of tensile and compressive
reinforcement and stirrups, reinforced concrete beams under sustained load of 3
years duration. It was found that while many provisions of the 1983 building code
requirements for reinforced concrete (ACI 318-83) are applicable to high strength
concrete materials and members, certain code provisions must be re-examined,
modified or limited to insure structural safety and serviceability. It was concluded
that:

- Flexural strength and short-term deflection of reinforced concrete beams
are predicted very well by the present ACI code procedure.

- Beams ductility is satisfactory, provided tensile steel ratios do not exceed
the current maximum values, inspite of characteristic lack of ductility of high
strength concrete.

-Because of the much lower creep coefficient, sustained load deflections of

high strength beams are less than predicted by the present ACI code equations.

1.5 Partial use of high performance concrete

In many instances normal concrete is more than adequate to provide the
required strength of flexural structural members, Therefore, it is not justified to
fully use the high performance concrete instead of normal concrete in every day
structural design due to the fact that the high performance concrete cost more
than double the normal concrete, However, there are categories where the normal
concrete can use the advantages of high performance concrete to improve one or
more of the following features :

- Serviceability

- Durability

- Ductility
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To attain these objectives, this study proposes the partial use of high
performance concrete in normal concrete beams. This can be reasonably
accomplished by either having different layers of high performance concrete in
the beam cross section in the compression or tension zone, or by having different

segments of the beam of different concrete grades.

1.6 Objectives of this study

The main objective of this study is to investigate the feasibility of the
partial use of HPC in reinforced concrete beams. For this purpose two grades of
concrete, the first is normal concrete with 1, = 44 N/mm’ and the second is high
performance  concrete f°, = 65 N/mm’ are used to produce four different group
of reinforced concrete beams with rectangular cross section. The beams had
length of 2 meters and cross section of 200 mm x 350 mm. In the first group HPC
was placed on the top layer of 120 mm. In the second, the bottom layer of 120
mm was casted with HPC. The third group of beams was fully made of normal
concrete. Finally the fourth group of beams were made using middle segment
being HPC. Each group consisted of eighteen beams, which is divided into six
sub groups each having a different steel ratio. Each sub group had three identical

beams. Total number of beams considered in the study is sixty.

The objective of the study is to investigate the affect of partial use of high
strength concrete in normal reinforced concrete beams subjected to flexural
loading to serviceability, durability and ductility. Before initiating the
experimental program, an analytical model is developed to determine the
response of simply reinforced concrete beams with HPC overlay either at the

compression or tension zone.The results obtained are outlined in chapter 2.
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The description of experimental program and the resuits obtained in the
tests carried out on the beam specimens are given in chapter 3. The discussion
and analysis of test results are outlined in chapter 4. Comparisons of cracking
moments and yielding moments are illustrated m the graphs, which contains the
results of all tested beams. Moment curvature diagrams are also included in the
same chapter. Mode of failure, crack propagation and pattern are shown in the
pictures, which are given in chapter 4. Conclusions obtained from this study are

listed in chapter 5.
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CHAPTER 2

BEHAVIOR OF REINFORCED CONCRETE BEAMS WITH HPC
OVERLAYS (PRELIMINARY STUDY)

2.1. Objectives of the preliminary study

The main objective of this investigation is to study the effect of partial use
of high strength concrete in normal reinforced concrete beams subjected to a
flexural loading with particular attention to evaluate the followings:

- Cracking moment.
- Mid-Span deflection at service load.
- Ductility.

To attain those objectives, before initiating the experimental program an
analytical model was developed to determine the response of simply supported
reinforced concrete beam, with concrete overlay either at the compression or
tension zone. Four different groups of beams were considered. In the first group
HPC was placed on the top layer of 120 mm as shown in Fig. 2.2.a. In the second
group the bottom layer of 120 mm was casted with HPC as shown in Fig.2.2.b.

The third group beams were fully made of normal concrete as shown in Fig.2.2.c.
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Finally the fourth group of beams were made using fully HPC as shown in
Fig2.2 d.

|’ Iy

350

Le = 2000 mm - 200

Fig. 2.1 Beam loading

w7 u =3 ﬂ
— 2

' [/1] Lipl o T 200
(a) (b) (©) @

Fig. 2.2. Cross Sections of reinforced concrete beams.

Each group is subdivided into another six groups, each of which had

different reinforcement ratios as shown inTable.2.1.

Table 2.1. Different reinforcement ratios considered for each group.

"~ Remforeoment | Compressionsieel | Tonsionsiesl | Straps

. ratlos | |
Ratio (1) | 2612 | 2910)1412 | 8@ 150
Ratio (2) 76 12 3912 $8@ 150
Ratio (3) 26 12 2416 $8@ 150
Ratio (4) 26 12 2016+ 1312 | 8@ 150
Ratio  (5) 2¢ 12 3 416 $8 @ 150
Ratio (6) 26 12 3925 48 @ 150
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2.2. BASIC ASSUMPTIONS
The reinforced concrete beams considered in the analytical model has a
layer of HPC either at compression or tension zone with the following
assumptions and idealizations:
- Full composite action 1s assumed between the layers of concrete.
- Consequently plane section is assumed to remain plane after
deformation.
- Stirrups are assumed to be capable of transferring shear from one layer
to another.
- The tensile reinforcement is assumed to have yielded when the tensile
steel strains reaches (f,/E;) mm/mm.
- The ultimate load is reached when the extreme compression concrete
strain reaches the maximum usable strain equal to 0.003 mm/mm.
- Strain-hardening effect is ignored.
- Cracked concrete in tension (below the Neutral Axis) zone is ignored.

- Temperature and shrinkage stresses are ignored.

2.3. Theoretical Calculation
2.3.1. Moment-Curvature

The relation between applied moment in a given beam section and resulting
curvature through the full range of loading to failure, is mmportant in several
contexts. It is basic to the study of member ductility, understanding of the
developments of plastic hinges, and accounting for the redistribution of the elastic
moments that occurs in most of the reinforced concrete structures before collapse.

The curvature is defined as the angle change per unit length at any given

location along the axis of a member subjected to bending loads:
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o= 1r (2.1)
where ¢ = unit curvature and » = radius of curvature. By using the usual
assumptions regarding perfect bond between steel and concrete and plane section
remain plane, it is possible to calculate the relation between applied moment and

curvature for reinforced concrete beam section subject to flexural moment.

2.3.2. Computer Program
A computer program called “Response” developed at the University
of Toronto [10] in fulfillment of a M.Sc. thesis used to carry out the computation
of moment-curvature relationship. This program determines the load-deformation
response of reinforced concrete cross-sections. By using the concept of moment-
curvature, the program can calculate the following four aspects:
1. Moment and Axial load.
- calculate moment-curvature relationship for a given axial load
and/or axial load-to-moment ratios.
- find the strain distribution for a given axial load and/or axial load
to moment ratio and a specific strain anywhere within the section.
- find the strain for a given moment and axial load.
- find the axial load and moment for a given strain.
2. Shear and axial load.
- calculate shear force - strain relationship.
- find the biaxial strain state for a given axial load and shear force.
3. All loads.
- calculate axial load, shear, and moment - strain relationship.
- find the strain state due to applied moment, axial load and shear.

4. Rough Capacities.
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- calculate estimates of the compressive and tensile capacities and
the positive and negative moment capacitics.

- calculate estimates of the cracking shear force and the post-
cracking shear strength.

The program can perform three different types of analysis, these are:

- Load - deformation relationship.

-The value of moment for a given axial load at which the bottom
fiber cracks.

- The strain for given loads.

The program is designed to calculate up to five different concrete ayers
and ten reinforcement layers. It also counts for tension stiffening, displaced
concrete by reinforcement, thermal and shrinkage strains, and strain
discontinuities for composite members. More details on program capability and

calculation can be found in appendix B.

2.4. Analysis and Discussion

2.4.1. Cracking Moment.

As external force is applied to a section the moment - curvature
relationship remains linear up to the cracking moment. This segment of moment-
curvature represents the elastic range based on uncracked transformed section. In
which the tension stress is smaller than that of modulus of rupture (F,). of the

cross section. The cracking moment can be written as follow:

Mcr = Fr-Im‘/yt (22)




22

where F, =modulus of rupture, /,, = moment of inertia of uncracked transformed
section, y, = the distance from the neutral axis to the extreme tension fiber. Once
the modulus of rupture is reached the section will crack. Appearance of cracks
will reduce the flexural rigidity of the section. The reduction in rigidity will
increase the curvature with no change in moment. But if the concrete in tension is
neglected then a drop in applied moment will occur. This reduction is greater for
the lightly reinforced sections as shown in Fig.2.3 and smaller for heavily
reinforced sections as in Fig 2.8. The reduction of rigidity will continue until the
steel in tension begins to be active in taking the tension stresses. This results in
linear moment-curvature curve up to the point of the yielding of steel. The steel

starts yielding when the strain in steel reaches a value of

&=f,/Es (2.3)

where £, = the yielding stress of the steel, £s = the modulus of elasticity of steel.
When the steel yields, a large increase in curvature occurs at nearly constant
moment.

The analytical resuits obtained in this study showed that the beams with
bottom overlay, top overlay, and complete section being HPC have larger
cracking moments. This can be encountered due to the larger moment of inertia of
the section compared to that of normal concrete sections.

The cracking moment has increased with approximately 8% for beams with
top overiay, 35% for the beams with bottom overlay, and 58% for the beams
being completely made out of HPC, compare to normal beams.

It is found that the moment-curvature curves for both beams with normal
concrete cross section and bottom overlay being HPC follow the same curve after
cracking. Similarly the beams with full HPC cross section and the top overlay
being HPC follow the same curve after cracking. This can be explained by the
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fact that, the normal concrete zone in the top overlay beams and the HPC in the
bottom overlay beams are ignored being in the tension zone of the cross section
of the beam. The remaining active zone being either normal concrete as the case

of bottom overlay or HPC as the case of top overlay.
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2.4.2. Mid-Span deflection

The mid-span deflections were calculated for all beams at the same
loading level under the service load of normal concrete beams as given in Table
2.2. In beams with the top overlay being HPC has approximately 11% lower
deflection at lower steel ratio and about 16% at higher steel ratio. In the beams
with the bottom overlays, the mid-span deflection was reduced approximately by
80% at the lower steel ratio and no improvement was found at high steel ratio.
The beams made fully of HPC showed an improvement of 89% at lower steel

ratio and about 16% at higher steel ratio.

Table. 2.2. Mid-Span Deflection at Service load

T MeSpm  Deflection  @w

SieclRafio | Normal | Tension Overlay | Comprewsion Overlay [ BPC

“oo00s6 | 2.30 032 2.05 0.25
0.0057 2.55 205 2.10 0.29
0.0066 2.63 228 2.35 0.33
0.0088 2.75 2.56 2.44 2.08
0.0100 2.87 2.72 2.57 2.36
0.0260 3.55 354 2.99 2.98
2.4.3. Ductility

Ductility factor is taken as the ratio of curvatures at the uitimate
stress and yield stress which are the stresses at the fiber in extreme compression
with the strain of 0.003 and at the steel with the strain of 0.0021 mm/mm
respectively.

The beams with compression overlays as well as the beams made fully of
HPC showed about 40 % improvement in ductility factor, while the ones with
bottom overlay showed no improvement as given in Table 2.3 This can be

explained by the definition of ductility factor. When steel starts yielding, the
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neutral axis will be located above the interface of bottom layer. In the case of top
compostte, the neutral axis will be within the top layer. By considering the fact
that the concrete below neutral axis is ignored, the beams will behave as a normal

concrete beam in the case of bottom composite and as a HPC in the case of top

composite.

el SN T T ety | Gepemiotay LI
0.0057 8.17 8.10 13.17 13.18
0.0066 7.29 727 12.00 12.00
0.0088 6.54 6.54 10.55 10.50
0.0100 592 5.94 967 9.67
0.0260 2.29 222 4.67 467

2.5. Conclusions

The study carried out clearly shows that when HPC is used as compressive
overlays the following improvements are obtained:
- Approximately 40 % improvement in ductility.
- Approximately 11-16 % improvement in mid-Span deflection.
- Approximately 6 % improvement in cracking moment.
On the other hand the effects of using HPC as tension overlays are:
- No improvement in ductility.
- Approximately 20% improvement in mid-span deflection at low

steel ratio.
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- No improvement in mid-Span deflection at heavily reinforced
beams.

- Approximately 26 % improvement in cracking moment.

It can be concluded that the use of tension overlays is worthy whenever the
cracking moment is to be increased, While if the ductility and/or the mid-span
deflection were the subject of improvement, the compressive overlays is

recommended.

By ignoring the concrete in tension, the result will be approximated and
will not reflect the actual behavior of the beams. Hence, in order to verify the
analytical outcome an experimental program was prepared in order to evaluate

the actual behavior of overlays.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

Recent years have witnessed a substantial increase in the use of composite
construction, and enhanced research efforts aiming at developing techniques for
combining steel and concrete effectively. From the structural performance point
of view, as shown in the previous chapters that several gains can be achieved by
casting reinforced concrete beams with two different grades of concrete. The
behavior of composite section using two layers of cast-in-situ concrete made of
two different grades of concrete is still not widely used. The concept of
overlaying or strengthening of an old concrete member is commonly used in

practice.

In the present study introducing a new technique of using two types of
concrete with different grades both cast at site is introduced. An experimental

program is carried out to study the flexural behavior of sixty composite beams
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represented in three models. Each model consists of eighteen beams divided into

six sub-groups, and each sub-group consists of three identical beams.

3.2 Preparing of shutter and steel

The experimental program covers testing of sixty beams. In order to
minimize the number of individual forms three beams combined as one which
resulted in twenty forms as shown in Fig.3.1. All forms were produced using
12mm plywood for bottom, sides and partitions, and 50x50-mm softwood for
supports and 25 x 50 mm for plywood side supports. All forms cut and
assembled within the Department of Civil Engineering workshop and then
shifted to a place near to structures laboratory for concreting and easy handling
during the test program. Before introducing the steel inside the forms, all forms
were painted using a chemical release agent in order to minimize absorption of

water and easy removal of the beams out of the wooden forms.

Fig 3.1. Grouping of shutter

Six groups of reinforcement ratios were decided to be used for the

specimen beams. The reinforcement covered the range between minimum ratio
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and 0.75 of maximum ratio as shown in Table. 3.1. The higher reinforcement
ratio was decided in such a way that two layers of tension reinforcement were
avoided. Steel bars with 10, 12, 16, and 25-mm diameter of grade 60 were used
throughout. Fifteen nos. 8 mm closed stirrups were utilized to connect the tension
and compression bars. For handling purpose two numbers of hooks were
introduced at a distance of about 300-mm from the margins. Plastic spacers were

used to hold the steel bars in place and maintain adequate cover.

3.3 Concreting and curing

It was decided to use ready mix concrete supplied by a local agent
of producing ready mix concrete due to the following:

- The quantity of concrete required for 60 specimens were
approximately 10 m® which was beyond the production capability of the structure
laboratory.

- Uncertainty of completing the whole processes within the same

day as well as maintaining the same mix design for all beams.

Table. 3.1.  Groups of reinforcement

‘Reinforcement | ‘Compression | Tension steel | Stirrups | Steel ratio |
_groups - | steel As® | As )y
1 2612 [2¢12+1410| 1568 | 00046
2 2412 3412 15¢ 8 0.0057
3 2612 2616 1568 0.0066
4 2012 | 1412+2616| 15¢8 | 0.0088
5 2¢12 3616 1548 0.0100
6 212 3425 1508 | 00260

Two different grades of concrete, one is normal f",—40 N/mm?’ and the
other high strength f'.=75 N/mm’, were requested from the Ready Mix Plant of
Haji Hassan. This plant uses locally available aggregates, which are brought from
Ras Al Khayma (RAK) of UAE, Ordinary Portland Cement (OPC), fine
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aggregate and superplasticizers. Micro-silica was added to produce high strength

concrete as shown m Table.3.2.

Table.3.2. Concrete mix design.

‘Target [, | Cement Content | W/C . [ -Aggregate |  Density | Additives-
O Nmn’) 4 [Kgm®] i ratio | 1020mme | Ky ) o -
40 330 0.5 RAK 2456 -

75 400 0.4 RAK 2462 M silica

Concreting was planned to be completed within the same day in two
stages, first stage in the morning and second stage in the afternoon as follows:

In stage one, a concrete mix of normal strength was used to fill the first
layer of top composite beams, normal beams and ends of middle composite
beams. Second concrete mix of high strength was used to fill bottom layer of
bottom composite beams as shown in Fig. 3.2.

In stage two, normal concrete mix was used to complete second layer of
bottom composite as well as middle segment of middle composite beams. Second
mix of high strength concrete used to complete top layer of top composite beams.
The concrete mixers were reaching the site in pre-scheduled timing to avoid
maximum allowable setting time of concrete.

The interval of time between the two stages of concrete was needed to
prepare the followings:

- To give the first layer of concrete enough time to gain some
strength before receiving the next layer so that mixing of two layers of concrete
can be avoided.

- To roughen the top surface of the bottom layer to form a key for

the next layer.
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- To dismantle and remove the temporary partitions fixed for the

middle composite beams as well as roughen the vertical surface of interaction.

Fig.3.2. Stage one- concreting of bottom layer

After concreting, all forms were covered with wet gunny bags and
covered with a layer of polythene sheets. For the following three days the
specimens were watered continuously. The watering process was later reduced
to three times a day for the following four days. The specimens were kept in

forms until the test program was started.

3.4 Compressive Test

For the purpose of determining the compressive strength of cylindrical
concrete specimen (f”.), eleven specimen were prepared using 150 x 300 mm
cylinders of standard moulds. Six specimens were prepared from the normal

concrete mix and the other five specimens were prepared from high strength
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concrete mix. All specimens were prepared and fully immersed in a water tank
in the laboratory for 28 days. One day prior to testing, specimens were taken out
from the water and capped using a heated sulfur mortar to provide plane surface
complying with the ASTM C39-86. Specimens then were returned back to water
tank and kept until the testing day as shown in Fig. 3.3.

Fig. 3.3. Capping of cylinders

3.4.1 Testing Procedure

A high stability compression machine shown in Fig. 3.4 was used to
evaluate the cylindrical compressive strength. The machine complies with BS
1881 and ASTM E4 with a maximum capacity of 5000 kN. and it has a

capability of having an increment of 1 kN. in loading.




Fig.3.4

. Compressive Strength Testing Machine
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Testing procedure was carried out in accordance with the ASTM 39-86,

which is listed in the following:

- Cylinder was removed from the curing tank and placed in a lower

bearing block of the machine.

- The axes of specimen were aligned with the center of the machine.

- Continuous load was applied with a rate of 0.14 Mpa/sec.

- The maximum load carried by the specimen was recorded.

First, the compressive strength was calculated for

each specimen

individually. An average of compressive strength was then computed in two

groups, one for the normal concrete and another for the high strength concrete as

summarized in Table.3.3.

Table 3.3. Compressive strength of cylinder specimens (f°,).

No. Dimension | Load (P) Area 1 Average f°.
[mm] [KN.] [mn'] | [N/mn'] | [N/mn]

1 150 x 300 812 17671.5 45.9

2 150 x 300 788 17671.5 44.6

3 150 x 300 806 17671.5 45.6 442

4 150 x 300 740 17671.5 419

5 150 x 300 764 17671.5 43.2

6 150 x 300 780 17671.5 44.1

7 150 x 300 1092 17671.5 61.8

8 150 x 300 1234 17671.5 69.8

9 150 x 300 1112 17671.5 62.9 65.0
10 150 x 300 1167 17671.5 66.0

11 150 x 300 1145 17671.5 64.8
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3.5 Tensile Tests

For the purpose of determining the tensile properties of steel bars, twelve
deformed steel bars with a length of 600 mm were prepared. For each
evaluation, three bars of the same diameter were taken from different steel bars.

The test includes @10, ¢12, ¢16, ¢25 as shown in Table.3.1.

3.5.1 Testing Machine
A universal testing machine type, FTS LFV 1000 with a maximum
capacity of 1000 kN, for both in compression and tension was used to determine
the tensile strength of the bars. The accuracy of the machine is granted
according to DIN 51221, class 1 and 2. The pressure is generated by an
electronic desk type SRG-5000. The machine is accompanied by X-Y recorder
of A4 size which plots the load/displacement or deformation diagrams according

to the test performed. Fig.3.5 shows the general view of the machine.

Fig.3.5. Universal Testing Machine [FTS LFV 1000]




3.5.2 Test procedure and results.

37

Each bar was gripped to the gripping plates of the testing machine,

and an extensometer was attached to the bar and at the same time connected to

the electronic desk. A continuous load was applied with a rate of 10 N/mm? of

the bar cross section per second, depending on the diameter of the bar under the

test. An automatic load-displacement diagram was produced. The extensometer

was removed before the ultimate load was reached not to damage the

extensometer. The ultimate load was recorded and tensile properties were

calculated according to BS 4449-1988 and the results are given in Table. 3 4.

Table.3.4 Experimental Tensile Properties of Steel bars.

-Diameter | - Yielding Stress | Average | Ultimate Stress | -Average | -M. of elasticity | Average
g ) e (Es) e (ES)
fmm] | NARRE] L (Nm] | [Nimnd] | [Nmed] | [Nfmml] D [NGmm]
446 710 203000
10 439 444 686 694 201000 200000
446 686 196000
45] 666 203000
12 451 451 668 667 202000 204000
450 667 205000
443 670 2067300
16 465 4353 706 682 200000 205000
452 671 207300
440 701 203700
23 440 440 699 700 203700 204000
440 699 203700
3.6 Flexural Testing

The flexural tests were divided into four main groups. The first group was

those beams with bottom overlay HPC. The second group was those with top

HPC overlay. The third was middle composite and the fourth group was the

beams casted with normal concrete. Each group having eighteen beams divided
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mnto six sub-groups with six different steel ratios covering the range between the

Ornin=0.0046 and 0.75p . =0.026

3.6.1. Test Procedure

All beams were tested under displacement control in a universal
hydraulic testing machine type [ F7S LFV 1000] with a 1000-KN. capacity. The
pressure 1s generated by an electronic desk type [SRG-5000], as shown in
Fig.3.6. Third point loading was used throughout the whole program by
infroducing a steel channel. The effective span was 2000 mm, and a distance of
720 mm between the load points.

All measurements were taken and stored in a data acquisition system
type [SI 3535D scorpio ]. The data logger machine measures the analog signal
mnputs with a high degree of accuracy and linearity, using an analog-to-digital
converter as shown in Fig.3.7. The data logger machine was programmed to store
data on acomputer disk at every time by pressing the <enter> button at the front
panel of the machine. This manual recording procedure was programmed to allow
the followings:

- To pause the test periodically to allow manual measurement of crack
width by means of a microscope.

- To monitor and record the crack developments and extensions.

- To mark the crack pattern on the surface of the beam.

- To record the load of the data saved at that level of loading from the
machine cell .

All beams were painted with a lime solution to provide a brittle white
coating on the beam surface for easy and clear visual monitoring of the cracks.
The surfaces of the beams were also marked with a grid of 50x50 mm to follow

the crack developments and patterns.
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For strain measurements two groups of linear variable differential
transducers (LVDT) were used, first type GTX-2500 with a linear stroke of 2.5
mm used to measure compressive strains, second one type GTX-5000 with a
linear stroke of 5 mm used to measure tensile strains at steel level. The signals of
variation in resistance were transformed to a variation in DC voltage by
connecting the strain gages into bridge circuit energized by an external constant

voltage.

Fig.3.6. Electronic Desk

The reason behind this is that the resistance changes are very small, they
can only be detected by the bridge which allows small changes in voltage to be
read directly. The strain gauge length was extended by the mean of wooden
pieces. Numbers of strain gages were fixed at the top compression level, and
another two were fixed at the tension steel level. For group (2) the same

arrangement was used with an additional two strain gages fixed at the line of
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inter-action between the two layers of concrete in order to detect whether any
slippage occurs during the test procedure. For the purpose of measuring
deflection, three LVDT’s were fixed at the mid-span as well as under the two
point loads. Periodically, all transducers were calibrated using standard

calibration procedure to assure their workability and accuracy of reading.

Fig.3.7. Data logger machine (3535D-Scorpio)

Unfortunately, due to the limited number of transducers available and as
protective procedure all measuring devices were removed after the yielding of
compression steel which is monitored through the data logger to prevent them
from the failure of the beam sudden shock.

At the end of each test, the data stored in the disk was edited to introduce
the load recorded for each reading. The files was then transformed into a table
using excel software and saved with its own identification for later analysis and

study.
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3.7. Test procedure and data results of experimental program

3.7.1. Groups 1: Bottom overlay being HPC

This group consists of a series of eighteen reinforced concrete beams, with
dimensions of 200 mm wide, 350 mm deep, and length of 2200 mm. The effective
span was 2000 mm. The clear concrete cover depth provided was 50 mm. Fig.

3.8 shows the overall dimensions of the beams.

A’s
20 Normal
350
& i i
. a Le=2000 mm | PN
) L=2200 mm |

Section a-a

Fig. 3.8. Dimensions of beam (Bottom overlay).

All the beams in this group were cast using a two-step procedure. In the
first, high strength concrete (f’.= 65 N/mm®)was casted up to a depth of 120
mm. After allowing sufficient time for hardening in order not to allow mixing of
two types of concrete, the second layer of normal strength concrete (f°.=44

N/mm?) was cast in the remaining depth of 230 mm. The surface of the first layer
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was intentionally roughened by the mean of steel brush to provide a key for the
top layer of concrete to prevent slippage at the interface.

The total number of eighteen beams were divided into six categories of
reinforcement, each category consist of three identical beams. All the beams
were provided with a tension and compression reinforcement as given in
Table.3.5. Furthermore the double leg stirrups of ¢8 mm diameter with an
average ytelding stress of 440 N/mm2 are provided with spacing of 153 mm.

Table 3.5. : Details of specimens (group 1)

SEELECT T L specimen: o mme s pomm | omnr | mm Lo S L ) PRI
B11 ,B21, B31 3 200 | 120 | 230 | 350 | 226 275 0.135 0.101
Bi12 B22, B32 3 200 | 120 [ 230 [ 350 | 226 339 0.0057 0.167 0.125
B13 ,B23, B33 3 200 | 120 | 230 | 350 [ 226 402 0.0068 0.199 0.149
B14 ,B24, B34 3 200 | 120 § 230 } 350 | 226 515 0.0088 0.256 0.193
B15 , B25, B35 3 200 | 120 | 230 ; 350 | 226 603 0.0100 0.293 0.220
Bl6 ,B26, B36 3 200 | 120 | 230 | 350 [ 226 | 1473 | 0.0260 0.762 0.571

£ max =0. 7519 b(p balance)- £ = As/bd

All the beams were equipped with two hooks for carrying and handling
during the test process. Each beam was marked with a letter and two numbers,
B-stands for bottom, first number stands for the number of the beam within
the same sub-group (/,2 or 3), and the second number stands for the

reinforcement ratio within the group (7 through 6).
3.7.1.1. Test arrangement and data results of group 1
Four transducers were attached to one surface of the beam. Two of them

are used to measure the compressive strain which were fixed at about 15 mm

from the extreme compression fiber. The other two transducers were fixed at the
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tension steel level to measure the tension strain as shown in Fig. 3.9. For
measuring the deflection three transducers were fixed at the bottom face of the
beam, one at the center of the beam and the other two under the two points load

as shown in Fig.3.9

To D.LM. ] -wTo D.L.M,

L ¢
4 .To Data Logger
. Le = 2000 m m — .l

Flg 3.9. Test arrangement of bottom overiay Hpc

The data results were analyzed and an average value of compression strain
(&), tension strain (& ) and mid-span deflection (§ ) were calculated for all beams
with the same steel ratio as represented in the following tables. The original data

as measured for individual beams are listed in tables as given in appendix A
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3.7.2 Group (2): Top overlay being HPC

This group consist of a series of eighteen reinforced concrete beams, with
width of 200 mm, depth of 350 mm, a total length of 2200 mm, and an effective
span of 2000 mm. The clear concrete cover depth provided was 50 mm as shown

in Fig. 3.10

126f
h
aso| 4
230 Normal o\ As
’
o Le = 2000 mm o 200 |
re g
le L =2200 mm .
Section a-a

Fig. 3.10. Dimensions of beam (Top Overlay).

All the beams in this group were cast using a two-step procedure in which
a depth of 230 mm made of normal strength concrete ( . = 44 N/mm?) was cast
first, then, the remaining depth of 120 mm was filled with high strength
concrete (f'; = 65 N/mm?®). In order to prevent mixing of the two different
concrete, sufficient time was allowed for the first layer to gain some strength. The
surface of the first layer was intentionally roughened by the mean of steel brush to

provide a key for the top layer of concrete to prevent slippage at the interface.

The total number of eighteen beams were divided into six categories of
reinforcement, each category consist of three identical beams. All the beams
were provided with a tension and compression reinforcement as given in

Table.3.6. Furthermore double leg stirrups at every 153 mm c/c of ¢ 8 diameter
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with an average yielding stress of 440 N/mm? were also used to connect the top

and bottom reinforcement as given in Table.3.4

Table 3.12. : Details of specimen (group 2)

‘Beam - - No.of | b | A | h: | H | A8 | As -0 -7/, Ve - ¥/
oo | specimen: | omm | omm | oo | mm2 | mm2 | (Askd) | L _
“T11,721, T31 3 200 230 | 120 350 226 275 0.0046 0.135 0.101
T12 ,T22,T32 3 200 230 120 350 226 339 0.0057 0.167 0.125
. T13,T23,T33 . 3 200 1230 120 350 226 402 0.0068 0.199 0.149

- T14,T24,T34 . 3 200 230 120 350 226 515 0.0088 0,256 0,193
Ti5,T25, T35 3 200 230 | 120 | 350 226 603 0.0100 0.293 0.220
- T16,T26,T36 - 3 200 230 120 350 226 1473 0.0260 0.762 0.571

3.7.2.1 Test arrangement and data results of group 2

Four transducers were attached to one surface of the beam. Two of them
are used to measure the compressive strain which were fixed at about 15 mm
from the extreme compression fiber. The other two transducers were fixed at the
tension steel level to measure the tension strain as shown in Fig. 3.11. For
measuring the deflection three transducers were fixed at the bottom face of the
beam, one at the center of the beam and the other two under the two points load

as shown in Fig.3.11.

LOAD

4 To Data L er
L Machir?gg

o Le =2000 mm

-
il

Fig. 3.11. Test arrangement of beams with top overlay
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The data resuits were analyzed and an average value of compression strain
(&), tension strain (& ) and mid-span deflection (&) were calculated for all beams
with the same steel ratio as represented in the following tables. The original data

as measured for individual beams are listed in tables as given in appendix A

Table 3.13. Average values of strains, curvature and mid-span deflection for
beams (T11, T21, and T31)

“Applied Load | Average Tension .| Average Compression Average - | . Measured Mid-..
o v straind&) | o Strain(&) . | Curvature (@) |- Span Deflection
" [KN] | [x10E-6mm] .| . - [xI0E-6mm] . | [x10E-6 mm/mm] | - § - [mm]
S0 . 0 0 0 0
R 40 32 2.07E-07 0.27

RREIRG) IREE 59 58 3.34E-07 0.44
AR 123 76 5.68E-07 0.60

500 136 104 6.86E-07 0.76

SR 1 319 173 1.41E-06 1.11
C 65 468 215 1.95E-06 1.40
0 729 266 2 84E-06 1.75
C80 923 344 3.62E-06 2.12
90 1 1150 440 4.54E-06 2.60
1000 1433 530 5.61E-06 3.05
L1 1826 631 7.02E-06 3.65
120 2535 753 9.40E-06 4.59
L1300 6325 1131 2.13E-05 8.46
CU140 0 10375 1745 3.46E-05 15.65
- 150 - 16371 2195 5.30E-04 24.48
160 . 23906 2687 7.60E-04 32.59
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3.7.3 Group (3): Middle segment being HPC

This group consists of a series of eighteen reinforced concrete beams, with
dimensions of 200 mm wide, 350 mm deep, and length of 2200 mm. The effective
span of 2000 mm. The clear concrete cover depth provided was 50 mm as

illustrated m Fig.3.12.

b
R
350 NC _ NC
w Tl ddﬂ_,{‘—dﬁﬂj
" ! L =2200 mm >
A’s
As
200 200
Section a-a Section b-b

Fig. 3.12. Dimensions of beam (Middle segment).

All beams in this group were cast using a two-step procedure. Each beam
was divided into three segments. One middle segment of 680 mm long and two
outer segments of 760 mm long. In the first stage, outer segments was concreted

using normal strength concrete (f°. = 44 N/mm’). After allowing sufficient time
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for hardening so two types of concrete do not mix, the temporary partitions was
removed and the middle segment was filled with high- strength concrete (/™ '.=
65 N/mm?®). The vertical surfaces of the first segment were intentionally
roughened by the mean of steel brush to provide a key for the next segment of

concrete to prevent slippage at the interface.

The total number of eighteen beams were divided into six categories of
reinforcement, each category consists of three identical beams. All beams were
provided with a tension and compression reinforcement as given in Table.3.2. and
in addition 14 numbers ¢ &8 closed double leg stirrups was provided at every 153

mm c¢/c was provided with an average yielding stress of 440 N/mm®.

Table 3.19. Details of specimen (group 3)

L i Vspecimen | omm | min | omig | omme [mm2 | mm2 }oAsbd) fo b
M1, M21, M3t 3 200 [ 660 | 680 | 350 | 226 | 275 | 0.0046 0.135 0.101

M12, M22, M32 3 200 | 660 | 680 | 350 | 226 | 339 | 0.0057 0.167 0.125
M13, M23, M33 3 200 [ 660 | 680 | 350 | 226 | 402 | 0.0068 0.199 0.149
UM MR4L M3 3 200 | 660 | 680 | 350 | 226 | 515 | 0.0088 0.256 0.193
- Mi15, M25, M35 3 200 | 660 | 680 | 350 | 226 | 603 | 0.0100 0.293 0.220
M6, M26, M35 3 200 | 660 | 680 | 350 | 226 | 1473 | 0.0260 0.762 0.571

3.7.3.1. Test arrangement and data results of group 3

Four transducers were attached to one surface of the beam. Two of them
are used to measure the compressive strain which were fixed at about 15 mm
from the extreme compression fiber. The other two transducers were fixed at the
tension steel level to measure the tension strain as shown in Fig. 3.13. For
measuring the deflection three transducers were fixed at the bottom face of the
beam, one at the center of the beam and the other two under the two points load

as shown in Fig.3.13.
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LOAD

To Data Logger
Machine

Le=2000mm

mFig. 3.13. Test arrangement of beams ( middle segment)

The data results were analyzed and an average value of compression strain
(&), tenston strain (&) and mid-span deflection (8) were calculated for all beams
with the same steel ratio as represented in the following tables. The original data

as measured for individual beams are listed in tables as given in appendix A

Table 3.20. Average values of strains, curvature and mid-span deflection for
Beams (M11, M21, and M31)

Applied Load |~ Average Tension .| Average Compression |~ Average = | Measured Mid-
S strain( &) |- Strain (&) - | Curvature (@) | Span Deflection .
[KN] | [x10E-6mm} | . . [x10E-6 mm] ([xIOE-6 mm/mm]- | - § - [mm]
0 0 0 0 0
20 43 49 2.63E-07 0.32
30 64 68 3.76E-07 0.47
40 g1 87 4.79E-07 0.68
50 111 112 6.38E-07 0.93
60 184 173 1.02E-06 1,22
65 334 249 L.67E-06 1.50
70 437 317 2.15E-06 1.75
75 581 385 2.76E-06 2.00
80 720 438 3.31E-06 2.35
85 860 479 3.82E-06 2.55
90 1036 530 4 47E-06 2.85
95 1182 658 5.26E-06 3.23
100° 1393 744 6.10E-06 3.55
10 1901 897 7.99E-06 4.25
120 3252 1074 1.24E-05 5.70
130 8481 1699 2.91E-05 17.42
R R 12682 2123 4.23E-05 26.83
1500 21456 2567 6.86E-05 *
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3.7.4 Group (4): Normal Concrete Beams

This group consists of a series of six reinforced concrete beams, all beams
dimensions were 200 mm wide, 350 mm deep and 2200 mm long. The effective
span was 2000 mm. The clear concrete cover depth provided was 50 mm. As

represented in Fig. 3.14.
P

'
shalit | [

250 Normal Concrete

A’s

4= Le = 2000 mm = e—

I = 2200 mm - .
¢ *  Section a-a

Fig. 3.14. Dimensions of beam (Normal).

All beams in this group were casted using normal strength concrete
(f.= 44 Nimm?) .

The total number of six beams were divided into six categories of
reinforcement, each category consist of one beam. All beams were provided with
a tension and compression reinforcement as given in Table.3.8. Additionally
closed double leg stirrups of 8-mm diameter was provided at every 153-mm c¢/c
with an average yielding stress of 440 N/mm?. All beams were equipped with

two hooks for carrying and handiing the beam during the test process.

Table 3.26. Details of specimen (group 4)

“ Beam | Nooof |\ b k| ke | HO A A i e | plPy

iNLE 1 200 230 | 120 350 226 275 (.0046 ¢.135 0.101

N2 1 200 f 230 | 120 | 350 226 339 0.0057 0.167 0.125

L N33 1 200 | 1230 | 120 | 350 226 402 0.0068 0.199 0.149
NA4 - 1 200 | 230 | 120 | 350 226 515 0.0088 0.256 0.193
N5S 1 200 | 230 | 120 | 350 226 603 0.0100 0.293 0220

CIN26 1 200 | 230 | 120 | 350 226 1473 0.0260 0.762 0.571
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3.7.4.1. Test arrangement and data results of group 4

Four transducers were attached to one surface of the beam. Two of them
are used to measure the compressive strain which were fixed at about 15 mm
from the extreme compression fiber. The other two transducers were fixed at the
tension steel level to measure the tension strain as shown in Fig. 3.15. For
measuring the deflection three transducers were fixed at the bottom face of the
beam, one at the center of the beam and the other two under the two points load

as shown in Fig.3.15.

L »-To D.L.M.

4 ‘: ;::: Le = 2000 m m _ -

Fig. 3.15. Test arrangement of beams (normal concrete beams)

The data results were analyzed and an average value of compression strain
(&), tension strain (& ) and mid-span deflection (5 ) were calculated for all beams
with the same steel ratio as represented in the following tables. The original data

as measured for individual beams are listed in tables as given in appendix A
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CHAPTER 4

DISCUSSION AND ANALYSIS




CHAPTER 4

DISCUSSION AND ANALYSIS

4.1. Introduction

The results obtained from the experimental program are
analyzed in this chapter. The effect of different overlays and different
steel ratios on the behavior of concrete beam is determined by
comparing the values of cracking moments, yielding moments and
mid-span deflections. Moment-curvature graphs are plotted for each
test in order to determine the effect of different overlays on these

parameters.
4.2. The effect of steel ratio on beam with different types of overlays
A comparison between beams with different steel ratios and its

effect on the mechanical properties and the behavior of the beam are

discussed in the following .
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e Cracking Moment (M,,)
The beam starts cracking when the strain at the extreme tension zone
reaches a strain equal to F,/E, where (F;) is the modulus of rupture and (Ec)

is the modulus of ¢lasticity of the cross section.

The cracking moment then becomes

(1)

§
Hﬁ

where (I;) is the momeni of inertia of the transformed cross section and (Y4)
15 the lever arm measured from the neutral axis of the section to the extreme
tension fiber.

If the steel in the tension zone is increased, the neutral axis
drops down to balance the section, which results in smaller Y, and higher

moment of inertia and larger cracking moment.
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Fig. 4.1.. Moment vs Curvature for Bottom overlays with different steel ratios
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Fig. 4.2. Moment vs Curvature for Top overlays with different steel ratios
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MOMENT Vs CURVATURE [NORMAL]
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Fig. 4.4..Moment vs Curvature for Normal Beams with different steel ratios

The moment-curvature diagrams shown in Figs. 4.1, 4.2 and 4.3 for
beams with bottom and top overlays being HPC and middle segment being
HPC clearly verifies the fact that the larger the steel content, the smaller the
curvature and the higher the cracking moment. The computation of the
cracking moment and the curvature is given in detail in appendix C. Fig. 4.4

shows the same patter for the normal beams.

* Yielding Moment (My)

The Figures 4.1 to 4.4 also verify that the increase in the steel content

increases the yielding moment. This is certainly the result of the following

equation
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M, = As. Fy (d-kzc) (4-2)

where (A;) is the tension steel in (mm), (Fy) the yielding stress of the steel in
(N/mm?®) , (d) the distance from the center of the tension steel to the extreme
compression fiber, (¢) the depth of concrete block measured from the
extreme compression fiber to the neutral axis and (k) i1s a stress block

parameter at the flexural strength of rectangular section.

The increase of steel in tension zone directly increases the concrete
stress block depth (c) to balance the section resulting in higher yielding

moment. For more detail refer numerical examples presented in appendix C.
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Fig 4.5. Load Vs mid-span deflection for bottom overlay being HPC with different
steel ratio
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Fig 4.6. Load Vs mid-span deflection for Top overlay being HPC with different

steel ratin
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Fig 4.8. Load Vs mid-span deflection for Normal concrete with different steel ratio

e Mid-Span Deflection.

The curves shown in Figs. 4.5 to 4.8 give mid-Span deflections for
beams with different type of overlays. They clearly show the effect of steel
content on the mid-span deflection. It can be concluded from these graphs
that the higher the steel conténts the smaller the deflection. The values of the

mid-span deflections for different steel ratios are given in Table 4.1.

Table 4.1. Mid-Span Deflection at Service Load of Normal Concrete Beam Compared
tob with different overlay.




81

4.3. The effect of overlays on the beam properties
e Cracking Moment (M,,)

The strains measured at the extreme top and extreme bottom fiber of the
beam are plotted against the moment in Figures 4.9,4.10, 4.11, 4.12, 4.13,
and 4.14. Both compressive and tensile strains are shown in the same graphs
where the strains with negative values represent the compressive strain. Each
figure contains total of eight curves. Each curve is represented with two
letters and one number. The capital letter represents the type of beam
overlay, B-for bottom owerlay, T-is for top overlay, M-for middle segment
being HPC, N-stands for normal concrete. The following number represents
the steel ratio group and the last small letter stands for the strain, where c-is

for compression and t-is for tension.
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Fig. 4.9. Moment Vs. Strain for different overlays, reinforcement group no.1
(p = 0.0046)
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Fig. 4.10. Moment Vs. Strain for different overlays, reinforcement group no.2
{(p=0.0057)
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Fig. 4.11. Moment Vs. Strain for different overlays, reinforcement group no.3
(p =0.0066)




MOMENTS Vs STRAIN [GROUP 4]
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Fig. 4.13. Moment Vs. Strain for different overlays, reinforcement group no.5
(p =0.010)
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MOMENT Vs STRAIN [GROUP 6]
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Fig. 4.14. Moment Vs. Strain for different overlays, reinforcement group no.6
(p=0.026)

The cracking moment (Mcr) has been calculated using (4.1) and listed

in Table 4.2. for each reinforcement group.

Table 4.2. The cracking Moment (Mcr) in kN.m obtained from the
experiments for each group of reinforcement
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From the above table the following can be concluded:

-The beams with bottom overlay being HPC gives 24% increase in
the cracking moment value.

-The beams with top overlay being HPC yields 13% increase in the
cracking moment value. _

-The beams with middle segment being HPC resulted in 21% increase

in the cracking moment value.

e Ductility

Ductility is a factor represented by the ratio of the deformation at the
ultimate load to the deformation at yielding. In the preliminary study it was
assumed that the ultimate load is the load at which the extreme compression
strain reaches a value of 0.003. In the experimental program this value was
not recorded in most of the beams due-to some difficulties in holding the
straingages up to the end of the test. In some cases straingages fall down, or
started giving some uncertain readings. This was mostly happened because
of the extended length of the strain gages. Due-to the above mentioned
reasons, It was assumed that the beam reaches to its ultimate strength

whenever the compression strain reaches to a value of 0.0025.

The curvature was calculated from average data and represented in the
following charts. Each chart represents a group of four beams with different

overlays with the same steel content.
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Moment- curvature graphs are plotted in figs. 4.15, 4.16, 4.17, 4.18, 4.19
and 4.20 for each group of reinforcement ratio. Each graph contains curves
belonging to each type of the beam. In these graphs N-stands for beams with
normal concrete, B-stands for beams with bottom overlay HPC, M-stands
for middle segment HPC and T-represents beams with top overlay HPC.
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Fig. 4.15. Comparison of moment Vs Curvature of beams with different
overlays having the same steel ratio ( p =0.0046 )
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Fig. 4.16. Comparison of moment Vs Curvature of beams with different
overlays having the same steel ratio ( p =0.0057 )
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Fig. 4.17. Comparison of moment Vs Curvature of beams with different

overlays having the same steel ratio ( p =0.0066)
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Fig. 4.18 Comparison of moment Vs Curvature of beams with different

overlays having the same steel ratio ( p=0.0088)
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Fig. 4.19. Comparison of moment Vs Curvature of beams with different

overlays having the same steel ratio (p=0.010)
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Fig. 4.20. Comparison of moment Vs Curvature of beams with different

overlays having the same steel ratio ( p =0.026)
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The curvature at yielding moment (My) as well as the curvature at
ultimate moment (M,) were calculated from the above charts and were
represented in the following table for easy comparison and evaluation of

ductility

Table 4.3. Yielding Moment (My) in kN.m as calculated experimentally

Typeof [ Group (1) | Group (2) | Group (3) Group (4) | Group (5) - | Group(6)
overlay | - i I MR B N L
2| p=0.0046 | p=0.0057 | p=0.0066 | P=00088 | p=0.01 p=0.026

Nomal | 34.82 47.15 53.72 63.58 74.03 *
‘Bottom .| 36.16 46.55 51.45 62.13 74.02 *
Top =~ 38.60 55.17 61.88 67.99 76.58 167.05

‘Middle 37.36 54.24 56.87 67.00 75.94 *

* Data is not available

Table 4.4. Ultimate Moment (Mu) in kN.m as calculated experimentally for normal
concrete at compression strain of 0.0025

" Typeof | Group (1) | Group(2) | Group (3) [ Group.(4) | Group(S) | Group (6)
7'_'Qvejr_'lay'_ B Y SRR T T RS N i R
| p=0.0046 | p=0,0057 | p=0.0066 | p=0.0088 p=0.01 . | p=0.026
‘Normal | 43.37 59.61 62.17 75.10 86.08 *
‘Bottom " 43.50 57.55 61.73 75.36 83.87 *
Top = - 49.98 67.00 73.09 79.76 89.52 *
‘Middle | 47.52 * 70.03 79.93 89.35 *

* Data is not available

Table 4.5. Curvature at ultimate (9, ) / curvature at yielding (4,) as obtained

experimentally

“Type of | p=0.0046 | p=0.0057 | p=0.0066 | p=0.0088 | p=0.01 | p=0.026

overlay | 4/ | ¢/ | b/t | /b | G/b | Gidy
Normal | 533E-05 | 5.02E-05 | 5.34E-05 | 487E-05 | 5.02E-05 *
.~ [T116E-05 | L.11E-05 | 1.20E-05 | 1.11E-05 | 1.18E-0S *
“Bottom | 5.18E-05 | 479E-05 | 4.69E-05 | 4.91E-05 | 4.89E-05 *
[ T171E-05 | 1.06E-05 | 1.05E-05 | 1.12E-05 | 1.13E-05 *
Top | 6.73E-05 | 621E-05 | 6.14E-05 | 5.65B-05 | 5.43B-05 *

[ 101B-05 | 1.02E-05 | 1.09E-05 | 1.05SE-05 | 1.07E-05 | 143E-05
“Middle | 6.47E-05 * 587E-05 | 5.29B-05 | 5.16E-05 *
. [TT09E-05 | 138E-05 | 1.ISE-05 [ 1.09E-06 | 1.16E-05 *

* Data is not available




Table 4.6. Ductility factor as calculated experimentally

90

Group of - | Normal | Bottom |~ Top - % - | Middle %

el | concrete | overlay | overlay | Improve. | overlay Tmprove.
1 4.60 467 6.66 44.78% 5.94 29.13%
2 452 4,52 6.10 34.96% * *
3 445 4.47 5.63 26.52% 5.10 14.61%
4 439 438 538 22.55% 485 10.48%
5 425 433 5.07 19.29% 4,45 4.71%
6 * * * % * *

* Data is not available

The above tables of data represent the effect of different types of overlays on
ductility. It can be concluded the following:

- The beams with bottom overlay HPC behave like normal beams.

_ The beams with top overlay HPC and low steel ratio increases the
ductility factor with almost 45% while beams with high steel ratios
yields 19% increase in ductility.

- The middle segment being HPC increases the ductility factor by
almost 29% for beams with low steel content and only 4.7% for

beams with high steel content.

e Mid-Span Deflection at Service Load

The mid-span deflections against the applied loads recorded during
the experiments of the beams with different overlays and different steel

ratios are plotted in figures 4.21, 4.22,4.23, 4.24, 4.25 and 4.26.
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Fig. 4.21. Load Vs Mid-Span Deflection for Different type of overlays with the
same steel content (Group 1, p=0.0046).
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Fig. 4.22. Load Vs Mid-Span Deflection for Different type of overlays with the

same steel content (Group 2, p=0.0057).
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LOAD Vs MID-SPAN DEFLECTION
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Fig. 4.23. Load Vs Mid-Span Deflection for Different type of overlays with

the same steel content (Group 3, p—0.0066).
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Fig. 4.24. Load Vs Mid-Span Deflection for Different type of overlays with

the same steel content (Group 4, p=0.0088).
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Fig. 4.25. Load Vs Mid-Span Deflection for Different type of overlays with the
same steel content (Group 5, p=0.01).

LOAD Vs MID-SPAN DEFLECTION

yor=]

360

320

280

—o— NG66

240

~o—B66

200

LOAD [Kn]

——M66

160

—w— 166

120

80

40 |

4 [ 8

DEFLECTION [mm]

10

12

Fig. 4.26. Load Vs Mid-Span Deflection for Different type of overlays with the

same steel content (Group 6, p=0.026).
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Table 4.7. Mid-span Deflection (3) in mm. as obtained experimentally at service load

~ Type of | Group (1) | Group (2) | Group (3) | Group (4) | Group (5).- | Group (6)
overlay | p=0.0047 | p=0.0057 | p=0.0069 | p=0.0088 | p=0.01 .| p=0.026
Normal 1.91 2.66 2.92 3.82 4.01 5.54
“Bottom .. 1.56 2.18 2.57 3.34 3.78 5.40
Top . 1.52 2.12 2.46 3,22 3.55 5.00
Middle 1.54 2.16 2.41 3.15 3.47 5.08

Table 4.7. represents the effect of different overlays on mid-span

deflection obtained at service load (Mgervice=(0.6-0.8)M,). The foliowing

conclusions are drawn from the data shown in table 4.7.

The bottom overlay shows smaller deflection at service load for
beams with low steel content and almost no improvement for
beams with higher steel content. An improvement of almost 22.4%
for lower steel content and 2.6% for higher steel content were
recorded.

The top overlay shows slightly better behavior from the deflection
point of view and a value of 25.6% and 10.8% for lower and
higher steel content simultaneously

The middle segment being HPC behaves like the top overlays
beams and exhibit an improvement of 24% and 9.1% for lower and
higher steel content simultaneously.

It can be concluded that the higher the steel contents the smaller

the improvement in mid-span deflection.
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4.4. Mode of failure, Crack propagation and pattern

It is noticed that the behavior of the beams under the loading was not
affected with overlays. All beams behaved normal as expected and failed in
flexure, except for some beams with middle segments, the cracks first started
at the line of interaction between the two types of concrete. However these
cracks at interface have not affected the general behavior of the beam. The

following pictures clearly reveal the above fact.

4.4.1. Beams with bottom overlays
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Fig 4.27. Crack developments for beams with bottom overlays for
groups of reinforcement 1,2,3,4,5,&6




4.4.2. Beams with top overlays
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Fig 4.28 Crack developments for beams with top overlays for groups
of reinforcement 1,2,3,4,5,&6
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4.4.4. Normal concrete beams
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Fig 4.30. Crack developments of normal concrete beams for groups of
reinforcement 1,2,3,4,5,&6
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CONCLUSIONS AND RECOMMENDATION

From the analytical and experimental studies carried out in this work,
the following conclusions can be outlined depending on the location of the

HPC overlays.

5.1. Bottom overlays being HPC

It is observed that in beams having HPC overlay as their bottom part
the cracking moment is improved about 24% regardless of the steel ratio.
Hence, from the durability point of view, in cases where the environment is

arid, bottom overlay is to be preferred.

It was noticed that there was no improvement in ductility and all

beams with bottom overlay behaved like beams with normal concrete.
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Hence, it is not advisable to use the bottom overlay where the ductility is the

governing factor in the design of the beam.

Mid-span deflection at service load was improved with almost 22.4%
for the beams with low steel content and 2.6% for the beams with high steel
content. It is not recommended to use bottom overlays in heavily reinforced

concrete beams since that the improvement is negligible.

5.2. Top overlays being HPC

For all the beams with top overlays the cracking moment was
improved only 13%. The top overlays are not recommended for improving
the cracking moment since the improvement percentage is small.

Ductility factor for beams with top overlays were improved by 43%
for beams with lower steel content and 19% for beams with high steel
content. It is worth to use top overlays in beams with low steel content and
fairly acceptable to be used for beams with high steel content whenever the
ductility is the main issue.

Mid-span deflection was improved by almost 25.6% for beams with
low steel content and by 10.8% for beams with high steel content.

There is an advantage of using the top overlays to improve the mid-

span deflection in beams with low as well as high steel content.

5.3. Middle segment being HPC.

In beams having HPC in their middle segment cracking moment was

improved by 21% regardless the steel ratio. This is an important increase and
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can be recommended in cases where the cracking moment is required to be

improved.

Beams ductility with low steel content were improved by 27% and

only by 4% for beams with higher steel content. It is not recommended to

use middle segment to improve the ductility in beams with high steel

content. It is apparent that this arrangement is beneficial in beams with low

steel content.

The tests carried out on the beams with middle segment being HPC

have shown that mid-span deflection was improved by 24% for the beams of

fow steel content and by 9.1% for the beams with high steel content.

5.4. Comparison of theoretical and experimental results

Table 5.1. summarizes the results of improvements obtained in the

selected parameters through theoretical and experimental studies. It is clear

that the results are close to each other.

Table 5.1. Comparison of theoretical and experimental results.

Beam Type Bottom overlay Top overlay Middle Segment
Parameters | Theoretical | Experimental | Theoretical | Experimental | Theoretical | Experimental
M., 26 % 24 % 6 % 13 % N.A* 21 %
Ductility 0% 0 % 40 % 43-19 % N.A* 27-4 %
Deflection | 200 % | 23-3% | 11-16 % | 26-11 % N.A* 24-9 %

* (N.A-this type of beam was not considered in theoretical siudy)
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The field application of this study at small sites is not appropriate for
cast-in-situ concrete due-to the difficulties of handling the concrete stages

and quality control.

The overlays can be recommended for precast beams for special
structures where the workmanship and casting of different type of concrete

can easily be controlled.

5.5. Cost implication of the partial use of HPC in normal concrete

beams as a different layer

Based on the actual cost of one complete specimen including the cost
of shutter, steel and concrete it can be concluded that the beams with
overlays costs only 6 % more than the beams fully made of normal concrete,
while the beams fully made of HPC costs as 25 % more. Hence, it is clear

that this application economically is viable.
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Fig. 5.1. Cost implication of concrete specimen
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APPENDIX A

EXPERIMENTAL DATA RESULT OF BEAMS

Table A-1.1 Experimental data result of beam (N11).

,CF g

0 0 0 0 |« O 0 0 0
20 0.26 | 0.29 | 0.32 48 55 72 64
30 0.38 | 043 | 046 78 84 100 106
40 0.49 | 0.51 | 0.62 118 124 122 132
50 0.59 | 0.69 | 0.78 298 283 171 205
60 1.10 | 1.09 | 1.24 502 542 233 258
66 1.32 | 1.37 | 1.62 624 638 288 332
70 1.64 | 1.65 | 1.95 775 896 374 412
75 1.98 | 1.94 | 222 871 921 415 478
80 212 | 2.05 | 251 812 958 447 522
86 232 | 228 | 279 1012 1066 478 556
90 271 | 267 | 3.12 1284 1368 506 584
95 3.15 | 3.06 | 3.63 1386 1518 564 620
100 3.31 1 3.29 | 4.17 1576 1685 602 686
110 571 | 57 | 6.09 2950 3069 995 1122
120 9.2 | 9.14 | 10.64 4078 4352 1644 1645
130 * * 16.64 12036 13369 2037 1883
140 * * 27.2 17928 19924 3094 2782
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Appendix B

Computer Program “Response”

B.1. INTRODUCTION

RESPONSE can be used to determine the load-deformation
response of a prestressed concrete cross section subject to moment,
axial load and shear force. RESPONSE is a user friendly program and
facilitates many different ways of analyzing concrete sections.

The following titles explain the potential of the program

RESPONSE in more details.

B.2. CONFIGURE-OPTIONS
RESPONSE can be configured so that many of the options will
be selected automatically every time the program runs. In order to

specify the options to be used, the configure menu is selected . 1f you
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want the options to be remembered the next time the program is run

use the “Update” option to save your selections.

B.2.1 Concrete Model

RESPONSE can be run using two different stress-strains curves
for concrete. Throughout the program the stress-strain relationship
proposed by Thorenfeldt, Tomaszewicz and Jensen 1s referred to as the
“High-Strength Model” and the parabolic stress-strain curve is referred
to as the “Parabolic-Model”. When results are displayed or stored, the

models are referred to as “High” and “Para” respectively.

To change the stress-strain relationship select “Configure” from
the main menu, select “Concrete-Model” and then select cither the
“Parabolic-Model” or the “High-Strength-Model”. When the parabolic
stress-strain model is used the program will run somewhat faster
because the computations of stresses and strains are simpler

particularly in cases involving shear.
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Figure B-1 Menu Structure for Program RESPONSE
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B.2.2 Shear Model
RESPONSE can be run using two different theories for shear

analysis. These two models are the modified compression field theory

(MCFT) and the compression field theory (CFT)

B.2.3 Factored

In the ACI code the design strength of a section is found by
multiplying the nominai strength (i.e. the unfactored strength)bya
strength reduction factor @. In the Canadian concrete design code the
factored strength of a section is found by applying a material
performance factor to each material and then calculating the strength
using factored stress-strain curves for the materials. These material
performance factors are: 0.60 for concrete, (.85 for reinforcing steel,
and 0.90 for pre-stressing steel and structural steel. The individual
material factors can be changed using the “Specify” option, to
accommodate other codes that use a factored-strength approach with
different material factors.

To apply these factors to the individual material stress-strain
curves select “Factored”. To use no material factors select

“Unfactored”.

B.2.4 Accuracy

RESPONSE uses a number of different iteration routines to
converge on the answer. To determine when the program has come
sufficiently close to the answer the difference between the calculated
result and the desired result are compared to a fraction of the axial or

the flexural capacity of the section.
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There are three levels of convergence, which can be specified:
Rare, Medium or Well-Done. The convergence limits used are
specified in Table B-2.

Table B-2 Convergence limits

Accuracy Limit for Axial Load Limit for Moment Limit for Shear
Compressive capacity Flexural capacity Compressive capacity
Rare + + t
200 200 600
. Compressive capacity Flexural capacity Compressive capacity
Medium | £ 1000 * 1000 z 3000
Compressive capacity Flexural capacity Compressive capacity
Well-done | £ 5000 * 5000 * 15000

B.3. DEFINING A CROSS SECTION

The following sections describe the parameters used to define a
reinforced section for analysis. Limits have been placed on parameters
describing section geometry and material properties. The limitations
on material properties were selected to allow reasonable material
properties. These limitations were imposed to avoid problems with the
display of very large force resultants and to provide a check on input

data.

B.3.1 Units

Units can only be selected when a new section is entered. Once
cither Metric or U.S. Customary units has been specified, the units are
fixed for the cross section and cannot be changed later. To select U.S.
Customary units enter “u” and to select Metric units enter “m”. Data is

entered and displayed in the vnits spectfied in Table B-3.
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Table B-3 Uhnits used for input and output

Unit System Metric U.S. Customary
Dimensions millimeter Inches (in.)
Stresses and Elastic | megaPascals (Mpa) Kips per square in.
Moduli (ksi)
Strains millistrain Millistrain
Forces kiloNewton (kN) Thousand pounds (kips)
Moments kiloNewton—meters (kNm) | Foot-kips (ft-kips)

*Concrete stresses in U.S. Customary units are entered and displayed in pounds per square inch
(psi).

B.3.2. Number of Concrete Types

The program can use up to five different concrete types to
model the response of a section. By default, it assumes that you have
one type of concrete and it displays the parameters describing it.
Typically, one layer of concrete is used for the concrete which does not
participate in tension stiffening, and another type is used to represent
the concrete, which is close to the reinforcing steel. A third type of
concrete could be used to model topping concrete for a composite
section. Note: The shear analysis routines use the properties of the

first concrete type.

There has to be at least one type of concrete specified. To
facilitate error checking of subsequent parameters, the number of
concrete types can not be reduced at a later stage. To increase the
number of concrete types, simply enter the number of concrete types,

which you want to use for your section.

To change the parameters describing a concrete type, activate
the cell containing the parameter and enter the new parameter. For
each type of concrete enter the parameters defining the stress-strain

relationship.
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The parameter &', refers to the strain when /. reaches 7. If

this is unknown enter “0” and the program will estimate the strain.

For the “Parabolic” concrete stress-strain model, the tangent
modulus, E.,, is estimated to be 1.1 times the secant modulus.
Therefore, the following equations are used to determine € :

E. =62,700 /f, psiunits E. = 5200 /f,, Mpa units, €'

Tension Stiffening Factor refers to the product of the factor
accounting for bond characteristics and the factor for the type of
loading (see Section 4.10 of the text). Suggested values for this factor
are obtained by pressing “F'1” (for help).

B.3.3 Number of Reinforcing Bar Types

By default, the program assumes that the section contains no
reinforcing bars. The program can use up to five different types of
mild reinforcing steel. Each steel type is described by a trilinear stress-
strain relationship described in Fig. B-2. Enter the number of
reinforcing steels which you want to use for your section and then
enter the parameters describing the stress-strain relationships. If you
wish to ignore strain hardening of the reinforcement, enter the same
value for f, and f,. Note: To facilitate error checking, the number of

reinforcing bar types can only be increased.
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Erupt Egf

»

Fig.B-2 Stress-strain relationship of reinforcing bar

B.3.4 Number of Tendon Types

Again, by default, the program assumes that the section
contains no prestressing tendons. The program can use up to five
different types of prestressing steel. Prestressing steel types are
defined using a modified Ramberg-Osgood curve for the siress-strain
relationship. To specify tendon types (prestressing steels) enter the
number of different tendon types you want to consider for the section.
Once one or more tendon types have been specified, the parameters
describing the stress-strain curve (s) are displayed. These parameters
can ten be modified as described previously. Note: To facilitate error

checking, the number of tendon types can only be increased.

B.3.5 Height and Moment Axis

Once all the material properties have been specified the
section geometry can be entered. The program uses the total height of
the section in a number of data checks. Because of this, the total
height is another quantity, which can only be increased. Therefore, the

default height of section is 2 (inches) or 50 (millimeters).
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The distance from the bottom of the section to the moment
axis is used to define the location about which moments are taken. In
many cases, the moment axis is taken at half the height of the section
or as centroidal axis specified from the bottom of the section. If you
do not know the location of the centroidal axis enter an initial estimate,
which can be corrected after the program calculates the centroidal axis

location.

B.3.6 Concrete Layers

The geometry of the cross section is defined by trapezoid
layers which can be combined to make up a large variety of cross
sections. All sections are assumed to be symmetrical about a vertical
plane and are displayed as such on the screen by pressing “F9”. The
minimum number of trapezoids required to define the cross-sectional
geometry determines the numbers of layers used to model a cross
section.  Additional layers may have to be used to differentiate
between different concrete types. Note that because of the techniques
used in the numerical integration. it is not necessary to further
subdivide the layers in an attempt to improve numerical accuracy.
Each individual layer is defined using the following parameters:
distance from the bottom of the section to the bottom of the layer,

bottom width, top width, and height (See Fig. B-3)
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Top width . +

' Layer
height
—e
f Bottom width —f

Bottom face of section

Figure B-3 Parameters defining a concrete layer.

The number of concrete layers used to describe a cross section is
limited to 20. The number of concrete layers can be changed later, but
a minimum of one layer has to be specified. Enter the number of
concrete layers used .and then modify the parameters for each layer to
describe your section. At any time during this process you can press

“[9” to see a plot of the cross section.

B.3.7 Reinforcing Bar Layers

If no reinforcing bar types were specified previously, no
reinforcing bar layers can be entered. By default the number of
reinforcing bar layers is zero. To specify reinforcing bar layers enter
the number of layers you want to use (limited to a maximum of ten).
Them define the location of each layer, the cross-sectional area of each

layer, and the type of reinforcing bar used for each layer.
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B.3.8 Displaced Concrete

This option will account for the amount of concrete displaced
by reinforcing bar and tendon layers. If you do not want to account for

the displaced concrete enter “n” otherwise enter “y” and the concrete

type replaced by each steel layer

B.3.9 Strain Discontinuous
Composite members, such as precast beam with a cast-in-
place topping, generally have a strain discontinuity at the interface
between the component parts of the section. To account for this
discontinuity, it is necessary to treat the total strain as the sum of the
initial strains, which existed when the final piece was placed and the
additional strains occurring after the cross section had been completed.
Note that for members with strain discontinuities the program
reports the strains and curvatures associated with the additional strains
and curvatures that occur after completion of the section rather than the

total strains.

B.4 ANALYSIS OPTIONS

Once a section has been loaded or entered it can be analyzed.
The many different analysis options (see Fig. B-1) can be divided into

the following three categories:

I.  Moment and Axial Load
* Calculate moment-curvature relationships for given axial

loads and/or axial load-to-moment ratios.
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*  Find the strain distribution for a given axial load and/or
axial-load-to-moment ratio and a specific strain anywhere
within the section.

*  Find the strains for given moment and axial load.

*  Find the axial load and moment for given strains.

2. Shear and Axial Load

* Calculate shear force vs. strain relationship for given axial
loads and/or axial load-to-shear ratios.

*  Find the biaxial strain state for given axial load and/or
axial-load-to-shear ratio with a specified principal strain.

*  Find the biaxial strain state for given axial load and shear
force.

3. All Loads

* Calculate axial load, shear and moment vs. strain
relationships of a variety of linear combinations of shear-to-
axial-load and shear-to-moment ratios.

*  Find the strain state due to applied moment, axial load and
shear.

4. Rough Capacities

*  Calculate estimates of the compressive and tensile
capacities and the positive and negative moment capacities.

*  Calculate estimates of the cracking shear force and the post-

cracking shear strength.

The available analysis options are described in more detail in the

sections below.
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B.4.1 Moment & Axial Load

The “Moment & Axial-Load” option has several analysis
features which all use plane sections analysis. The moment and axial
load option can be selected by first selecting “Analyze” from thermain
menu and then by selecting “Moment & Axial-Load” from the next
menu.

Once “Moment & Axial-Load” has been selected the options outlined

below are available.

B.4.1.1. Constant-Axial Load
For a selected axial load the full moment-curvature response or
the curvature and moment for a specified strain anywhere within the

section can be calculated using this option.

To proceed with this analysis selects “Constant-Axial-Looad”

from the menu and then specify the following:

1. Axial load

2. Whether to account for tension stiffening or not

3. Now the “Full-Response Specified-Strain Quit” menu will
appear. Select an option from the menu.

4. The iteration will now be displayed on screen

5. Depending on your choice in the previous menu either the
“View Save Finer Plot Quit” or the “Next Save View Quit”

menu will appear.
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B.4.1.2. Ratio dN/dM

This analysis can be used to get the full response for a section
loaded by an axial load which is a function of the moment. In
addition, a moment and axial load pair satisfying the relationship
described below can be calculated for a specified strain anywhere
within the section. The relationship between moment and axial load
is described by the following equation: axial load = (axial load at

zero moment) + dN/dM * moment.

To proceed with this analysis select “dN/dM” from the menu

and then specify the following:

Axial load when zero 1s moment
Ratio dN/dM

Whether to account for tension stiffening or not

Sl B S

Now the “Full-Response Specified-Strain Quit” menu will
appear. Select an option from the menu.

5. The iterations will now be displayed on screen

6. Depending on your choice in the previous menu either the
“View Save Finer Plot Quit” or the “Next Save View Quit”

menu will appear.

B.4.1.3. Fixed~-M & N
This option is used to find the strain distribution across the

section under a given moment and axial load.
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B.4.1.4. Two-Strains

This option calculates the moment and axial load
corresponding to a given strain distribution. Entering two locations
within the section and the strains at these locations specifies the

strain distribution.

B.4.2 Shear & Axial-Load
The “Shear & Axial-Load” option has analysis features, which
can be performed using either the compression field theory or the
modified compression field theory or the modified compression

field theory

B.4.2.1. Constant-Axial-Load
For a specified axial load the full shear-deformation response
or the shear force and the biaxial Strain State for a specified

principle tensile strain can be calculated using this option.

B.4.2.2. Ratio dN/dV

This analysis can be used to get the full response for a section
loaded by a shear force and an axial load, which is a function of the
shear force. In addition a shear and axial load pair satisfying the
relationship described below can be calculated for a specified
principal strain. The relationship between axial load and shear is
described by the following equation: axial load = (axial load at zero

shear) + dN/dV * shear.
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B.4.2.3. Fixed-N & V
This option is used to find the biaxial distribution for a given
shear and axial load. The analytical method used for this analysis is

a gradient approach, which may run into convergence problems.

B.4.3 All-Loads

This option enables the load-deformation response to be
produced for a given ratio between shear and moment and between
shear and axial load. In addition, the strain staie for a given
combination of loads can be found. Once “All-Loads” has been

selected the following options are available.

B.4.3.1. Ratio-M&N&V
This analysis can be used to get the full response for a section
loaded by a specific loading regime. Both the axial load and the

moment are functions of the shear force.

H

Axial Load

Moment = (moment at zero shear) + dM/dV * shear

(axial load at zero shear) + dN/dV * shear

B.4.3.2. Fixed-M&N&V
This analysis is used to find the strains corresponding to a

specified axial load moment and shear.
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B.5 NUMERICAL INTEGRATION
In determining the axial load and moment on the section, it is

necessary to evaluate the following two integrals:

N = Ja f(y) dA

M = fx f(y)ydA

Because these integrals cannot be evaluated in closed form,
numerical integration used. For the numerical integration, a
parabolic stress distribution across each individual layer is assumed.
The shape of the parabolic distribution is determined from the
calculated stresses at the bottom, middle and top of the layer. This
method of integration is very accurate for layers subject to
compressive stresses (based on a "Parabolic" stress-strain

relationship) over the depth of the layer.

However, the approach can become inaccurate if the stresses
are not compressive over the entire layer of if the "High Strength”
stress-strain relationship is used.  Figure B-4 shows examples of the
difference between the actual stress distributions and the parabolic

distributions used in the numerical integration
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Acual stress distribution

(a) (b) (c) (a)

Assumed stress distribution

(a) (b) (c) (d)

Fig.B-4 Actual and assumed stress distribution dcross individual layers

To determine if the integration is sufficiently accurate, the

program uses the following procedure:

1. Calculate the stress at the top, middle, and bottom of the layer.
Determine the parabolic stress distribution based on these three
stresses.

2. Calculate the actual stresses at the fifth points within the layer and
compare these to the stresses obtained from the parabolic stress

distribution. §
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3. If the two sets of stresses do not agree within about 1% then split
the layer into three equal sub-layers.

4. Repeat steps 1, 2 and 3 for each sub-layer.

This process, outlined in Figure B-5 is repeated up to eight times 1f

necessary.

Because of this automatic subdivision procedure, the number
of layers used for the numerical integration does not have to be more
than the minimum number of trapezoids necessary to describe the
section geometry and material distribution. This algorithm is efficient
because it increases the number of layers only where and when

necessary.

ITERATION PROCEDURES

B.6.1. Iterating on One Strain Variable, Members with no Shear

For a specified axial load and a strain specified anywhere
within the section (e.g. cracking strain at the bottom face), the

corresponding moment is found using the following procedure:

1. Given the location of the specified strain select a location for a
second strain and guess strain.

2, Calculate the stress resultants for the strain distribution defined
by the specified strain and the second strain.

Increment the second strain by a small amount.

.L;.)

4. Calculate the axial stress resultant and the moment for the new
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strain distribution

S. Compare the specified axial load to the new axial stress resultant
obtained in step 4. If they are close enough then the moment
obtained in step 4 is the moment corresponding to the specified
axial-load and the specified strain. If they are not close enough
proceed to step 6.

6. Find the rate of change of the axial stress resultant with respect
to the second strain. Use this rate of change to make a new

estimate of the second strain. Return to step 4.

The procedure is a simplification of the actual algorithm used by the
program

Another single iteration algorithm is used to develop
moment-curvature diagrams. The moments corresponding to a given
axial load and specified curvatures are calculated. Then the curvature
is incremented until the full response has been calculated. The
procedure used to find the moment is similar to that outlined above.
The difference is that the curvature is the fixed strain variable and the
strain at the center is iterated on until the axial stress resultant

converges to the specified axial load.

A third single-iteration algorithm is used to find the axial
load corresponding to a given moment and a specified axial strain.
This algorithm is used as a subroutine for calculations involving
moment, axial load and shear. Again the numerical procedure is
similar to the one outlined above. The axial strain is fixed and the
curvature is changed until the moment resultant converges on the given

moment.
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Fig. B-5 Numerical integration check and automatic subdivision of layers.
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B. 6.2. Iterating on Two Strain Variables, Members with No

Shear

To determine the strain distribution corresponding to a given
axial load and a given moment, the strain at the centroid and the
curvature have to be found by iteration. This can be achieved by two
methods. The first method iterates on both variables simultaneously
until stress resultants have converged on the given loads. This
approach is called the "Gradient" approach. Another approach called
the "Two-Stage" algorithm is used when the "Gradient" approach runs
into difficulties. The "Two-Stage" approach uses two nested single

iterations to find the strain distribution.

B.6.2.1. The Gradient Approach

The "Gradient" approach starts with a guess of initial strains
and then calculates the stress resultants and the stiffness of the section.
Using these resultants and the stiffness a new estimate of the strains is
calculated. This process is repeated until the resultants match the
specified moment and axial load. This procedure can run into
numerical difficulties when the given loads are close to those loads
causing cracking of the section. Under these conditions the stiffness
of the section changes suddenly from one iteration to the next. If this
procedure has not converged after 20 attempts, the program then uses
the "Two-Stage" approach. The gradient approach is outlined in more

detail in Retf. B-1.
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B.6.2.2. The Two-Stage Approach

The "Two-Stage" approach is more stable than the "Gradient"
approach because only one variable is iterated on at a time. The
iteration routine fixes the strain at the bottom of the section and finds
the strain distribution for the given axial load using the routine
described in Section B.6.1. The second iteration routine changes the
bottom strain until the moment resultant converges to the given
moment. If this method does not converge after 50 iterations a variant
of the "Two-Stage" approach is used to iterate on the top strain. The

"Two-Stage" algorithm is outlined in more detail in Ref. B-1.

B.6.4. Convergence Limits

The iterative algorithm described above are used to
converge on stress resultants. To determine whether a stress resultant
is close enough to the given loads, convergence limits have to be
specified. Convergence limits used by the program are linked to the
capacity of the section. In addition, the user can choose among three
levels of accuracy, which have been provided to give the user some
control over the limits used by the program. If answers do not have to
be very exact, a lower accuracy can be used and less iteration will be
required to perform calculations, This can translate into significant

timesaving on slow microcomputers.




APPENDIX C

NUMERICAL EXAMPLES

C.1 Introduction

As long as the tensile stress in the concrete is smaller than the
modulus of rupture (F;), so that no tension cracks develop, the strain and
stress distribution is essentially the same as in an elastic, homogeneous
beam. The only difference is the presence of another material, the steel
reinforcement. In the elastic range, for any given value of strain, the stress in

the steel is “n” times that of the concrete eq.(1).
E.
fi= g fe=nk. ()
C

where n= Es/Ec is known as the modular ratio.
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In calculations account can be taken of this fact by replacing the
actual stee! and concrete cross section with a fictitious section thought of as

consisting of concrete only.

In this transformed section the actual area of the reinforcement is
replaced with an equivalent concrete area equal to nAs located at the level of
the steel. Once the transformed section has been obtained, the usual methods
of analysis of elastic homogeneous beams apply. That is, the section
properties (location of neutral axis, moment of inertia, section modulus, etc.)

are calculated in the usual manner.

C.1.1. Neutral axis location for transformed, uncracked section.
Example 1: Rectangular reinforced concrete beam with top overlay)

N.A

y
?
h hzl )
eoe - .

b b
P 4—Pp
a) Actual section b) Transformed, uncracked section

Fig.C.1. Actual and transformed, uncracked section of example 1.
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Knowing the section geometry as presented below :

b = 200 [mm)] d = 50 [mm]
hy = 120 [mm] d = 29 [mm]
hy = 230 [mm] f = 464 [N/mm?]
h = 350 [mm] Ay = 226 [mm?]
Ecaey = 33200 [N/mm’] Ay = 515 [mm’]
Ecgpey = 44800 [N/mm’] f, = 440 [N/mm?]
Es = 200000 [mm’] »n = Es/Ecqo =6
" = 44 [NNmm*] n; = EcmpeyEeon =1.35

The neutral axis location can be calculated from the geometry of the
section as shown in Fig. ¢.1.b. for transformed, uncracked section as follow:
Taking moments of the area about neutral axis

n;bh;(c;-h;/Z)er(c;-h}) (01/2-h1/2)+ (n-I)A ’S(Crd):
b(h-c1)(W/2-cy/2)+(n-1)As (d-c}) @

substituting the known values in eq. (2-a) results in:
¢; =165.18 mm (2-2)
Y, = (h-¢;)=(350-165.18)= 184.82 mm (3)

C.1.2. Calculation of moment of inertia (I,,)
Jor transformed, uncracked section

From the section geometry as shown in fig.c.1.b. the moment of
inertia can be calculated as follows:

L, = (nib(h)’)/12 + nihib(ci-hy/2)? +A sn-1)(ci-d) +
+ (b(erhy)’)12 +bie-hy(fer-hy/2)? +(b(h-c;)’)/12 +
+b(h-c)((h-c))/2)? ~ A4, (n-1)(d-c))* (4)
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Substituting the values of the parameters in eq.4 results in:

L. -8.807x10° [mm’]. (4-a)
C.1.3. Calculation of cracking moment ( M ).

Mcr:Fr-]ur/Yr (5)
Substituting the values of parameters of eq. 3& 4-a in eq. 5. Resuit:
M., — (4.64 x 8.807 x 10°) / 184.82 = 22110421 N.mm

~22.11kN.m (5-a)

C.2. Calculation of yielding moment ( M,).

C.2.1. Calculation of neutral axis
for transformed, cracked section.

m.b
. °
e o 0
PELEN
a) original, untransformed section b) transformed, cracked section

Fig. C.2. Geometry of transformed, cracked section
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From the geometry of the section the neutral axis for transformed,
cracked section can be calculated as follow:

nybh(c-hy/2)+b(c-hy)((c-hy)/2) +A's(n-1) (c-d’)=nA{d-c) (6)

(b¢%)/2+(nibihy-bhy+nA A’y nAJe-(n-1)bhi’/2-
(n-1)4'd’- nd,d = 0 (6-a)

substituting the known parameters as shown previously, it follows
A +32.74c—7102.07 =0 (6-b)
Solving eq.(6-b) leads to :

c=70 mm (6-¢)

C.2.2. Calculation of yielding moment (M,)

€ Je

{d-c/3

a) cracked section b) strain ¢) concrete stress

Fig.C.2.2. Cracked section

£, = £ c/(d-c) =(.0022x70)/(222)= 0.000694
fe =gcE. = 0.000694x33200 = 23 kN

fe/fe=23/44=0.52

The compressive stress in the concrete at the extreme fiber is obtained
almost equal to 0.5 f’c . In such a case according to ACI code '], the linear-
elastic behavior can be assumed for the concrete. Hence, the stress
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distribution can be approximated as triangular. The yielding moment (My)
then can be found as:

M,=AF, (d-¢/3) N

Substitute the value of “c” as obtained from eq.6-c :

M, =515 x 440 (292- 70/3) = 60879867 N.mm

=60.88 kN.m (7-a)

C.3. Calculation of strains (&),(&) and (&) at a given moment.

R R 7

&

a) Concrete section b) strains

Fig C.3.1 Strain distribution along the concrete section.

- Calculation of compression strain (£, at a given moment in
elastic range.

¢=M/Ec.l,= &/ (®)

&=c.M/Ec. I, (8-a)
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Where ¢ is the curvature, M- is the applied moment, I, is the moment
of inertia of the transformed, cracked section and c is the depth of
concrete block measured from the extreme compression fiber to the
neutral axis.

- Calculation of moment of inertia (I for transformed, cracked
section.

__________

Fig.C.3.3. Geometry of transformed, cracked section

L, = (mbS)/12 + nybe(c/2)? +A \n-1)(c-d’)* + ndyd-c)® (9

Substituting for the values of the parameters results in
I,=1836x10° mm’ (9-2)

For given “M”=10kN.m, “¢c;”=157.6 mm and “Iut”=8.807xlO8 mm*
as calculated in previous example and substituting in eq.8-a.in which:

e.=c. M/Ec. I,=165.18 x 10x10% 332x10"x8.807x10°

—56.49x10° millistrain (10)
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_Calculating of tension strain (& )

from the triungle similarity fig. C.3.1-b. One can write the
followings :

gJ/ci = & /(h-¢1) (11)
g, = g.(h-C1)/C1 (11-a)

Substitute for the value of &; as calculated from eq.10

£, = 56.49x10°(350-165.18)/165.18 = 63.2x10° millistrain

_Calculation of steel strain (&9

From the triangle similarity fig. C.3.1 _b. One can write the
followings:

g/c) = &/(d-c) (12)
& = &(d-c))/c; (12-a)
Substitute for the value of “&.” as calculated from eq.10

£= 56.49x10°(292-165.18)/165.18 = 43.4x10° millistrain

_Calculation of curvature (¢)
g=e/c =&/(d-¢c) (13)
¢—(56.49 x10°)/(70)= 8.07x107 mm/mm (13-a)
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