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Abstract

The study has been carried out to investigateritheeince of temperature on bond behavior of
reinforced concrete. The effects of casting tentpegaand curing temperature on various
properties of concrete were investigated. Fouediffit temperatures (2@, 30°C, 45°C and

60 °C) were maintained for this purpose. Locally avd#amaterials were used to prepare the
specimens. To observe the effect of coating on Istreks, three different types of coating
were used in this work such as red oxide, synthatamel paint and aluminum oxide. The
study also investigates the temperature effecoorosion of reinforced concrete. In this work,
pullout test and electrochemical corrosion werdgoered as a major test program. To carry
out these tests, 100 mm dia and 200 mm high cytiadconcretes were prepared. A 12 mm
dia MS bar was placed vertically at the center oeteclayer. Bond stress measurement under
different temperatures and coatings were the nfi@mdings of this work. Test results explained
that volume of void increased with the incrementterhperature. Result of bond strength
showed 20% better performance for lower castingcamohg temperature compared to higher
temperature. Application of coating on rebar swefd not give satisfactory result of bond
stress compared to non-coated rebar’@@emperature induced specimens increase the time
of corrosion crack initiation and decrease the fratien rate than 6C temperature induced
specimens. Coatings significantly showed a goodeagents for corrosion effect on reinforced
concrete. Among three coatings, aluminum oxideakgebetter performance against pullout
test and electrochemical corrosion test. Finallgan be concluded that temperature atQ0
gives significant bond stress and provides betteteption for corrosion than 66C

temperature.
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CHAPTER |

Introduction

1.1 Background

Reinforced concrete is commonly used as a well asig material in Civil Engineering
Project, where plain concrete carries compresdirgss and reinforcing steel takes tensile
stress. Composite member made with concrete anébreing steel gives better stiffness,
strength and durability. Composite action of steel concrete in reinforced concrete structure

depends on bond at interface between steel andetenc

There are many factors which influence the qualftgoncrete. Among them temperature has
a remarkable effect on the performance of con@getecture. Cement hydration at higher
temperature is accelerated at early ages,ddundlerated later on (Kim and Soo ., 2010).
When water come to contract with cement hydratess the reactants dissolve first and produce
ions in solution. The reactions take place on thierface of the hydrating cement particle.
With time, it arrives at the center of the cemaaiiigand produces a porous layer on the outer
side. The thickness of the encapsulated cement tgers increase as the hydration proceeds
and the cement grains come closer. At a certagedftaction is increased between hydrating
grain as well as the paste becomes brittle (So28@4). Cement hydration is an exothermic
reaction. With a rise in temperature, the ratelednaical reaction of cement hydration also
increases. The high rate of hydration generateggréhickness of the layer that hinders further
diffusion of water. As a result, hydration can @easen in the presence of sufficient water. It
induces the non-uniform distribution of hydratiowwguct across the microstructure. It declines

the rate of hydration with age of cement paste.

Ambient temperature directly influences the settimge. As a result of the accelerated
hydration, initial and final setting times are bo#iduced with the rise in temperature (Soroka,
2004). Concrete which is placed at low environmietgiaperature develops higher ultimate
strength, greater durability and is less susceptibithermal cracking (ACI 306R-88). Under

hot environmental conditions more water is requii@da given mix to have the same slump



(consistency). A 25 mm decrease in slump was broaigbut by a 10°C increase in concrete
temperature (Klieger, P., 1958). The rate of tieacat 35°C is about twice of that at 20°C
which is, in itself, about twice of that at 10°CgiMman and Choo, 2003). Rate of evaporation
also increases with temperature that is accelerdwedconcrete mixture to get stiffen and

produces poor workable concrete mixture.

High ambient temperature also affects the long t@wntrete strength due to rapid setting, low
workability and thermal cracking. Compressive rsftd is considered to be a significant
parameter in bond behavior because the forteele@ steel and concrete is transferred
mainly by bearing and bond (Orangun, et al.,7d9Wlicro cracks are controlled by the tensile
stresses of the concrete and bearing stressesi@eased in the front of the ribs by high
compressive strength. Bond stress is proportiomahé compressive strength of concrete
(Alavi-Fard and Marzouk, 2002).

All materials expand with temperature for its owrerimal expansion coefficient. Like as,
volume of water increase approximately 1% for ex239C raise from #C where its density

is maximum. So the volume of concrete is largehatime of setting. Changes in temperature
and moisture content of concrete induce volumeatatormation (Kianoush, et al., 2008).
Concrete is a poor heat conductor. The rate of éealution due to hydration of cement is
much greater than the rate of heat dissipation.side of heat evolution and dissipation both
are higher at high temperature. The varying rateeat generation and dissipation causes the
interior of a concrete to get hotter than its stefaThis generates thermal stresses in the
concrete. Thermal cracking is a durability issuedose it provides pathways for air and water
to reach the reinforcing steel and initiate cowasiNormal air contains remain 0-03% carbon
dioxide (CQ) by volume. As the temperature goes up, diffugiat CO, increases due to
increase energy. The capillary pore system of émeent paste allows air to penetrate into the
concrete and the G@f the air combines with the calcium hydroxidgitee calcium carbonate
(CaCQ). The transformation of the Ca(OHd CaCQ lowers the pH of the pore water to less
than 9 in a fully carbonated concrete (Soroka, 2004e passive film protecting the
reinforcement steel can be disrupted by two meshasii carbonation and chloride induced
corrosion. Disruption of passive film initiatesrazsion of reinforcing steel. The volume of
corrosion products may be more than six times faiggn the volume of iron. This expansion
causes tensile stress in the hardened cement fhastéeads to cracking, eventual loss of

concrete cover, and serious deterioration of strattoncrete. A 2am uniform corrosion on



the anodic length of reinforcement can producekcdaeinforced concrete (Pfeifer, 2000).
Corrosion has a significant influence on the boggiarformance of steel reinforced concrete.
About 50% reductions in bond strength were obseassibciated with a 16% reduction in
average cross-section due to corrosion (Kivellalet 2011). In addition to cracking, the
reduction of the steel cross section, possible dbsseel ductility, and reduced bond strength
are all possible consequences of reinforcementosiom that can lead to serviceability

problems and structural failures (Andrade and Aboi2901).

1.2 Objectives

The objectives of this research are as follow:
1. To investigate the effect of temperature on bonehstth-slip relationship between
reinforcing bar and concrete.
2. To find out the effect of temperature on corrosibmeinforced concrete.
3. To observe the effect of color coating of reinfagcibar on bond strength and
corrosion
4. To assess the propagation of concrete crack dueotoosion at different

temperatures.

1.3 Justification of Work

Atmospheric temperature is increasing day by dahisixsubcontinent. Temperature has great
impact on freshly mixed concrete. Properties ofceete like as cement hydration, setting,
workability are depend on temperature. These agefdlotor of mechanical properties of
concrete. Otherwise, bond strength is the vitaleser composite materials. Also, in reinforced
concrete structure, bond is function of bearingt@él concrete interface. And bearing stress is
proportional to concrete strength. So, the resesnehnest has been grown up to realize the
temperature effect on concrete and its durabibtyvall as the importance of bond behavior.

1.4 Scope and Limitations of This Study

This research work has been carried out by fodemiht temperatures such as°gX) 30°C,

45 °C and 60°C. This study specially focused on the bonding grerince of reinforced
concrete under four different temperatures. Twéed#ht types of Portland cement and two
different types of coarse aggregate have been insels research work. Total 128 specific
reinforced concrete cylinders have been made tonpeithis work. It also emphasized on the



steel corrosion of reinforced concrete for fourfafiént temperatures. Extent of corrosion,
corrosion rate, current density, propagation ofccete crack have been measured in this work.
Three types of color coating such as red oxidethgfit enamel paint and aluminum oxide
were used to execute the work. Those were apphatesurface of the reinforcing steel that
have been added a new dimension in this studyctfémess of color coating on bond strength
and corrosion of reinforced concrete have also Ineessured. This results can be insured the
performance of those coating as an alternativestavpyotect the reinforcing steel from severe
environmental condition. This results also canrnselied the bond behavior between steel and

concrete.

Limitation of this work is to measure the corrasicrack of concrete with linear millimeter
scale. For this reason, digital image analysisbaerform by AutoCAD software to determine

sophisticated crack width that was time consumary |



1.5 Organization of the Thesis

Chapter I: Introduction

It provides background of this study, objectivdeng with scope and limitations ¢

l

Chapter II: Review of Literature

methodology of this program.

It focuses on the available literature related to the thesis tfogiavould help to understz
the thesis. Brief discussions on several techniques and parameszgtstoudescribehg
temperature effect on strength properties of concret@sion and corrosion techniques, b

stress and its mechanism, coating effect on bond performarsiefofced concreteere als

reviewed in this chapter to conduct the study.

l

Chapter Ill: Methods and Materials

It describes the detailed methodology adopted to accomplish thdy. sAccelerated
corrosion, pullout specimen features of the study area wereesligoved in this chapter.

Also, the procedure for analyzing the results is explained in this chapter.

Chapter IV: Results and Discussion

It reveals the results and findings of the study including graphs and tables and their

l

Chapter V: Conclusions and Recommendations

interpretations

It presents the summary of the thesis, the conclusions of the stutlyearetommendatio

provided for further extensions of the work.




CHAPTER II

Review of Literature

2.1 General

Before presenting the details of testing progrdns important to review the state of the art
regarding temperature of concrete, temperaturecteffia strength properties of concrete,
corrosion and corrosion process, environmentalcef® corrosion on reinforced concrete,
bond stress and its mechanism, bond strength p&gnfi@ilure type of bond, coating and

coating effect on bond of reinforced concrete.
2.2 Temperature of Concrete

Portland cement hydration is affected by many e including chemical composition, the
water/cement ratio, the presence of mineral addtiand fineness. Yet another variable,
however, is regarded to play a key role, bearinganty hydration kinetics and the properties
of the hardened cement paste: that variable is ¢estyre. Recommendation of ACI 318-02
(section 5.13), “Building code requirement for $twral Concrete” is “During hot weather,
proper attention shall be given to ingredients,dpation methods, handling, placing,
protection, and curing to prevent 'excessive cdad@mperatures or water evaporation that
could impair required strength or serviceabilitytloé member of structure. Recommendation
of ACI 305R-91 (section 1.2) "In the more genesgdes of hot-weather construction, it is
impractical to recommend a maximum limiting ambi@ntconcrete temperature because
circumstances vary widely. Accordingly, the effeofshigher temperatures in concrete as
mentioned in 2.2.1, and advise that at some tegiyner between about 75 and 100 °F (24 and
38 °C) there is a limit that will be found to be shtavorable for best results in each hot weather

operation, and such a limit should be determinedhe work.
2.2.1 Hot weather concrete

Hot weather concrete tends to impair the qualityreshly mixed or hardened concrete by

accelerating the rate of moisture loss and rateeofient hydration. Otherwise it can be



obtained high ambient temperature, high concret@égature, low relative humidity, wind

speed and solar radiation.
Potential problems for concrete in the freshly rdiseate are likely to include:

» Increased water demand

= Increased rate of slump loss and correspondingetenydto add water at the job site

= Increased rate of setting, resulting in greatdradilty with handling, compacting, and
finishing, and a greater risk of cold joints

» Increased tendency for plastic-shrinkage crackimdy

= Increased difficulty in controlling entrained aorgent
Potential deficiencies to concrete in the hardestate may include:

= Decreased 28-day and later strengths resulting &itimer higher water demand, higher
concrete temperature, or both at time of placeraedtring the first several days

= Increased tendency for drying shrinkage and diffeaéthermal cracking from either
cooling of the overall structure

= Decreased durability resulting from cracking

= Greater variability of surface appearance,

= Increased potential for reinforcing steel corrasimaking possible the ingress of
corrosive solutions and

= Increased permeability as a result of high watatext, inadequate curing, carbonation,

lightweight aggregates, or improper matrix-aggregabportions
Other factors that should be considered along @lithatic factors may include:

= Use of cements with increased rate of hydration

= Use of high-compressive-strength concrete, whacjuires higher cement contents

= Design of thin concrete sections with correspongirggeater percentages of steel,
which complicate placing and consolidation of ceter

= Economic necessity to continue work in extremeliyvkeather and
2.2.2 Cold weather concrete

Cold weather is defined as a period when more thatonsecutive days, the following
conditions exist: a) average daily air temperatsréess than 40F (5 °C) and b) the air

temperature is not greater than®60(10°C) for more than one-half of any 24-hr period. The



average daily air temperature is the average ofhigbest and the lowest temperatures
occurring during the period from midnight to midnig Concrete may suffer permanent
damage if its temperature falls below 0 °C beforis mature enough to resist disruption by
freezing. BS 8110 goes on to say that the temperaftiuthe concrete should at no point falls
below 5 °C until it reaches a strength of 5 N/fnm

Potential problems for concrete in the freshly rdiséate are likely to include:

= Water begins to freeze in capillaries of concret288F

=  Water expands up to 9% of its volume when it freezausing cracks in the concrete
mix.

= Up to 50% strength reduction can occur if conchetezes before reaching 500 psi.

= Formation of ice crystals in concrete

= Increased thermal cracking

= Slower gain in strength

= Slower setting

= Delayed formwork removal
2.3 Temperature Effect on Concrete Strength Propept
2.3.1 Setting and hardening
Process of cement setting and hardening can betddgrom three different points of view—

a) Phenomenological
b) Chemical and
c) Structural

Phenomenological point of viewit is concerned with the changes in the cemenémsistem
(or the concrete) which are only perceptible tewidenced by the senses.

Chemical point of view: It is concerned with the chemical reactions inedhand the nature

and composition of the reactions products.

Structural point of view: It is concerned with the structure of the set canamd with the
possible changes in this structure with time (Sardl©79). Figure- 2.1 explains the setting and

hardening procedure of the cement paste.
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Figure 2.1: Schematic description of setting aatiéning of the cement paste.

Mixing cement with water produces a plastic andkabte mix, commonly referred to as a
cement paste. These properties of the mix remathanged for some time, a period which is
known as the dormant period. At a certain stage/elver, the paste stiffens to such a degree
that it loses its plasticity and becomes brittld anworkable. This is known as the initial set,
and the time required for the paste to reach thgesas the initial setting time. A setting period
follows, during which the paste continues to stiftetil it becomes a rigid solid, i.e. final set

is reached. Similarly, the time required for thetpao reach final set is known as final setting
time. The resulting solid is known as the set caroethe hardened cement paste. The hardened
paste continues to gain strength with time, a m®aehich is known as hardening (Powers,
1962).

The initial and final setting times have a pradticaportance. The initial setting time

determines the length of time in which cement ngxarcluding concrete, remain plastic and
workable, and can be handled and used on the bgiklte. Final setting time is required in
order to allow the construction work to continughin a reasonable time after placing and

finishing the concrete. Finally setting time iseaffed by ambient temperature. Low concrete



temperature has a major effect on the rate of cemaration which results in slower setting
time and rate of strength gain of concrete durinfyl aveather typically delays finishing

operations and form removal. As a result of theelrated hydration, initial and final setting
times are both reduced with the rise in temperatlirean be seen that a 14°C rise in
temperature from 10 to 24°C reduced the initiatisgttime by 8 h while the same rise in
temperature from 24 to 38°C reduced the latter hyoBly (Tuthill and Cordon, 1955).

2.3.2 Hydration process

In contact with water the cement hydrates (i.e. luioes with water) to give a porous solid
usually defined as a rigid gel. Generally, chemieaktions may take place either by a through
solution or by a topochemical mechanism. In th& iase, the reactants dissolve and produce
ions in solution. The ions then combine and thaltieg) products precipitate from the solution.
In the second case, the reactions take place osutifece of the solid without its constituents
going into solution. Hence, reference is made pmthemical or liquid-solid reactions. In the
hydration of the cement both mechanisms are ingblites usually accepted that the through-
solution mechanism predominates in the early stagfeshe hydration, whereas the

topochemical mechanism predominates during the detes.

Consequently, the hydration products are depositdtie surface and form a dense layer which
encapsulates the cement grains. As the hydratmrepds, the thickness of the layer increases,
and the rate of hydration decreases becauseahiitional, to a great extent, on the diffusion
of water through the layer. That is, the greater tthickness of the layer, the slower the
hydration rate explaining, in turn, the nature I bbserved decline in the rate of hydration
with time (Figure- 2.3). Moreover, it is to be exped that, after some time, a thickness is
reached which hinders further diffusion of waterd dhereby causes the hydration to cease

even in the presence of a sufficient amount of wate
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Hydration products

120% volume increase

—— Cement

Boundary of original cement grain

Figure 2.2: Schematic description of the hydratba cement grain

The total volume of the hydration products is sdin2 times greater than the volume of the
un- hydrated cement (Fig. 2.2) and, consequerttly,Spacing between the cement grains
decreases as the hydration proceeds. Neverth&eseme time, the grains remain separated

by a layer of water and the paste retains its igiasand workability.

»
»

Degree of Hydratio

Age >
Figure 2.3: Schematic description of the relabetween the degree of hydration and time.
As the hydration precedes the spacing betweendmeiat grains further decreases, and at a
certain stage friction between the hydrating granacreased to such an extent that the paste
becomes brittle and unworkable, i.e. initial setisched. On further hydration, bonds begin to
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form at the contact points of the hydrating graargj bring about continuity in the structure of

the cement paste. Consequently, the paste gradsi#ffigns and subsequently becomes a
porous solid, i.e. final set is reached. The rasylolid is characterized by a continuous pore
system usually known as capillary porosity. If waseavailable, the hydration continues and
the capillary porosity decreases due to the fownatif additional hydration products. It is to

be expected that this decrease in porosity willltea a corresponding increase in the paste
strength. Structure formation in the hydrating ceimgaste is schematically described in

Figure- 2.4.

Addition
of watel
Initial set
Final set

y

Setting Hardening

Dormant period

I A
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A
¢ A 4
A
< A 4

Hydration products

Figure 2.4: Schematic description of structurenation in a cement paste

The rate of chemical reactions, in general, inaregish a rise in temperature, provided there
is a continuous and uninterrupted supply of theteeds. This effect of temperature usually

obeys the following empirical equation which is kmoas the Arrhenius equation:

d(Ink)
ar
in which k is the specific reaction velocity, Ttie absolute temperature, A is a constant usually

referred to as the energy of activation, and Résgas law constant, i.e. R=8-314J/mol° C.

=A/RT?
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Figure 2.5: Effect of temperature on the hydratate of Portland cement in accordance

with the Arrhenius equation

It can be shown that, based on the former equateatio between the rates of hydration

k1/k2 at the temperatures T1 and T2, respectivelgiven by the following equation:

2.303 log (k1/k2) = - A/IR (11— 1/T)

In the temperature range above 20°C, the energcifation for Portland cement may be
assumed to equal 33500J/mol (Hansen and Pede&&1), Solving the equation accordingly
(Figure 2.5), it follows that the rise in the hytloa temperature from £20 °C to =30, 40
and 50 °C, will increase the hydration rate bydesof 1-57, 2-41, and 3-59, respectively. That
is, the accelerating effect of temperature on thérdtion rate of Portland cement is very
significant indeed. This expected acceleratingoeftd temperature is experienced, of course,
in everyday practice and is supported by a conaidetbody of experimental data. It is clearly
demonstrated, for example, in Figure 2.6 in whizh degree of hydration is expressed by the
amount of the chemically bound water. Indeed, &loiselerating effect of temperature is well

known and recognized, and is widely utilized toederate strength development in concrete.
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Figure 2.6: Effect of temperature on the rateyafrhtion.

The ultimate degree of hydration increases withperature while other data indicate the

opposite, i.e. that the ultimate degree of hydratiecreases (ldorn, 1968).
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Figure 2.7: Effect of temperature on heat evotutiothe hydration of €S (1 cal=4-2J)

Concrete is a poor heat conductor, and the rateeaf evolution due to the hydration of the
cement is, therefore, much greater than the ratieeat dissipation and, consequently, the

temperature inside the concrete rises. With tinmsydver, the inner concrete cools off and
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contracts, but this contraction is restrained ¢peater or lesser extent. Restrained contraction
results in tensile stresses, and this restrainteaage cracking if, and when, the tensile strength
of the concrete at the time considered is lowen tthee induced stresses (Courtault and
Longuet, 1982) .

2.3.3 Workability

The ‘workability’ of concrete may be defined asetproperty determining the effort required
to manipulate a freshly mixed quantity of concnetth minimum loss homogeneity'. In this
definition the term ‘manipulate’ is meant to inctudll the operations involved in handling the
fresh concrete, namely, transporting, placing, cactipg and also, in some cases, finishing. In
other words, workability is that property which neakthe fresh concrete easy to handle and

compact without an appreciable risk of segregation.
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Figure 2.8: Effect of concrete temperature omgwand amount of water required to change

slump

It is well known that under hot weather conditionere water is required for a given mix to
have the same slump, i.e. the same consistencyoRipmately a 25 mm decrease in slump
was brought about by a 10 °C increase in concest@érature. Alternatively, it is indicated in

Figure 2.9 that the water demand increases by §4B°Kor a rise of 10 °C in concrete
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temperature. An increase of 4-6 kdffor the same change in temperature has been egport

by others (Yamamoto and Kobayashi, 1986).
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Figure 2.9: Effect of concrete temperature onaifm®unt of water required to produce 75

mm slump in a typical concrete.

The effect of temperature on water demand is mdardyght about by its effect on the rate of
the cement hydration (Mahter, 1987), and possildy an the rate of water evaporation. The
slump data of Figure- 2.8 and 2.9 refer to theahglump, i.e. to the slump determined as soon
as possible after the mixing operation is complelal/ertheless, some time elapses between
the moment the water is added to the mix and theemb the slump is determined. The cement
hydrates during this period and some water evaperafonsequently, the mix somewhat
stiffens and its slump, therefore, decreases. Asrdltes of hydration and evaporation both
increase with temperature, the associated stiffgisiaccelerated, and the resulting slump loss
is, accordingly, increased. Hence, if a certaitidhslump is required, a wetter mix must be
prepared in order to allow for the greater slumgslwhich takes place when the concrete is
prepared under higher temperatures. In other wamler such conditions, a greater amount
of water must be added to the mix explaining, imtuhe increase in water demand with

temperature.
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2.3.4 Curing

The hardening of concrete is a chemical reactidhe-rate of this reaction increases with
temperature but so does the rate of evaporation & exposed concrete surface. The rate of
reaction at 35 °C is about twice that at 20 °C Whg in itself, about twice that at 10 °C
(Newman and Choo, 2003). The ultimate strengtlootoete cured at low temperature (e.g. in
winter) is generally greater than that of concoeted at a higher temperature (e.g. in summer);
but extremes of temperature generally have a negatfect. The slow rate of reaction at low
temperatures means the concrete must be curedbioger period to achieve the desired degree
of reaction. The fast rate of reaction at high terafures gives relatively high early strengths

but the long-term strength and durability are gelhereduced (Newman and Choo, 2003).

The optimum temperature required to produce theirmax 28-day strength, based on small
laboratory specimens, is said to be approximat@y’@ (Neville and Brooks, 1987) and
ambient temperatures of 15-25 °C are generallyidered to be most suitable for concreting
operations. Concrete allowed to freeze before taiceminimum degree of hardening has been
achieved will be permanently damaged by the dissaptrom the expansion of the water
within the concrete as it freezes. This will resultirretrievable strength loss. Excessive
evaporation from an exposed horizontal surfaceiwithe first approximately 24 hours after
casting will result in plastic shrinkage crackingdaa weak, dusty surface. An excessive
temperature difference through the cross-sectioanotlement will result in early thermal
cracking due to restraint to contraction of the lcwpouter layers from the warmer inner
concrete. Inadequate curing will result in the @rbies of the surface layer of concrete, up to
30-50 mm, not meeting the intentions of the designgerms of durability, strength and
abrasion resistance (Newman and Choo, 2003).

2.3.5 Concrete strength

Temperature affects concrete strength throughfiéxteon (i) the rate of hydration, (ii) the

nature of concrete structure, and (iii) the ratevaporation and the resulting drying out of the
concrete. It may be noted that the preceding effechy be of a contradictory nature.
Temperature, for example, accelerates hydratiod, thereby the development of concrete
strength. On the other hand, the increased ratevaporation, associated with elevated
temperatures, reduces the amount of water avajlabtéthereby retards the rate of hydration
and may even cause its complete cessation. Hencpractice, the combined effect of
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temperature on strength varies and depends orp#ufis conditions considered. The rate of
cement hydration is considerably increased withribe in temperature. As the strength of
concrete depends on the porosity of the cemeng past porosity, in turn, is determined by
the degree of hydration, it is to be expected tiwatate of strength development and concrete
early-age strength will both increase with the fiséemperature as well. On the other hand,
assuming that the effect of temperature on ultindagree of hydration is small and provided
the concrete is not allowed to dry, concrete lagg-strength is not expected to be greatly
temperature-dependent. That is, identical concrebesosed to different temperatures, are
expected to exhibit essentially the same latersagmgth. It has been demonstrated, however,
that while concrete cast and initially cured athigmperatures exhibits the expected increased
early- age strength, its later-age strength is e affected when, in this context, ‘early-

age’ generally refers to ages up to 7 days andriage’ to ages over, say, 28 days .
2.4 Corrosion

Corrosion of reinforcing steel is widely accepted the primary cause of premature
deterioration in the reinforced concrete structu@srrosion is defined as the destruction or
deterioration of a material because of its reactgin environment. In case of corrosion,

formation of an oxide of iron due to oxidation bktiron atoms in solid solution is a well

known example of electrochemical corrosion, commdmiown as rusting. These oxides are
loosely attached and spall off from the surfacsteél. During the process of corrosion, weight
of material decreases as depth of corrosion layer/mcreases. The magnitude of

reinforcement corrosion has a significant effectlerural strength, deformational behavior,

ductility, bond strength and mode of failure ofnferced concrete structures (Shetty, et al.,
2011).

The formation of the corrosion products of irore(irust) involves a substantial volume
increase, i.e. the volume of the corrosion produtsuming they are mainly Fe(QH$ some
four times greater than that of the corroding idorreinforced concrete, such an expansion is
subjected to volume restraint and, therefore, wiush is formed, pressure is exerted on the
surrounding concrete. At some stage, this presaagecause the cracking of the concrete cover
over the reinforcement, and the corrosion is tlggmavated due to the readily available oxygen
and moisture, which are conditional for the comasprocess to precede. At a more advanced

stage, spalling of the concrete cover occurs, hadihprotected reinforcement is exposed to
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environmental factors. The continued corrosionha& teinforcement gradually reduces the

cross-sectional area of the reinforcing bars (\MJietb84).

2.4.1 Different theories of corrosion

There are mainly three theories of corrosion. Téey
(1) acid theory
(i) dry or chemical corrosion and

(i) galvanic or electrochemical or wet corrosion
2.4.2 Classification of corrosion

There are different types of corrosions based enr¢actions and physical states. It has been
seen that there are several types of corrosiory ate
1. General (Uniform) Corrosion
a) Uniform thinning over the exposed surface
b) Estimation of life expectancy with reasonable aacyr
2. Localized Corrosion

a) Galvanic corrosion: Two dissimilar metals in contacthe presence of an electrolyte

b) Pit corrosion: Corrosion in steel bars starts byniag a small pit. After that, the
number of pits
will increase with time and then the combimatof these pits causes a uniform
corrosion on the surface of the steel bars.

c) Crevice corrosion: Special type of pitting with tp@ometry of crevice .Wide enough
to permit entry of the liquid, but narrow enoughtaintain a stagnant zone

d) Selective leaching (Parting, De-alloying)

e) Erosion corrosion: Acceleration of metal loss (nmeatbal wear) due to the relative
movement between a fluid and a metal surface. Rahwpassive surface film for
corrosion resistance

f) Inter-granular corrosion: Selective attack of glacundary

3. Cracking

a) Corrosion fatigue: Initiated at surface defectts,pr irregularities

b) Stress corrosion cracking: Combined action of statsile stress and corrosion

c) Hydrogen damage: Diffusion of atomic hydrogen itite metal collected at internal
voids or laminations to form more voluminous molecinydrogen.

4. Exfoliation: Leaves metals in a laminated, fla@yplistered condition
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2.4.3 Concrete resistivity

The electrical resistivity of concrete is a matepeoperty that is useful for monitoring and
inspection of concrete structures with regard tofoecement corrosion in combination with
other non-destructive techniques. Concrete regiisizva geometry-independent property that
describes the electrical resistance, which isahie between a voltage applied on the specimen
and resulting current in a unit cell. In concréte, current is carried by ions in the pore solution
More pores water (wet concrete) as well as more largkr pores with a high degree of
connectivity and a low tortuosity (high water-bindatio) cause a lower resistance to ionic and
electric flow. For a constant relative humidity aimd stationary conditions, resistivity is
increased by a lower water-binder ratio, extendeohg time or the addition of supplementary
cementtitious materials e.qg. flies ash, blast foernglag or silica fume. Resistivity is influenced
by both moisture content inside the specimen aagtnosity of the cement matrix. As it was
discussed before, moisture transport in concraasively slow for the bulk specimen. In the
surface (down to approx. 20 mm depth) the moisttwatent depends mostly on the
environmental conditions (exposure) of the specendemperature also has a significant
impact in the behavior of concrete electrical tegty. When temperature is low near or below

freezing point, the mobility of ions is reduced.eféfore, ionic flow is decreased.

R=AE/l  p=RxAlt

Area (A)

Thickness(t)

Figure 2.10: Measurement of concrete resistivity

The resistivity is calculated by using the formula

p=AXR
With p as the concrete resistivit2fn), A is a cell constant which depends on the gégnod
the specimen and the arrangement of steel reinfene and Ris the electrical resistance

measured with a voltmeter in AC to avoid electrpdtarization.
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2.4.4 Passive layer

Concrete is a high concentration of the oxidesigalcsodium, and magnesium. These oxides
produce hydroxides that have a high alkalinity wiexter is added with a pH ranging from
12.6 to 13.8. At this pH level, a protective filmigpontaneously formed during the early stages
of cement hydration. This protective film is knowa passive layer. This passive film may
grow to a thickness of the order of 3. 10* micro- ohm and contains hydrated iron oxides
(Smith, 2007). The process by which steel in caredreprotected from corrosion by formation
of passive layer due to high alkaline environmergated by pore water is defined as
passivation. Passive layer is dense and preveatsctturrence of corrosion. This layer will not
remain for long. Two factors always have an effedireaking it: the carbonation process and

the permeability of chlorides to the steel reinbonent.

2.4.5 Corrosion process

Corrosion of reinforcing steel embedded in conciseta electrochemical process that requires
an anode, a cathode, an electrolyte, and an @alotonnection between the anode and cathode
for the transfer of electrons. Coupled anodic eatthodic reactions take place on the surface
of the reinforcing steel. Concrete pore water adsthe electrolyte. And the body of
reinforcement provides the electrical connectiotwken the anode and cathode. Cathodes
and anodes may be located on the same rebar (mli¢rocon different bars (macro cell) that
are electrically connected through metallic tiescbairs. After the passive layer is broken
down, rust will appear instantly on the steel batigace. The chemical reactions are the same
in cases of carbonation or of chloride attack. Witencorrosion of the reinforced steel bars in
concrete occurs, they melt in the void that corstarater. The oxidation and reduction reactions
that take place at the anode and cathode are dalédell reactions. At the anode, iron is
oxidized and goes into solution as ferrous ionsaghg its electrons.

Fe —» Fe*" + 2e

If the electron will be accumulated on the othert jpd the steel reinforcement but cannot
accumulate with huge numbers in the sametiotathere is another reaction that uses
the number of the electrodes with oxygen and whtercathodic reaction. Its equation is:

2¢ + H.O + O —» 20H"
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From this equation it is found that the presenc®Hf occurs due to cathodic reaction. The
hydroxide ions increase the alkalinity and redineedffect of carbonates or chlorides slightly.
From this equation, it is important to know thatteraand oxygen are the main reason for the
corrosion process. As shown in the precedingatogns and Figure 2.11, the anodic and
cathodic reactions are the first step in the geaé producing corrosion as the hydroxide ions
(OH") will react with ferrous iron (F€) as a result of chemical equation (2.1). This tieac

will produce ferrous hydroxide, which will reacttvioxygen and water again and produce

ferric hydroxide. This chemical reaction is showaghically in Figure 2.11.

Anodic | ‘ Cathodic }—
process prOCESS
e el |+ [ —

i | FeO(H,0), |

-
|—>\ %0, |+ [ H,O |+ [ 2 [ z{oH‘jg

Figure 2.11: Corrosion process on a steel reiefoent surface.

Fe&* + 20H —» Fe(OH) 2.1
Ferrous hydroxide
4Fe (Oky O+ 2HO —»  4Fe (OH) 2.2
Ferric hydroxide
2Fe (OH)—  Fg03.H0+2H0 2.3

Hydrated ferric oxide (rust)
The preceding chemical reactions show thenstawmation of steel from ferrous
hydroxides (Fe(Oh). Fe(OH} will react with oxygen and water to produce feima@roxides
(Fe(OHY).With presence of water this ferric hydroxide foasihydrate ferric oxide (rust); its
chemical term is E©s:.H-O. The passive film protecting the reinforcememtektcan be
disrupted by two mechanisms: carbonation and adoimduced corrosion. Disruption of
passive film initiates corrosion of reinforcing etieinitiating corrosion. The volume of

corrosion products may be more than six times tatgn the volume of iron (Mansfeld, 1981).
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This expansion causes tensile stress in the hatdemment paste that leads to cracking,
spalling, eventual loss of concrete cover, andossrideterioration of structural concrete. A
uniform corrosion of 1 mil (2.um) of reinforcement would cause cracks to deveRipifer,
2000). A localized corrosion loss of 30 to 240 to crack concrete based on the anodic length
and member dimensions (cover depth) (Torres-Acasth Sagues, 2004). In addition to
cracking, the reduction of the steel cross secpossible loss of steel ductility, and reduced
bond strength are all possible consequences oforeement corrosion that can lead to
serviceability problems and structural failures @fade and Alonso, 2001). In this stage,
cracks on concrete start until the concrete caoadés; frust, with its brown color, can clearly be

seen on the steel bar.

2.4.6 Physical effects of corrosion

With increasing corrosion the tensile stress incthrecrete will reach a critical value and crack
will be developed. During this process the volurhéhe corrosion products at initial cracking
of concrete will occupy three volumes, namely tlorops zone near the reinforcement,
expansion of concrete due to rust pressure, ansphee of the corroded steel. The corrosion
process and its effect on a reinforced concretetsire are schematic illustrated in Figure 2.12.
The result will be a reduced load carrying capaaitthe structure primarily due to the reduced

steel bar cross-section and the loss of bond bettheesteel bar and the surrounding concrete.

Chloride ingress Rebar corrosion

A 4

%+ Loss of rebar cross-section
+ Volumetric expansion
+» Loss of concret

A 4
Cracking of concrete cover

Weakening of interfacial

A 4

Loss of steel/ioncrete bon

\ 4
Reduced loe-carrying capacit

Figure 2.12: Effect of corrosion on reinforced c@te structure
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2.5 Environmental Effect on Corrosion of ReinforcedConcrete

The main causes of corrosion of steel in concregechloride attack and carbonation. These
two mechanisms are unusual in that they do notlattze integrity of the concrete. Instead,
aggressive chemical species pass through the pottes concrete and attack the steel. This is
unlike normal deterioration processes due to chanattack on concrete. Other acids and
aggressive ions such as sulphate destroy the itytefithe concrete before the steel is affected.
Most forms of chemical attack are therefore comcgioblems before they are corrosion
problems. Carbon dioxide and the chloride ion ae/wnusual in penetrating the concrete
without significantly damaging it. Accounts of (forstance) acid rain causing corrosion of

steel embedded in concrete have been shown tdk dtiasteel and not the concrete.
2.5.1 Carbonation

The process by which carbon dioxide in the atmosphesacts with water in concrete pores to
form carbonic acid and then reacts with alkalishie pores, neutralizing them. This can then
lead to the corrosion of the reinforcing steel. Tilgh alkalinity of concrete is partly due to the
presence of the alkalis Ma and KO of the cement and mainly to the presence of walci
hydroxide which is produced on the hydration of Aliée and the Belite. Normal air contains
some 0-03% carbon dioxide (@y volume. The capillary pore system of the cenparste
allows air to penetrate into the concrete and tle @f the air combines with the calcium

hydroxide (Ca (OH) to give calcium carbonate (Cag)On accordance with the following

expression:
CO+HO —— HCOs 2.4
Gas water Carbonic acid
H.COsz + Ca(OH) ——» CaCQ + 2H:0 2.5

Carbonic acid pore solution

Due to the neutralization of alkalis, carbonationl @iffusion of other acidic gases, such as
SO and NQ, cause a decrease in the pH of concrete poraauluthich is typically between
12.5 and 13.6. A reduction of pH to a lower lerey cause loss of passivity and initiate
corrosion of reinforcement. Different studies athtifferent limits of pH for the stability of
passive film. The pH level lower than 9.5 would enence corrosion of steel reinforcement
as shown in Table 2-1. The protective film tendbécstable in the absence of chloride ions as

long as the pH of concrete pore solution stays alddvs (Berkely and Pathmanaban, 1990).
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Table 2.1: State of reinforcement corrosion atauasipH levels

pH of Concrete State of Reinforcement corrosion
Below 9.5 Commencement of steel corrosion
At 8.0 Passive film of the steel surface disappears
Below 7 Corrosion occurs

The carbonation process occurs quickly whesn dbncrete cover is not very thick. It may
also occur when the concrete cover over the staed Is thick because the carbonation
transformation will happen as a result of the exise of pore voids open in the concrete that
assist the quick propagation of €@side the concrete. The carbonation process canro
when the alkalinity in voids is relatively smalhi§ happens when the cement content is small
and water-to-cement (w/c) ratio is high and als® da a bad curing process during
construction. Carbonation moves inside concreteordaoog to the diffusion theory: The
diffusion rate is in inverse proportion to the diste between the steel bars and the concrete
surface, which is the concrete cover thickness:

dx

- Do/x
Where,
x = the distance from the concrete surface
t = the time

Do = the diffusion rate, which depends on the dquali the concrete

2.5.2 Factors affecting rate of carbonation

It is self-evident that the rate of carbonatiodésermined by the rate of G@iffusion into
the concrete. In turn, this diffusion depends amccete porosity and its moisture content and

temperature.
2.5.2.1Relative humidity

Water content is the amount of free water existmghe pores of the solid matrix. It is an
essential factor affecting the reactivity and diffuty of carbon dioxide. The water takes part
in the salvation and hydration of the €@ also dissolves the aons from the solid that will
react to form the CaC{Ferndndez and Bertos, 2005). With insufficientenathe CQ and
calcium hydroxide will not be fully ionized, whesetbo much water limits the reaction due to
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the blockage of the pores in the solid as the siifity of CO; is 10* times smaller in water
than in air. Due to the differences of @i and CQ@ uptake capacity, different
cementtitious systems require different water catstén order to achieve the same degree of
carbonation (Lange, et. al., 1996).

The water content of a porous material dependstmpare structure as well as external
relatively humidity. When exposed to an environmaith certain relative humidity, moisture
exchanges occur between the atmosphere and the potie a balance is formed. The free
water left in the solid material tends to formauid film on the wall of large pores and fill the
space of small pores. When the external relativaititly is zero, the water content in the
cementtitious material is also zero and carbonateactions cannot proceed. When the
external relative humidity is 100%, the mters fully saturated, as all the pores aredlll
with water which blocks the diffusion pathway of £®herefore the external relative humidity
has a considerable and important influence on @be and ultimate extent of carbonation
(Verbeck, 1958). For most cementtitious materiedésponation is more rapid at an external
relative humidity of 50%-60%. At 50%-60% relativerhidity, the equilibrium water content

in the solid tends to reach optimum for the cartionareaction (Gofii and Guerrero, 2003).

2.5.2.2Temperature

As temperature goes up, the diffusivity of £@creases due to increased energy (Song, et al.,
2006). However, the solubility of carbon dioxidedanalcium hydroxide decrease with
increasing temperature and the decreasing solibitiause a decrease in the carbonation rate.
The optimum reaction temperature for the highegiaation rate is found to be at 20 °C for
lime mortar. For lightweight concrete waste, theakp of CQ increased with increasing

temperature up to 60 °C (at atmospheric pressuig)€t al., 2001).

2.5.2.3 Partial pressure of CQ

Slight increases of CQpartial pressure in the atmosphere will accelettaterate of reaction
and influence the strength development. Howevgreemental work shows that increases in
pressure from 1 to 2 atom have been found to iserdleze rate of the carbonation reaction
for compacted cement mortars, whilst a furtherease to 4 atom had little effect (Young,
et. al., 1974).
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2.5.3 Chloride attack

Chlorides can attack concrete from more than omecso The first source is from inside the
concrete during the casting process; the secobal nsove concrete from outside to inside.
When casting takes place, chlorides exist in caa@s a result of the following:

a) using seawater in the concrete mix

b) using calcium chloride in additives required toedecate setting time

C) aggregate that contains chlorides that can be wasbg

d) additives that have a higher chloride contiain that defined in the specification

e) water used in the concrete mix that has a higberber of chloride ions than that

allowed in the specifications

Chlorides can propagate inside concrete from thereal environment by:
a) concrete exposed to seawater spray or continuqa@sare to salt water
b) using salt to melt ice
c) presence of chlorides in chemical substances ttaatkathe concrete structure, such as

salt storage

2.5.3.1 Chloride attack mechanism

The chloride ion attacks the passive layer butikentarbonation, there is no overall drop in
pH. Chloride act as catalysts to corrosion whemethe sufficient concentration at the rebar
surface to break down the passive layer. Theyareansumed in the process but help to break
down the passive layer of oxide on the steel alosvdahe corrosion process to proceed quickly.

This is illustrated in Figure 2.13.

Concrete FeCh— Fe +2Ct
CI Cl

Passive layt \4 / Gamma F0s3

Steel

Figure 2.13: The breakdown of the passive layer'@uycling’ chlorides
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Obviously a few chloride ions in the pore waterlwibt break down the passive layer,

especially if it is effectively re-establishingatbwhen damaged. There is a ‘chloride threshold’
for corrosion given in terms of the chloride/hydybration. It has been measured in laboratory
tests with calcium hydroxide solutions. When théote concentration exceeds 0.6 of the
hydroxyl concentration, corrosion is observed. Tdpproximates to a concentration of 0.4%

chloride by weight of cement of chlorides are ¢ait concrete and 0.2% they diffuse in.

2.5.4 Factor affecting the rate of chloride attack
2.5.4.1 Porosity of concrete cover

The time it takes chloride concentration to redud ¢ritical content of 0-4% at a certain
distance from the surface, increases with the dseran concrete porosity or, alternatively, the
distance at which the critical content is reachied given time, increases with the increase in
concrete porosity. It follows that the W/C ratioddength of curing would affect, similarly,

chloride penetration (Al-Amoudi, et al., 1991). odedingly, it may be again concluded that
in order to control chloride penetration, a wellexa concrete cover, made with a low W/C

ratio, should be provided over the rebar.

2.5.4.2 Temperature

Accordingly, the diffusion rate of the chlorideseispected to increase with temperature, and
the relation between the logarithm of the diffustmefficient and the reciprocal of temperature
is expected to be linear. In a hot environmentithe it takes the chlorides to reach the rebar’s
level is shorter than in a moderate environmentaiAgthe rate of chloride penetration
decreases with a decrease in the W/C ratio (Pagé, €981).

2.5.4.3 Oxygen penetration

The reactions at the cathode involve the consummi@xygen. Hence, the corrosion process
depends on the presence of oxygen, and the ratmision, on the rate of the oxygen supply
at the cathode. The oxygen originates in the airosading the concrete, and the amount
available at the rebar’s level depends on the oatexygen diffusion through the concrete

cover. Hence, similar to the rates of £&hd chloride diffusion, the rate of oxygen diffusi

depends on porosity of the concrete cover, ancedses, accordingly, with the decrease in the
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WI/C ratio and the efficiency of curing. It is evidehat the rate of oxygen diffusion decreases

with a decrease in W/C ratio and increase of thercthickness.
2.5.4.4 Environmental factors on rate of corrosion

The environmental factors which affect the rateafrosion process are mainly temperature
and relative humidity. The rate of corrosion inaeawith the rise in temperature when effect
of temperature is considered. This effect of terapge is indicated in Figure 2.14 in which

the rate of corrosion is measured by the interddithe corrosion current.
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Figure 2.14: Effect of temperature on corrosioe &t100% RH (W/C = 0.9, carbonated
concrete)

Other data, presented in Figure 2.14, suggesteéhesame conclusion, namely, that the rate
of corrosion becomes significant only when thetreéshumidity reaches 85%. Moreover, it is

also clearly evident from Figure 2.15 that the &ffaf temperature on the rate of corrosion is
negligible at the lower range of relative humiditybecomes significant, however, at 85% RH
and, indeed, very significant at 95% RH.

The preceding conclusions are of practical impa#gammplying that the risk of corrosion in a
hot, dry environment is rather limited and, in théspect, it has been suggested that no
corrosion is to be expected when the relative hignidmains below 70% .On the other hand,

intensive corrosion is to be expected in a hot, emtronment. This may be also the case in
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marine environment of arid zones because, in sa@ngironment, the moisture content in the
air may be high enough to induce corrosion whicfuither aggravated by the presence of
chlorides (Raphael and Shalon, 1971). Finally, yyperiods promote carbonation, whereas

wet periods promote corrosion if carbonation hashed the reinforcement.

70 N
| I I 1 ]‘OCC 1 95%
60 b -
) B ©0%C/85% |
M sob =
-}
-
— -
o
e
£ 40
: -
g B 309C 1 85%
< 30 20%C/95%
L 20°C/85% _|
20 - -
[ 0%/ 75% |
10 20C/75% _|
40T /55% —
) 309C /55%
0 > T T 1 209C / 55%

30 60 90 120 150 180 210
Exposure, Day
Figure 2.15: Effect of temperature and relativeadé of corrosion (Raphael and Shalon,
1971).

Therefore, the corrosion risk increases with insirggtime of the dry periods. That means that
climates with long dry and short wet periods mayuree a higher quality of concrete cover
than climates with short dry and long wet periotise risk of chloride-induced corrosion
increases considerably after carbonation of coacheécause initially bound chlorides are
released after carbonation and thus increase tberirof free ‘corrosive’ chlorides. As a rule,
all processes involved are accelerated with inangagmperature. When choosing concrete

composition, future changes of environmental coowi#, resulting from, for example, change
in use, should be considered.

2.6 Bond Stress

Bond stress is defined as the shear stress aetleceoncrete interface which modifies the steel

stress by transferring the load between steel and the surrounding concrete. Bond
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stress can be calculated as the stress per noamiarea of the bar surface. Also, bond stress
can be measured by the rate of change of steskstiehe bar. Thus, there will not be any

change in bar stress without bond stress or vicgave
2.6.1 Bond mechanism

An efficient and reliable force transfer from tleenforcement to the surrounding concrete
depends on three mechanisms; namely, adheBiotipn and mechanical interlocking as
shown in Figure 2.16 where,\6 the adhesion, Ms the mechanical anchorage due to bearing

of the lug and VY is the frictional resistance.

Adhesion: Adhesion is the chemical bond between Ihe and the concrete which is
related to the shear strength at the stestrete interface. For a small load, theidas
resisting mechanism is the chemical adhesion; hewethen a deformed bar moves with
respect to the surrounding concrete due twease in the loads, the chemical adhesion

along the bar surface is lost.

c) Friction

Figure 2.16: Idealized forced transfer mechanism

Friction: Friction is the force resisting the parakésplacement between two surfaces

sliding against each other. Friction plays a sigaiit role in force transfer between the
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concrete and the steel bar. Friction can contribptéo 35% of the ultimate strength governed

by the splitting of the concrete cover (Treece airda, 1989).

Mechanical interlocking: For deformed steel bars, bond depends pitynan mechanical
interlocking between the ribs and the comcrédeys. In addition, the mechanical
interlocking of the deformed steel bar depenudize geometry of the ribs along the steel
bar. As the ultimate bond strength is reachedarsbheacks begin to form in the concrete
between the ribs as the interlocking forceduce large bearing stresses around the ribs,
and slip occurs. Therefore, the bar ribsra@stthe slip movement by bearing against the
concrete keys. The slip of a deformed bar mayiodn two ways, either through pushing
the concrete away from the bar by the ribs, i.edgireg action, or through crushing of the

concrete by the ribs.

Perfect bond for reinforced concrete members pesvidomplete compatibility of strains
between concrete and steel. However, in realitsfepebond occurs only in the regions where
negligible stress transfers between concrete awl. 3Vhereas, in the regions where high
stress transfers along the steel concreterfade, such as in the vicinity of cracks, the
bond stress is related to the relative drsginent between reinforcing steel and the
surrounding concrete. Therefore, strain comgétittioes not exist between reinforcing steel
and surrounding concrete near cracks. The reldigiween bond stress and the relative
displacement between reinforcing bar and csmecis due to strain incompatibility and
the crack propagation is known as bond-slip as shawigure 2.17.

A

D

Shear cracks

Mechanical interlocking
between steel and concrete

B E Friction

A
Adhesion

Figure 2.17: Typical bond stress-slip relationship

Initially, with uncracked concrete, bond ssrés assured by the chemical adhesion
between the steel and the concrete up to the poastshown in Figure 2.17 where the slip is
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relatively negligible. As mentioned earlier, onceleformed bar moves with respect to the
surrounding concrete, surface adhesion is destray@dconsequence of the wedging action of

the ribs which pushes the concrete away from tbel.st

With the onset of slippage between the reinforategl and the concrete, bond resistance will
be developed by friction and mechanical Iotking between the bar and the surrounding
concrete. However, the bearing of the lugs becagrefieant for the bond between steel and
concrete. The concentrated bearing forces in fobrihe lugs will split into two directions:
Parallel components to the bar axis representsdhd stresses and the radial (perpendicular)
components to the bar axis represents thmeuroferential tensile stresses. When these
tensile stresses exceed the tensile strength afotherete internal cracks develop around the
bar, and the deformation of concrete resultingm generated stresses tend to pull the
concrete away from the reinforcing bar in the \tgimf a major crack. Therefore, at point B
in Figure 2.17, the stiffness of the concreterdduced and longitudinal splitting cracks are
initiated by the inclined compressive forcesespling from the lugs into concrete. The
internal cracks reach the concrete surfac@aait C, and the bond resistance will drop
to zero if sufficient confinement is not provilelhus bond failure due to splitting occurs
(Lundgren, 2005). However, with the presence ofigaht confinement, the load can be
increased further and pull out failure will occostead of splitting failure. At point D, shear
cracks will initiate in the concrete keys beem ribs which correspond to the point of
maximum bond resistance. The bond resistaacdecreased with the increasing slip due
to spreading of shear cracks through the conckHaace the frictional resistance of concrete

along the failure surface remains the only mechmanigat exists at point E.
2.6.2 Factors affecting the bond strength

Bond strength between the steel and concrete demenseveral factors such as concrete and
steel strengths; bar size and profile; concreteecothickness; embedment length of steel;
spacing of bars; stirrups; temperature; corrosimn éA brief description of some of these
factors that influence the bond strength at steaktrete interface is presented in the following

sections.
2.6.2.1 Concrete strength

Compressive strength is considered to beigaifisant parameter in bond behavior

because the force between steel and concretérarssferred mainly by bearing and bond
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(Orangun, et al., 1977). The slope of the betréss distribution varies considerably over
the splice length with a higher concreteersgth when compared to that with lower
concrete strengths (Tepfers, 1973) . Since boildréacan occur by tensile splitting and
shearing off of the concrete, the compressive gtrers considered to be a significant key in
bond behavior. It has been found that thedbof high strength concrete is proportional
to the compressive strength of concrete (Alavdrard Marzouk, 2002). However, test result
indicates that the square root has proverbdoadequate as long as concrete strengths
remain below about 55 MPa, while for higinesgth concrete, it is observed thatf
provides the best fit for the effect of quessive strength on the concrete contribution to
bond strength for bars not confined by transvezsdgarcement and#* provides a good fit
for the effect of compressive strength on twncrete contribution to bond strength for
bars confined by transverse reinforcement (Dar&@00). The tensile and compressive
stresses of concrete contribute to the developofdmind stresses. For example, micro cracks
are controlled by the tensile stresses of the &egcmwhile bearing stresses induce high
compressive stresses in front of the ribs. A sipge of 0.01 to 1 mm, the bond stress is
proportional to the concrete compressive strenggised on the pullout test results, with
concrete strengths varying from 16 to 50 MPayever, for very small slip less than

0.01 mm, and for high slip larger than 1 mihe effect of the concrete compressive

strength is less important and proportionalc?é*(Martin, 1982).

2.6.2.2 Concrete cover thickness and bar spacing

Bond strength increases with increasing cover ttesk and bar spacing (AClI Committee 408,
2003). The concrete cover and the bar spaseiggificantly influence the type of bond
failure (Tepfers, 1973). Splitting tensile failuogcurs with small concrete cover and bar
spacing, while pullout failure occurs with largenceete cover and bar spacing. For most
structural members, splitting failure is expedcédd can occurs between the bars, between
the bars and the free surface, or both, whileopititfailure can occurs with some splitting if
the member has significant transverse reinfoesgnio confine the anchored steel.

2.6.2.3 Bar profile

The stress transfer between the reinforcing bartbedurrounding concrete depends on the

resistance to relative motion or slippage betwaercbncrete and the surface of the embedded
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steel bar due to the bond at steel-concrete irterfi is well known that this mechanism of

stress transfer is the base of the theory of retefibconcrete (Shetty, et al., 2011).

Failure surface Crushed concrete

A G it
e - compacted powder
afc > 0.15

Figure 2.18: Failure Mechanism at the Ribs of Deied Bars.

The steep face angle Figure 2.18 stated that the bbdeformed bars is developed mainly by
the bearing pressure of the bar ribs against therete. Pullout tests showed that for bars with
steep rib face angle (larger than about 40 degrees with the bar ak{s)scurs only by the
compression of the concrete in front of the barwibile in bars with flat ribs, i.e., the angle

is small, slip occurs with the ribs sliding relaito the concrete as the rib tends to push the
concrete away from the bar. This wedging actionlmaa major cause of longitudinal splitting
along the bar. For 45% 70°, the deformations must reverse in directioreach side of the
bar (Park and Paulay, 1975).

2.6.2.4 Casting position and concrete confinement

The load-bond slip relationship for deformed bargpiimarily affected by the quality of the
concrete on the font of the bar ribs. The qualityhe concrete in the region depends on its
relative position of casting. Soft and spongy layeconcrete can form under the ribs in case

of casting perpendicular to the bar length

2.6.2.5 Corrosion effect

Corrosion affects the bond strength, the slightiatiion of the corrosion product of a corroding
bar at first increase radial stress between theahdrthe concrete and hence increases the
fractional component of bond. However, further osion will lead to the development of
longitudinal cracking and a reduction in the resise to the bursting forces generated by the
bond action. Some suggest that a firmly adherepérlaof rust may contribute to an

enhancement in bond strength at early stages mision, at more advance stages of corrosion,
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weak and friable material between bar and cononeliecertainly be at least partially
responsible for reductions in bond strength (Hass&003). Corrosion has a significant
influence on the bonding performance of steel tgmhg in concrete with over 50% reductions
in bond strength observed associated with 16% temudn average cross-section due to
corrosion (Kivell, et al., 2011). The maximum batcess will reduce the corrosion proceeds,
and its reduction rate will become larger whenttiiekness of cover concrete is large. It is
considered that the internal cracks due to corrosiake the bond strength lower in case of
splitting failure of concrete.

2.6.3 Bond failure

There are two general types of failure mechanisssb@ated with concrete—steel bond:

splitting failure and pullout failure.

Splitting Failure: A splitting failure occurs when the reinforcingrbare not well confined
and the radial force exceeds the capacity of thesgnding concrete. The type of splitting
failure that occurs depends on the relative diffees among bar spacing, bottom or top cover,
and side cover. A side-split failure occurs if Hide cover is less than the top cover or half of
the bar spacing, and a V-notch failure occurs if bthe bar spacing and the side cover are
both greater than the top cover. An intermedigbe tof failure, a face-and-side-split failure,
occurs if the top and side covers are approximaglyal. Splitting failures have also been
found to depend on the bar size, bar spacing, etatrength, use of lightweight concrete,
and the casting position of the bar.

Pullout Failure: A pullout failure occurs when reinforcing bar® avell confined and the
embedment or splice lengths are insufficient toeflgy yield and strain hardening of the steel.
These failures are characterized by a series oksmeveloping along a shear plane connecting
the peaks of the reinforcement deformations. Hiere pattern indicates that resistance to
pullout is controlled by the capacity of concrete shear, and the friction and adhesion
components are of much less importance than wslitiing failure.

2.7 Coating Effects on Concrete—Steel Bond

Epoxy-coated bars have been commercially availfdslever 20 years; however, PVC- and
nylon-coated bars are not yet commercially avadaBlonsequently, there has been numerous
research has been carried out regarding the bdraVime of epoxy-coated reinforcing bars but
relatively few researches have included bond tgsth other epoxy organic coatings.
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Therefore, the following discussion regarding cogffects on concrete—steel bond will focus

entirely on the test results of epoxy-coated bars.

The greatest concern regarding the use of epoxingdar reinforcement in structural concrete
has been its effect on bond between the concretéhareinforcement. The ability of steel to
transfer forces to the concrete through bond adBoaritical to the short- and long-term

performance of concrete structures. Following seeeral factors that may affect the bond

behavior of epoxy-coated reinforcement:

a) Adhesion is prevented because the layer of epotsyasca bond breaker between the
steel and the hydrating cement.

b) Friction is reduced because the epoxy coating eltite microscopic irregularities
caused by mill scale.

c) Mechanical properties of the coating are differthian those of concrete and steel and
may change the state of stress in the concretewsding the bar.

d) Thicker coatings tend to be uneven, which typicdigreases the effective height of
the bar deformations.

2.7.1 Differences in bar deformation geometry

Pullout tests have been used to determine theteféédifferences in rib geometry on the bond
strength of epoxy-coated bars. A series of tesis performed that evaluated the influence of
bar rib face angle, rib spacing, rib height, andiarete strength. In this study, specially
machined coated reinforcing bars were tested iecaentric pullout specimen. The results of
these tests were compared with tests of similadghimed uncoated bars. These tests indicated
that coated bars slipped more than did uncoates] begardless of the test variable. With all
other test variables held constant, the relativedisirength of the coated bars increased as the
rib face angle increased, rib spacing decreased;jlaheight increased. These trends appeared
to be independent of differences in concrete strerigven though variations in bar geometry
and concrete strength can produce significant miffees in bond strength results, these
variables appear to have no effect in the evalnaifacoatings for comparison purposes only.
A series of pullout tests, using different bar sjzearious bar deformation patterns, and
different concrete strengths, was perforrteedetermine differences in stress transfer between
coated and uncoated bars. In these tests, itoueslfthat the bond strength of epoxy-coated
bars was lower than that of uncoated bars by apmpaiely 10%—25%. This decrease in the

pullout resistance of epoxy-coated bars did noeapio be influenced by any of the parameters
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considered. Therefore, direct comparisons of ikeabond behavior can be made between
coated and uncoated bars, provided that there amifferences in rib geometry, concrete

strength, and transverse reinforcement among spesim
2.7.2 Loss of adhesion

The lack of adhesion between epoxy-coated reinfoec and concrete has been well
documented. Autopsies were performed of seveitatifapliced beam specimens with epoxy-
coated and uncoated reinforcement (Treece and, Jig&9). These autopsies showed no
indication that concrete adheres to epoxy-coatedoreement. The concrete in direct contact
with the epoxy-coated bars had a smooth, glasdg@and the coated bars appeared clean,
with no concrete residue left on the deformatiofifie autopsies of similar specimens with
uncoated reinforcement indicated that adhesiondecadrred. The concrete surface in direct
contact with uncoated bars was dull and rough heduhcoated bars that were removed had
concrete particles firmly attached to the shaftthwlarge deposits on the sides of the

deformations.
2.7.3 Loss of friction

A series of tests was performed that compareditteohal characteristics of a mill-scale steel-

concrete interface with that of a fusion- bondedpxy-coated steel-concrete interface.

Specimens were rectangular concrete prisms, eashioh was cast between two steel plates.
Half of the steel plates were coated with epoxy halfl were left uncoated. The specimens
were compressed during testing to impose a nortredsson the steel-concrete interface. A
horizontal force was applied to create shear saksg) the interface. This force was steadily
increased until the maximum load was achieved. s&@tsandwich specimens failed by shear
along the concrete-steel plate interface. Theltesd these tests indicate that there are two
components to friction: a frictional component aard adhesion component. The observed
frictional components are similar for coated andaated bars; however, there is no adhesion
for coated bars. At low values of normal stress,rhaximum applied shear for the coated steel
decreased by approximately 40%, as compared wehuticoated steel. The difference

between coated and uncoated bars decreased gsptieel amnormal stress increased (Treece &
Jirsa, 1989).
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2.7.4 Comparison of coated and uncoated reinforcemebond forces

With the loss of adhesion and friction, bearinglom bar deformations is the only component
that contributes to the development of coated bArsomparison of the resulting bond forces
for uncoated and epoxy-coated bars is shown inrégR.19 and Figure 2.20. The friction and
bearing force vectors can be added to determinesthétant force. As can be seen in Figures
2.19 and Figure 2.20, friction is beneficial to Hdrecause it decreases the angle of the resultant
force, which results in a smaller radial splittiogce. The use of epoxy-coated bars increases
the angle of the resultant bond force and caugg®ehiradial splitting force. This indicates
that epoxy-coated bars will have less bond capaetause they are more likely to experience

a premature splitting failure than are uncoated.bar
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Figure 2.19: Uncoated Reinforcement Bond Forces
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Figure 2.20: Coated Reinforcement Bond Forces

2.7.4.1 Pullout resistance

Pullout-type specimens have been used extensivelyp attempt to quantify the difference in
bond capacity between epoxy-coated and uncoatedoreement. Several independent
research programs have used various pullout spasirtee evaluate the decrease in bond
strength of epoxy-coated reinforcement (Kayyali93@The results of these studies vary;
however, the average pullout strength of epoxyambaeinforcement was less than was the
average pullout strength of uncoated reinforcemaéngeneral, the pullout strength for epoxy-
coated reinforcement was reduced to about 80%—-9#eopullout strength for uncoated
reinforcement. This decrease in bond was also dstraied in a series of pullout tests in
which coated and uncoated bars were instrumentiédsivain gauges (Cusens and Yu, 1993).
The strain gradient along the length of the bar massured and found to be less for coated
bars than for uncoated bars. The decrease imggradient indicates that forces are not

transferred into coated reinforcing as efficierattythey are into uncoated reinforcement.
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CHAPTER I
Methods and Materials

3.1 General

The purpose of this chapter is to elaborate therge®n of material properties, specimen’s
details and test setup. Two different types of [Bod cement and coarse aggregate were used
in the work. Also, accelerated electrochemical @sion test was performed on reinforced
concrete to measure the propagation of corrosieriofnance of coating effect on bond stress
and corrosion of MS bar in concrete was also ingastd in this work. Three different coating
materials were used to achieve this goal. Undearddterent temperature, casting, curing and

electrochemical corrosion test have been executed.
3.2 Material Property
3.2.1 Bar properties

In this work, deform shaped MS bar was used. Leagthdiameter of MS bar for all specimens
were same. Diameter of reinforcing bars was 12 Awerage yield stress of this bar was 530
MPa and ultimate stress was 622 MPa. Length of bachkvas 325 mm. One end of the bars
was threaded about 75 mm to carry out the bondgtndest. A prepared reinforcing bar are

shown in Figure 3.1.

Figure 3.1: Reinforcing bar specimen for pullowstte

3.2.2 Coating

In this work, three different types of color cogtwere used. These were red oxide, aluminum
oxide and synthetic enamel paint. Thicknessesftdrdnt color coating are presented in Table
3.1. It was measured by using digital Vernier sshlewn in Figure 3.2. Accuracy of this scale

is 0.01 mm. At first, reinforcing bar was cleangddand paper. Then, Vernier reading was
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noted at three different places within a rib. Aftkeat coating material was applied over this
Re-Bar. Thickness of the coating was measured byistescale after 5 days of its application.

Average thickness of color coatings is calculateidgithe measured data.

Table 3.1: Thickness of different coating

Observed thickness (mm) | Average | Net average thickness
_ coating =1000*(Avg.
Name of coating Reading| Reading| Reading| . .
thickness| Difference Value)/2
-01 -02 -03
(mm) (Lm)
Aluminum | With coating 13.28 13.31 13.27
_ : : 0.04333 21.67
Oxide Without coating| 13.23 13.27 13.23
_ With coating 12.48 12.53 12.34
Red oxide |__ : 0.12333 61.58
Without coating| 12.34 12.40 12.24
Synthetic | With coating 13.06 12.93 12.98
Enamel _ _ 0.10333 51.67
_ Without coating| 12.95 12.84 12.871
Paint
Figure 3.2: Typical picture of Vernier scale
3.2.3 Cement

Two different type of cement have been used inrdsgarch work. One is ordinary Portland
cement. Specification of this cement is ASTM C-15¢pe-I, CEM -I, 53.5 N. Composition
of this cement is 95-100% clinker, and 0-5% gypsémother one is Portland composite
cement. Specification of this cement is ASTM C-5%&M 1I/B-M (S-V-L), 42.5N.
Composition of this cement is 65-79% clinker; 22438lag, fly ash and limestone and 0-5%
gypsum.

3.2.4 Aggregate
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Two different types of coarse aggregate were uselis work. One type of coarse aggregate
was crushed burn brick. Another type was crushaakestThere were four type of mixing batch
based on cement type and coarse aggregate. Thalemasied by Batch-A, Batch- B, Batch-
C and Batch-D. River bed sand was used as fineeggtg for all batches. Properties of fine

and coarse aggregate are shown in Table 3.2.

Table 3.2: Properties of fine and coarse aggregate

) Coarse Aggregate
. Fine aggregate
Properties _ Crushed burn Crushed
(River bed sand )
brick stone
Maximum Aggregate size (mm) -- 19 19
o Loose condition 1338 896 1315
Unit weight
Compact
(kg/m?) - 1520 1013 1495
condition
Absorption (%) 3.10 8.2 1.2
Specific Gravity 2.64 2.04 2.34
Fineness modulus 2.72 -- --

3.2.5 Mix proportion

Two different types of cement like as ordinary Rortl cement and Portland composite cement
and two different types of coarse aggregate suchushied burn brick and crushed stone were
used in this work. The mix proportion of the corter@as 1 (cement): 1.4 (fine aggregate): 2.5
(coarse aggregate) by volume and water to ceméot (\&/C) was 0.5. The concrete was

mixed by manual method. Weight of mixing materfalsl n? concrete are given in Table 3.3.

Table 3.3: Amount of mixing materials for wwoncrete.

Cement Fine Coarse aggregate
Batch Water
(kg) aggregate (kg) .
Name : (Litter)
OPC | PCC (kg) Crushed Brick  Crushed Stane
OB 295 - 435 516 - 147
PB - 295 435 516 - 147
oS 295 - 435 - 763 147
PS - 295 435 - 763 147
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3.2.6 Test matrix

Total 256 samples like as Figure 3.3 were castefdlfidl the objectives of the work. Two
samples were made for an each test. Specific 1&8tplea were subdivided by two sets
according to test method. Number of 64 samples werge for bond strength test. And rest
part of samples was made for accelerated corroseh Two sets were equal in same
parameters. This 64 samples also subdivided intgroips with respect to 4 different
temperature (20C, 30°C, 45°C and 60°C). Each group had total 16 samples. These 16
samples were casted with two different cement typéso the number of 8 samples were
prepared according to two type of coarse aggredaially, rest of specific 4 samples were

made with non- coated and three different coatedolsitS

Identification of a particular specimen for pulldest and corrosion test without referencing

table are shown in below.

OBA : L : :
20 This number indicates the casting and curing temperature of concrete

(20 means 20 degree Celsius temperature).

This letter indicates the coating that were applied on the surface of the
reinforcing bar (N=Non-coated bar, R= Red oxide, E= Synthetic
enamel paint, A= Aluminum oxide).

A\ 4

This letter indicates the coarse aggregate type (B= Crushed burn brick,
S= Crushed Stone).

\

This number indicates the cement type (O= Ordinary Portland cement,
P= Portland composite cement).

v

As example, specimen name PShieans (P = Portland composite cement; S= Crughad;s

N= Non- coated rebar; 30= 8D Temperature).
3.3 Specimens for Pullout Test
3.3.1 Specimen details

In order to examine the bond strength of the reg#dd concrete, specimens were prepared for
pull out test. By using the concept of ASTM C 900-pullout test specimen has been designed
and concreted. The details of the specimens amgrshoFigure 3.3.
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Figure 3.3: Typical specimens

Each specimen had a 325 mm long reinforcing bami@ter of the bar was 12 mm. About 150
mm of these bars was embedded into the concret@n7$rom top of the bars were threaded
to lock the specimens for testing. Specimens héddrcal in shape. Diameter and length of

the specimen was 100 mm and 200 mm respectiveiynfdteing bar was placed into the

concrete at 90 degree angle with the top surfaa®érete. To achieve this, a special frame
was prepared which is shown in Figure 3.5. A smwiakk of circular cork sheet was placed at
top of the concrete during casting. It was usecktluce the tension failure at the top face of
concrete cylinder at the period of bond test. isndter was 40 mm and thickness was 12.5

mm.

3.3.2 Bar preparation

To observe the coating effect on bond stress anosion, a thin layer of color coating was
applied on the surface of the bar. At first, baeravcleaned by sand paper. After that, bars
were treated by a thin layer of coating. Threeeddht types of coating such as Red oxide,
Synthetic enamel paint, Aluminum oxide were usetrd¢at the bars. Surface of thread area
was free from coating. Coated and non-coated r@t@ashown in Figure 3.4.
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None coated bar Red oxide coated bar

Synthetic enamel paint coated bar Aluminum oxide coated bar

Figure 3.4: Re-bar surface preparation

3.3.3 Formwork and concrete placement

Cylindrical molds were used to cast the specim&ms different semi-circular cylindrical
metal parts were attached by nut and bolt. Thisptetad cylindrical mold was positioned on
a base plate. It was also fastened with nut and Dalo specimens were casted at same time
and total 8 specimens were prepared in one dafjtshtreinforcing bars were kept in a frame
to set it vertical with base. It was fixed by attad nut of the frame. After this a single sized
cork sheet was joined with the steel bar and it p@soned at right place. Cylindrical steel
mold was set into that frame and centered it weihforcing bar. Finally, the interior surface
of mold was treated by lubricating oil. Arrangemehteinforcing bar and cylindrical mold are

shown in Figure 3.5.

Guider

Cork sheet

Mold

Figure 3.5: Formwork of specimens.
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Concrete was mixed by manual method. It was mixecbrding to the mix proportion.
Concrete mixture was compacted by tamping aftecipdainto mold with 16 mm plain rod

according to ASTM C31. Top surface was trowel fi@d. Concrete placement into the mold

is shown in Figure 3.6.

Figure 3.6: Placement of concrete into the mold

3.4 Temperature Control Program

Control of casting and curing temperature is venpartant to full fill the objectives of this
work. There were four different temperatures 20 30°C, 45°C, and 60°C). For 20°C
temperature, room temperature was controlled byaiarconditioned machine. Necessary
materials were kept at the temperature controlbeahrinto the laboratory before 24 hour of
casting. During casting of concrete, room tempeeatuas maintained nearly 2C€ + 2 °C.
After 24 hours later, specimens were demolded ¢axked in curing chamber that was situated
in the same room for 28 days. The room temperavasealso maintained at 2G + 2 °C. 28
days later, specimens were taken out from curirgntier. Some of the specimens were

connected in corrosion test setup and the restrapas were stored to carry out bond test.

A 30 °C temperature specimens were casted and cured ergmtemperature. This time
temperature was 30 + 3°C. Also the corrosion test was performed in norawalemperature.
A special temperature control chamber was madeiaynging bricks and joining some cork
sheet for casting and curing at%5and 60°C temperature. Arrangements for4band 60°C

temperature controlled chamber are shown in Figufe
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Figure 3.7: Arrangement of £&8 and 6(°C temperature controlled chamber.

There were two different chambers. One was usedcasing bath. Another was used to carry
the temperature controlling instruments like heatef temperature sensor. Heat was produced
by an electric heater and it was controlled by gme#ic contactor. Heater was switched on
every day at 8.0 am and switched off at 5.0 pm.4=diC and 6(°C temperature, necessary
materials were kept on the temperature controlledrber before 24 hours of casting. After
casting these specimens with mold were kept inodhamber for 24 hours. One day later,
demolded specimens were cured into this temperatntolled bath for 28 days. Corrosion

test was also performed for 46 and 6(°C temperate into this chamber.
3.5 Electrochemical Corrosion Test

The objectives of accelerated electrochemical sowro test is to compare the concrete
resistance of different temperature, cement tyggregate and different coating when steel
embedded in concrete. The purpose is to identifighvimaterials provide better protection for

reinforcing bar in concrete.
3.5.1 Test setup

To accelerate the corrosion process, current wakeapusing DC power supply to maintain a
constant voltage. 3% salt was mixed with waterrgpare electrolyte. Schematic diagram of

accelerated electrochemical corrosion test is shawigure 3.8.

48



DC Power gVE) Cathode

L,
Supply tve Resisto:A (

Anode
4| -| | strainless Steel | “||: <] s
L [ Plate (][] 1.

3% NacCl Solution—jL

Wiremesh

Figure 3.8: Schematic diagram of accelerated relelsémical corrosion test setup

A group of reinforced concrete specimens was satwine meshes which placed at the bottom
of this electrolyte cell. Specimens were used aarate and a stainless steel plate and wire
mesh acted as a cathode. A digital ammeter wap seseries connection with the specimens.
Experimental setup of accelerated electrochemmabsion test setup is shown in Figure 3.9.
After the application of applied voltage, currergsameasured regularly by digital ammeter for
each cell. After few days later when initial crackere initiated on the surface of concrete
body, cracks were measured and noted. The cracks measured regularly at 24 hours
intervals. A specimen was removed from the corrosiell for pullout test when it was
achieved the target crack width like as nearly 1.nhat time a false specimen was kept in

this place as a replacement specimen to maintaiagplied voltage as previous.

Figure 3.9: Experimental setup of accelerated elebemical corrosion test

Digital image analysis method was used to measerad¢curate and sophisticated crack width.
Accelerated corrosion test was performed at cdettdemperature. For each temperature, two
different cells were produced to accomplish theasion test. Eight specimens were kept in
cell. Figure 3.10 shows the accelerated corrosenfor 45°C and 6(°C temperatures.
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Figure 3.10: Experimental accelerated corrosionfeegt5°C and 6(°C temperatures.

3.5.2 Extent and rate of corrosion

The mass of rust produced per unit surface arélaedbar due to applied current over a given
time can be determined theoretically using theofeihg expression based on the Faraday’s
law (ljsseling, 1986):

My, = WiTxlapp

Where, Mn = theoretical mass of rust per unit surface afahebar (g/crf); W=equivalent
weight of steel which is taken as the ratio of atmeight of iron to the valence of iron
(27.9250); dp=applied current density (Amp/&n T=duration of induced corrosion (sec),
F=Faraday’s constant (96487Amp-sec).

The actual mass loss of rust per unit surface ar@abe determined by gravimetric test in
accordance with ASTM G1.

_ (W -WF)
ac— ————————
7L

Where, M = actual mass of rust per unit area of the banf®)/ Wi =initial weight of the bar
before corrosion (g); W= final weight of the bar after corrosion; d ig tiameter of the rebar

(cm); and L=Length of the rebar sample (cm).

The degree of induced corrosion also expresseerinst of the percentage weight logs @r
corrosion level or Extent of corrosion is calcuthts (Ahmad, 2009):

pzwx 100 %
Wi
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The penetration rate is calculated using the falhgwequation given in ASTM G1 (Beaudoin
et al. 2001):

Penetration rate (mm / year)w
AXTxd

Where K = a constant equal to 8.7 6%XMY =Mass loss (g), A = actual corroded area aflste
bar (cnf) after removal from specimen and visually exanmanifi=time of exposure (hour),
d=density of steel =7.85 (g/cn

3.6 Compressive Strength Test

According to the ASTM C39, 100 mm dia. and heidt2@) mm cylindrical concrete specimen
were tested by Compression Test machine for difteage of concrete.

Compressive strengthg = %

Where, F= compressive force on cylindrical concrigdd) and A is area of the concrete
cylinder (mnf?)

3.7 Bond Strength Test

After the required curing period, the reinforcechoete cylinders were transferred to the
pullout testing frame. By using the concept of ASTWO00-01, Pullout test frame has been
designed and constructed. Detail arrangementsraf best program are shown in Figure 3.11
and Figure 3.12.

A circular plate was placed at the top of the ceteccylinder through the free steel. Its center
was hollow and had 100 mm diameter as well as 8tmaokness. For this cause, uniform
pressure on the top of the concrete cylinder wasiepby circular plate. At preliminary stage,
2 kN tensile load was applied on the steel thrabhghydraulic jack to lock the specimens with
frame. Sufficient LVDT's and load cell were useddoord all the necessary information during
the testing. The load was applied with the hela bydraulic jack having a capacity of 50 tons.
Remote pump was used to increase the load untipldenfailure. Formula of the bond stress

calculation are given below:

Bond stresst = Pmax/ (mdbLa)
Where,t= bond stress, Rax= maximum pullout load, s diameter of reinforced steel,q E

embedded length of reinforced steel into concrete.
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Figure 3.11: Schematic drawing of pullout test petu

Figure 3.12: Experimental setup of pullout test.
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3.8 Measurement of Void

Void of concrete is the internal volume of porecgmin concrete. It directly affects concrete
strength and its durability. According to the AST®1642-06, volume of voids have been
measured by water displacement method. By usingvdiees for mass determined in

accordance with the procedures described in ASTOMZ06, make the following calculations:

Absorption after immersion, (%) =[(B — A)/A] 00
Absorption after immersion and boiling, % = [(@A)A] x 100
Bulk density, dry (9 =[A/(C-D)p
Bulk density after immersion =[B/(C — DY].
Bulk density after immersion and boiling = [C/(Q}[p
Apparent density, =[A/(A-D)Jp

Volume of permeable pore space (voids), % =(g.)/g> x 100

Where,
A = mass of oven-dried sample in air, g
B = mass of surface-dry sample in air after imnoarsg
C = mass of surface-dry sample in air after imnogrsind boiling, g
D = apparent mass of sample in water after immerara boiling, g
01 = dry bulk density
g2 = apparent density

p = density of water
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CHAPTER IV

Results and Discussion

4.1 General

The purpose of this chapter is to discuss the tegdthered from the concrete strength,
porosity of concrete, bond stress and its faildiso, the different type of assessment on
electrochemical corrosion test are accumulated thi® chapter such as measurement of
current density, resistance of concrete, time afosion, propagation rate and penetration rate,
weight loss of corroded steel. Finally, relationstwieen bond stress and corrosion are
developed for several parameters. Raw data and pisimilar type of presentation for each

section can be found in the Appendix.

4.2 Effect of Temperature

4.2.1 Relation between void and temperature

The relationship between void and temperature ifiierént type of cement and aggregate is
shown in Figure 4.1. The figure illustrates that-P$pe specimens give better results than
others and PB-- type specimens show nearly low ttoath OS-- type specimens. OB-- type
specimens show higher void and these specimensdpraverage 15.135% more void than
PB-- type specimens. OS-- type specimens offeragee4.455% more void than PS-- type
specimens. Finally, OB-- type specimens make 24.8&%& porous concrete than PS-- type

specimens.

The Figure 4.1 also explains that temperature leageeat impact on void on concrete. A
30 °C temperature induced specimens offer average 7m@% void than 20C induced
specimens that is not a large amount of differeBagéa 60°C temperature induced specimens
show average 43.79% more void tharf@Gemperature induced specimens. Finally it can be
concluded that higher temperature produce moresggrihan that of low temperature induced
concrete. In this work, water cement ratio was tamtsfor each temperature. At higher
temperature, water demand is more than lower tesyoer that affects the rate of cement
hydration (Mather, 1987). High temperature increasetial degree of hydration but it

decreases the ultimate degree of hydration (Idb®68). For this reason it rapidly produces

54



cement gain dense layer. The rapid increment adel&yer thickness hinders further diffusion
of water. It ceases the hydration reaction evethénpresence of a sufficient amount of water
(Soroka, 2004). For this causeZDtemperature induced specimens give better rebalts60

0O
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Figure 4.1: Void (%) versus temperatut€)relationship

Figure 4.1 clarify that ordinary Portland cemenduoed specimens show more void than
Portland composite cement induced specimens. Becafissupplementary cementitious

material such as slag, fly ash of Portland composeiment increase the ultimate degree of
hydration and slowly hydrate the anhydrate cemartigies as well as fill the pore spaces of
concrete (Siddique and Khan, 2011). According &l& 3.2, crushed stones are 32% more
dense than crushed burn brick. Also the water g@hisor capacity is 1.2 for crushed stone

where absorption capacity of crushed burn brig2s With respect to material property, stone

type specimens produced denser concrete thantypekspecimens.

4.2.2 Compressive strength

Compressive strength is a vital factor for bondawetr because the force between steel and
concrete is transferred mainly by bearing and {@rdngun, et al., 1977). Bond stress between
concrete and steel reinforcement is directly propoal to compressive strength of concrete

(Alavi-Fard and Marzouk, 2002 Compressive strength of concrete depends onusafarctors
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such as temperature, cement type, aggregate, egtemt ratio, etc. According to ASTM C39,
compressive strength test was performed in therdaby by compressive strength testing
machine. Total specimens for compressive stremgthwere subdivided by four batches (OB,
PB, OS, and PS). Each batch was also subdividedant classes based on temperature regime
(20, 30, 45 and 60 degree Celsius). Also, eachhltconcrete was matured for 7, 28 and 56

days of curing. Figure 4.2, 4.3, 4.4 and 4.5 sho& dcompressive stress versus curing age

relationship.
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Figure 4.2: Compressive strength (MPa) versus days) relationship (C-OPC, CA- Brick)
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Figure 4.3: Compressive strength (MPa) versus days] relationship (C-OPC, CA-Stone)
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Those figures illustrate that 8D induce specimens give higher early age streingth that of
45°C, 30°C, and 20C. It also provides high early strength gaining tatit long term strength

of this temperature induced specimens are loweratizers temperature specimens. According
to Elkhadiri, et al. (2009), increasing the castamgl curing temperature accelerated the early
age hydration reactions, as reflected in the initierease in mechanical strength. The ultimate
strength of concrete cured at low temperature iegdly greater than that of concrete cured
at a higher temperature. The fast rate of reaetidigh temperatures gives relatively high early
strengths but the long-term strength and duralaireygenerally reduced (Newman and Choo,
2003).

These results depicted that long term strengthf0dX6is lower than 48C, 30°C, and 26C.
These results explain that 7 days strength of BE€ $pecimens offer lower results than OPC
type specimens and 28 days strength of OPC typamsees is slightly lower than PCC type
specimens. However, 56 days strength of PCC typeisiens provide higher strength than
OPC type specimens and its initial strength gaimatg is slower than OPC type specimens.
The results of compressive strength for PCC and GRE specimens are shown in similar
nature with Raghuprasad, et al., (2005). 150 mmOim x 150 mm concrete cube specimens
were prepared to execute the test of compressieegih. It has been observed that long term
strength of concrete is increased considerablyQf Bype specimens compare to that of OPC

type specimens
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Figure 4.4: Compressive strength (MPa) versus daygs) relationship (C-PCC, CA- Brick)
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These behaviors might be due to the presence ok sspecial type of supplementary
cementitious materials such as fly ash, slag, etcPortland composite cement. These
supplementary cementitious materials increase émeent setting time and slowly fill the

concrete pore space. For these reason a denseetoigformed and long term strength is
increased than ordinary Portland cement type spewn(Siddique and Khan, 2011). Crushed
stone type specimens show same behaviors like edusirn brick type specimens. Although,
these specimens give average 14% to 17% more #ireéhgn crushed burn brick type

specimens.

The relationship between compressive strength amd for different cement and coarse
aggregate is shown in Figure 4.6. Volume of void harole in the relationship between
mechanical properties of concrete, such as the mBspe strength and modulus of elasticity
relationship (Popovics, 1973).The reduction of vimich cement based material increases its
strength (Pantazopoulou and Mills, 1995). This riggexplains that higher volume of void
shows lower compressive strength. This resultsfgldrat average 28% increments of volume
of void decreases about 11% of compressive stretigilso shows that stone type specimens
give better results than crushed burned brick sgeeimens. Also, Portland composite cement

induced specimens show little bit better resulbtbedinary Portland cement.
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4.3Bond Strength

Bond strength is the shear strength at the stewlrete interface which modifies the steel
stress by transferring the load between gheel and the surrounding concrete. Bond
stress can be calculated as the stress per nouamitarea of the bar surface. Bond strength
depends on three basic mechanism such as chendbakian, friction and mechanical
interlocking. It can be affected by many factdks ks concrete and steel strength, bar profile,
embedded steel length, concrete cover thicknesqdeature, corrosion and coatings.

4.3.1 Relation between bond load and slip

The relationship between bond load and slip folimany Portland cement and brick chips
specimens for 20C and 6(°C temperatures are presented in Figure 4.7 anceddctively.
The bond - slip relationship for other temperatuesgiven in appendix-A. Bond stress is the
shear stress at the steel-concrete interface whathfies the steel stress by transferring the
load between the steel and the surroundomgrete. Pull out test of all selected specimens

were performed by designed pullout test setup aoegto Figure 3.11.
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Figure 4.8: Variation of bond load (kN) againspginm) due to ordinary Portland cement
and brick for 60C temperature

Initial bond load- slip response of non-coated spens is quit linear up to 60 % to 65% of
bond load. Without OBl, OBNso and OSNo specimens, reinforced steel of another non-
coated specimens had been tired in the range tof 58.5 kN load. According to the laboratory
test of steel, the ultimate load of 12 mm diamétarwas 74.3 kN. The necking of steel was

created on the threaded portion of steel andhingsatl was responsible for locking arrangement
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of pullout test. For cutting thread, diameter attided portion was reduced nearly 3 mm. For
this reason, tiring load of steel in bond slip @ is reduced nearly of 17%. Those specimens
had been failed due to their steel failure. So,ldbed load of those specimens will be more
according to compressive strength and other pammeéo, without OBN, OBNso and OSNo
specimens, others non-coated specimen’s bondsalird are actually rebar yielding due to
the reduction of rebar cross section at threadetiopo The relationship between bond load
and slip for Portland composite cement and storipschpecimens for 20C and 60°C
temperatures are presented in Figure 4.9 and 4KA€.bond- slip relationship for other

temperatures are given in appendix-A.
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Figure 4.10: Variation of bond load (kN) againg $mm) due to Portland composite cement

and stone for 6@C temperature

According to Elkadiri, et al., (2009) and Newmanda@hoo, (2003), temperature has a
significant influence on concrete strength andliisability properties. The bond strength of
concrete is a function of compressive strength @nhdapproximately proportional to
compressive strength up to about 20 MPa (Gandhipetthl., 2012). Northerly, Orangun, et
al., (1977), reported that Compressive strengttorsidered to be a significant parameter in
bond behavior because the force between steel@mete is transferred mainly by bearing
and bond. The laboratory results of pullout testskimilar nature with previous research for
temperature effect. The average ultimate bondstwé20°C specimen is 9.36% more than
that of the 30C specimens. But a #& and 6(°C induced specimens show average 17.92%
and 19.7% lower bond stress tharP@0specimens. Similarly, Raghuprasad, et al., (200%)
Siddique and Khan, (2011), reported that suppleangrementitious materials (slag, fly ash)
induced cement give more ultimate strength and red@cdurability than that of ordinary
Portland cement. It is also observed from test lieshat PCC specimens show better

performance on bond strength than that of OPC spet.

For deformed bar, bond strength defends on two areésim 1) bearing of the rebar deformation
against concrete and 2) adhesion between concerétebar. Friction can contribute up to 35%
of the ultimate strength governed by the splitohthe concrete cover (Treece and Jirsa, 1989).
And adhesion is the chemical bond between ke and the concrete. When a bar moves
with respect to the surrounding concrete doe iricrease in the loads, the chemical
adhesion along the bar surface is lost. For thiseacoating plays an important role to reduce
the bond stress of reinforced concrete. It createsnooth surface and reduces adhesion

between rebar and concrete.

Red oxide, synthetic enamel paint and aluminumexidiuced specimen’s present 39.45%,
33.17% and 29.4% less average ultimate bond dim@ssnon-coated specimens. Northerly,
aluminum oxide induced specimens give 14% and S@pgrior performance than red oxide
and synthetic enamel paint specimens, respectidelyording the Miller, et al., 2004, coating
thickness of similar type of coating material abd2® pum increases the bond strength than
lower coating thickness specimens for No. 8 batarger bars but below this range there have
no significant effect on bond strength. Bond sttendrops significantly with increasing
coating thickness for No. 5 and smaller bars (G#toal., 1990 and Hester et al.,, 1991).
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According to the Table 3.1, thickness of red ox&ethetic enamel paint and aluminum paint
on steelwas 61.70 um, 51.60 um, and 21.67 pnpiteaf 64.8% lower thickness of aluminum

paint, it presents 14 % better performance tharoxgde. It has only possible for its adhesion
properties. Adhesion between rebar and concresieown is Figure 4.11.

Figure 4.11: Adhesion effect of coatings on boniveen steel and concrete a) red oxide, b)

synthetic enamel paint and c) aluminum paint.

Bond strength is plotted against temperature if@gt.8 with ordinary Portland cement and

brick type coarse aggregate.
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Bond strength is plotted against temperature infeigt.8 with ordinary Portland cement and

stone type coarse aggregate.
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Bond strength is plotted against temperature infeig.8 with Portland composite cement and

brick type coarse aggregate.
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Bond strength is plotted against temperature infeig.8 with Portland composite cement and

stone type coarse aggregate.
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Figure 4.15: Bond strength (MPa) versus temperd®@grelationship (C-OPC & CA-Brick)

In previous, to protect the reinforcing steel fr@evere environmental conditions (sulphate
attack, chloride attack and carbonations), numeresmsarch has been carried out regarding the
bond behavior of epoxy-coated reinforcing barsias been focused from this previous work
that a) adhesion is prevented because the layepafy acts as a bond breaker between the
steel and the hydrating cement b) epoxy coatingide to reduce the friction. The use of
epoxy-coated bars increases the angle of the aesulond force and causes higher radial
splitting force. This indicates that epoxy-coatedsbwill have less bond capacity because it is
the cause of premature splitting failure than areoated bar@Kayyali, 1995). Cusens and Yu,
1993, reported that bond forces are not transfentedcoated reinforcing bar as efficiently as
they are into uncoated reinforcement. Accordingreece and Jirsa, (1989), it has been found
that maximum bond load for the coated steel deerkhy approximately 40%, as compared
with the uncoated steel. And this finding is neldowt similar with laboratory test results of

this work.

4.3.2 Failure types of bond
Two failure types were observed in the experimgmtadram. A pullout splitting failure occurs
when the bar reaches a higher load and then a efgmared parallel to the applied force on

the face of concrete perimeter as bar pullout. falere types are shown in Figure 4.16.
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Figure 4.16: Longitudial bond fracture of pulloast specimens a) shear failure, b) shear and

cone failure, c) split and cone failure, d) columfaalure and e) bar yielding

Due to the bearing stresses, equal and oppostedalevelop between the reinforcing bars and
the concrete. These initial forces are caused éwirlging action of the ribs bearing against
concrete. They will cause tensile stresses in imdwytal piece of concrete around the bar. If
the tension becomes too high, the concrete cylinilesplit. Splitting resistance along the bar
depends on quite a few factor, such as concreterceowating, and types of aggregate and
spacing of bars. Four splitting pullout types feglwere found in the experimental program
like as shear failure, shear and cone failuret spli cone failure, columnar failure. Another
failure is bar yielding, when the bar reaches d litat is sufficient to cause yielding. Because
of this, the peak load must be considered sepgrimteh splitting or pullout type failures.

4.4 Corrosion Effect

4.4.1 Relation between time of crack initiation anctlapsed time

In severe exposure, crack initiation on concretéasa is the first symbol of corrosion starting.
First corrosion crack seems like a hair line crd&lt the time of crack initiation is the most
important measurement that helps to assess theisyplgparameter on corrosion of reinforced
concrete. Time of crack initiation is plotted agaitemperature in Figure 4.17 with ordinary

Portland cement and brick type coarse aggregate.
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Time of crack initiation is plotted against temgara in Figure 4.16 with ordinary Portland

cement and stone type coarse aggregate.
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Figure 4.18: Time of crack initiation versus tengiare relationship (C-OPC and CA-Stone)

Figure 4.17 and 4.18 show that Portland compositgent consumes 22.1% more time to make
a hair line crack than ordinary Portland cementcdBse of, Portland composite cement is
liable to enlarge the time of crack initiation. &knd fly ash reduce the pore space of concrete
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and raise the resistance of reinforced concretdd{@ie and Khan, 2011). And also the
supplementary materials like those are directlpoesible to develop the long term strength.
According to these figures, coatings also incréaserack initiation time. Red oxide, synthetic
enamel paint and aluminum oxide take 30.8%, 43&%,58.4% more time than non-coated
specimens to create a hair line crack. Aluminundexalso offers 39.8% and 26.2% better

performance than red oxide and, synthetic enaniet.pa

Maaddawy and Soudki, 2003, did an experiment octrelehemical corrosion test of 150 mm
x 250 mm x 300 mm reinforced concrete for differentrent density. It has been seen from
the observed results that higher current densityeed specimens take less time to initiate first
hairline crack compare to lower current density.aléo seemed that it accelerates the
propagation rate of crack and rapidly fulfill therdet crack width than that of low current

density.

Time of crack initiation is plotted against temgara in Figure 4.19 with Portland composite

cement and brick type coarse aggregate.
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Figure 4.19: Time of crack initiation versus tengiare relationship (C-PCC and CA-Brick)

Time of crack initiation is plotted against tempara in Figure 4.20 with Portland composite
cement and stone type coarse aggregate.
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Figure 4.20: Time of crack initiation versus tengtare relationship (C-PCC and CA-Stone)

From Figure 4.17, 4.18, 4.19 and 4.20, it is fotiad 20°C induced specimens under corrosion
cell take 41.6%, 54.3%, and 61.1% extra time toalige the first crack on concrete surface
than 30°C, 45°C, and 60°C specimens. When corrosion of steel starts irgactincrete then
the formation of ferric oxide that means rust appliensile stress on the transverse site of
concrete cylinder. So the tensile stress of coacristdirectly proportional to concrete
compressive strength (Mansfeld, 1981). Compressiength of concrete is also comparative
to temperature. Temperature also increases th&atbemical reaction rate. For this reason,
formation of rust inside the concrete generateglhg@and applies more pressure to make a

crack. Other results on corrosion- time relatiopsdrie given in Appendix-C.

4.4.2 Influence of temperature on concrete crack mpagation

Propagation of crack width measurement is an inaporobservation for corrosion of
reinforced concrete. In this subdivision, cracktvib plotted against time due to ZDand 60
°C specimen in Figure 4.21. Target crack width @& tdorrosion test was 0.60 mm. But some
specimen’s crack width exceeds the target widtlabse of visual identification. According to
the ACI 224R code, allowable crack width for dry @i protective membrane is 0.41 mm, for

humidity and moist air is 0.30 mm for sea water aad water spray is 0.15 mm. This code
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provision is also shown in this figure. Where Aigates 0.15 mm crack width, B indicates
0.30 mm crack width and C indicates 0.41 mm craickiw

Figure 4.21 clearly shows that OBNakes 168 hours more time to generate the fiistiha
crack on concrete surface due to corrosion than BWNso, after the initiation of first crack,
propagation rate of crack width is lower than QBN'hat means, high temperature shows
higher propagation rate than lower temperatureaBse of, higher temperature decreases the
long term strength of concrete. For this reasomicf@xide (rust) can easily overcomes the
barrier of tensile stress of concrete and generdad@sline. And also, higher temperature
increases the porosity of concrete that helpsddeitric oxide to pass through the concrete and
propagate the crack width. This figure also shdvas propagation line of crack width is linear

below the B line. And most the specimens show mugal behavior above the B line.
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Figure 4.21: Propagation of crack width againsetohe to ordinary Portland cement and
crushed burn brick.
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Crack width is plotted against time in Figure 4wigh ordinary Portland cement and crushed
stone.
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Figure 4.22: Propagation of crack width againsetohie to ordinary Portland cement and
crushed stone.

Crack width is plotted against time in Figure 4vwdgh Portland composite cement and crushed
burn brick.
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Figure 4.23: Propagation of crack width againsetiohe to Portland composite cement and
crushed burn brick.
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Crack width is plotted against time in Figure 4with Portland composite cement and crushed
stone.
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Figure 4.24: Propagation of crack width againsetiohe to Portland composite cement and
crushed stone.

From the above graph, it can be illustrated thaherg also plays an important role on
propagation rate of concrete crack. Below the B,I{DBNsoshows 62% more slope of tangent
line for the plot of crack width vs. time than P&NSo, Portland composite cement type
specimens confirm lower propagation rate than amjirPortland cement type specimens.
These figures also show that brick induced speciiaers more time to generate hair line crack
than stone induced specimen. And it also gives3P2.Tore propagation rate than stone
induced specimen.
These figures illustrate that coatings reduce tlopgmation rate of concrete. Coatings resist
the electrons to pass through the concrete. Thisec&as liable to delay the occurring of crack
on the surface of the concrete. From Figure 4123n be observed that below B line, PBN
shows 43.5%, 48.6%, and 60% more slope of tangeatthan PBR, PBEo and PBAo
respectively. Northerly, among the coatings, aluminoxide induced specimens consume
more time for formation of target crack. So it sisomimost lower propagation rate. Finally,
Aluminum oxide type specimens show average 27%l18a6 lower propagation rate than red
oxide and synthetic enamel type specimens. Acogrth Maaddawy and Soudki, (2003),
concrete side strain versus time relationship leehfound. It has been observed that higher

strain were measured as current density incre#tdess been also observed that current density
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has significant influence on maximum crack widtimafly, it has been seen from this research
work that low current density level requires a lengorrosion period than that required to
reach the same percentage of mass loss at a lugtrent density level. It can be concluded
from the above discussion that a greater concémtraf the corrosion products around the
steel reinforcing bars causes higher expansiomraechal stresses, which in turn lead to further
deterioration of the concrete around the steefoeting bars and larger crack width. Other

plots related with crack width vs. time are plagedppendix-D

4.4.3 Loss of mass due to corrosion

Relation between measured mass loss and predi@ed lmss according to Faradays law is
discussed in this subdivision. Mass loss is plo#igdinst specimens in Figure 4.25 and 4.26
with ordinary Portland cement and Portland composiment for 20C temperature. From
Figure 4.25 and 4.26, it is initially seemed thiaére have no linear relationship among
measured mass loss and any parameter. Becauseseflasa is depended on current density
and elapsed time of corrosion. Each specimen vw&eg@iup from the corrosion cell when the
target crack had been generated. For this reapses time of corrosion for every specimen
is not same. These figure also demonstrate thdigheel mass loss shows 59.64% more result
than measured mass loss. Because of, it is meaaacedding to Faraday’s law and it is also

a theoretical law. In this law’s assumption, thesge no protected layer surrounding the steel.
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Figure 4.25: Variation of mass loss (%) due to mady Portland cement for 2C
temperature
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Figure 4.26: Variation of mass loss (%) due to lBod composite cement for ZD
temperature

But in this research work, steel was bounded bym4hick harden concrete layer and concrete
is a high resistance material. For this cause, unedsmass loss gives lesser result than
predicted mass loss. Predicted mass loss of ogdiPantland cement offers 7.12% more mass
loss than Portland composite cement. Because digbeel mass loss is directly depended on
current density. And ordinary Portland cement iretlGpecimens consume more current
density to decay the steel. Northerly, measuredsrwss of ordinary Portland cement shows
9.7% better performance than Portland compositeenenBut this performance is not actual

performance. Measured mass loss is a functionroécudensity and elapsed time of corrosion.
Portland composite cement induced specimens needr mirrent density and more elapsed
time to generate the target crack on concrete sirféor this basis, decomposition of steel on
the outer contract point of steel and concretemae than ordinary Portland cement induced
specimens. Actually, this is the main cause torgeldhe mass loss of Portland composite

cement induced specimens.
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Figure 4.27: Corroded reinforcing steel

4.4.4 Penetration rate and elapsed time

Penetration rate and elapsed time response’@fidduced specimens is plotted in Figure 4.28.
Other results are given in Appendix- F. The petieinarate is calculated using the following
equation given in ASTM G1 (Beaudoin, et al., 2001):

Penetrationrate(mm/year)(—— PN ( =(o e 951 B

KXW )
AxTxd

Where K = a constant equal to 8.7 6%¥M = Mass loss in grams, A = actual corroded afea
steel bar in crafter removal from specimen and visually examinifig time of exposure in
hours, d = density of steel 7.85 (gRmAccording to this equation, penetration ratenly
depended on weight loss and elapsed time of comos$tenetration rate is plotted against
temperature in Figure 4.28 with ordinary Portlaminent and brick type coarse aggregate.
From mass loss versus specimen’s relationship ciear that there have no linear relationship
of measured mass loss. But this figure shows patn@trrate presents a good relationship with
respect to elapsed time for every specific paramdéat coating has a great impact on
penetration rate of corroded steel. Coating cabespissing of current density through
reinforced concrete. Also it enlarges the elaps®e f corrosion. For this reason, OBN
offers 26.3%, 36.9%, and 53.4% further penetratate than OBR, OBEx and OBAo.
Northerly, this figure explains that OB#shows 37.37% and 26.8% better performance than
OBR2 and OBEo. It is also seemed that OZNshows 13.32% more penetration rate than
OBN2o.
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Figure 4.28: Penetration rate versus temperatlagaeship (C-OPC and CA-Brick)

Penetration rate is plotted against temperatuigignre 4.29 with ordinary Portland cement

and stone type coarse aggregate.
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Figure 4.29: Penetration rate versus temperatlagaeship (C-OPC and CA-Stone)

Penetration rate is plotted against temperatuFégare 4.30 with Portland composite cement

and brick type coarse aggregate.

76



[77]1PBA- [ | PBR- R PBE- XXX PBA-
S 500-
(]
2
£ 7
E 400- -
L
o
= 300- u
2 _ N
% 200 [/ %
] X
: \
o 5
N 20!
N K
100- N K
N K
N %
e
N 5
0
20 30 45 60
Temperature’C)

Figure 4.30: Penetration rate versus temperatlagaeship (C-PCC and CA-Brick)
Penetration rate is plotted against temperatufégare 4.31 with Portland composite cement

and stone type coarse aggregate.
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Figure 4.31: Penetration rate versus temperatlagaeship (C-PCC and CA-Stone)

From the comparison of Figure 4.28, 4.29, 4.3048d, it can be seen that temperature has
major impact on penetration rate. The 0 specimens consume more time to generate the
target crack. And 20C specimens give 7.3%, 40.9%, and 56% better pedoce on
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penetration rate than 3, 45°C, and 60°C temperature. Northerly, Portland composite

cement gives average 16.2% better performanceaiftmary Portland cement.

This results of penetration rate show similar ratwith Hussain and Ishida, (2011).
“Electrochemical corrosion for reinforced concreteder different temperature” had been
performed in that research work. It has been lgldaund from the penetration rate versus
temperature relationship that penetration ratadgssiased with the raise in temperature. It can
be found a clear observation from Siddique and Ki2&i1, about the effect of fly ash on
corrosion of reinforced concrete. It has been fodatiin Table 1.23 (Siddique and Khan, 2011)
that for As-received Fly Ash (AFA), pure OPC inddapecimens take 29% more corrosion
current than that of 20% to 30% replacement o&flly with OPC. So it is very significant issue
for the observation of penetration rate becaugeeoktration rate is directly proportional to

corrosion current density.

4.5. Bond Stress and Corrosion Relationship

Bond strength and penetration rate are plottednagémperature in Figure 4.32 below with
Portland composite cement and brick type coarseeggte. This relationship explains that
OBN2o gives 13.32% more penetration rate than @SRut for the measurement of bond
stress, this reversible. Stone type specimens stvevage 9.61% more bond stress than brick
type specimens. Northerly, for penetration rate susament, OBbb shows 16.5% more
penetration rate than PBN Also Portland composite cement type specimens gierage
6.7% more bond stress than ordinary Portland coitgposment type specimens. This result is
also reversible from the point of view. Again, OBNhow 26.29%, 36.9% and 53.83% more
penetration rate than OBR OBE and OBAo. And also OBNp offers 39.45%, 33.167% and
29.43% more bond stress than QBROBEx and OBAw.
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Figure 4.32: Bond strength and penetration ratsugetemperature relationship (C-OPC and
CA-Brick).
Bond strength and penetration rate are plottednagé&mperature in Figure 4.33 below with
Portland composite cement and brick type coarsecggte.
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Figure 4.33: Bond strength and penetration ratsugetemperature relationship (C-OPC and
CA-Stone).
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Bond strength and penetration rate are plottednagé&mperature in Figure 4.34 below with
Portland composite cement and brick type coarsecggte.
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Figure 4.34: Bond strength and penetration ratsugetemperature relationship (C-PCC and
CA-Brick).

Bond strength and penetration rate are plottednagé&mperature in Figure 4.35 below with
Portland composite cement and brick type coarsecggte.
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Figure 4.35: Bond strength and penetration ratsugetemperature relationship (C-PCC and

CA-Stone).
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From the comparison of Figure 4.32, 4.33, 4.34488, it can be seemed that &) 45°C,

and 60°C induced specimens show average 7.27%, 40.98%586% more penetration rate
than 20°C induced specimens. And 20 induced specimens give 9.36%, 17.92%, and 19.78%
more bond stress than 3G, 45°C, and 60°C induced specimens respectively. From the
analysis of those results, it is cleared that sintype of parameter show reversible response
between penetration rate and bond stress. Buntitement of bond stress is a positive sign
and the increment of penetration rate is a negaty®e So, it can be concluded that increment
of temperature decreases the bond stress andsesrtd® penetration rate.

Those figures also demonstrate that coatings retlueebond stress but also reduce the
penetration rate. So it is finally cleared thattougs give average 39.01% better result for
penetration rate but those coatings also show gee8d.02% lower bond stress than non-

coated rebar induced specimens.
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CHAPTER V

Conclusions and Recommendations

5.1 Conclusions

Based on the results of laboratory test programfdhowing main conclusions can be drawn

with respect to different temperature, coatings iaaderials.

1.

Porosity of concrete is increased to a great extieiet to elevated casting and curing
temperature.

Long term compressive strength is decreased wehirbrease of casting and curing
temperature.

Bond stress of 20C temperature induced specimen’s gives 20% beteioqmance
compared to 66C temperature.

Coatings offer lower bond stress of reinforced cetecthan non-coated rebar. Aluminum
oxide shows better bond stress compared to rec:pgishthetic enamel paint.

Corrosion crack visualization of 2Q temperature is prolonged by 1.6 times more titan 6
°C temperature. And corrosion rate is reduced abé6U by lower temperature.

Coatings protect the concrete by increasing elsdtniesistance, enhancing the crack
initiating time and reducing corrosion rate. Alumnn oxide increases average 36% more
crack initiating time and reduces average 31% soororate than others.

Portland composite cement shows good results foosity, bond stress and corrosion
compared to ordinary Portland cement. Crushed sitsweoffers better agreements than

crushed burn brick.

Finally, it can be concluded that long term corerstrength and bond stress of reinforced

concrete is increased by lower casting and cuangperature. It also provides better protection

for corrosion compared to elevated temperaturetiQigmgive average 39% better result for

corrosion but those coatings also show averagel8484r bond stress than non-coated rebar.

5.2 Recommendations for Future Study

Here coating thickness was same for specific cgatiBo, effect of coating thickness on bond

stress and corrosion can be observed for eacmgoati
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Coating reduces the bond stress and performs lagi@mnst corrosion. For this reason, variation
of development length can be found to get the aimlond stress of non-coated rebar for

constant coating thickness.
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Appendix A: Experimental Results- Bond Load (kN) am Slip (mm)
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Figure A-01: Bond load (kN) versus slip (mm) redatship (T-20C & C-OPC)
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Figure A-02: Bond load (kN) versus slip (mm) redatship (T-20C & C-PCC)
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Figure A-03: Bond load (kN) versus slip (mm) redatship (T-30C & C-OPC)

60

________
.........
-
-

Bond Load (kN)
w
o

1 e OB
—— OBR,,
101 ——0BEy,
— OBA5,
0 T T T T T
0 1 2 3 4 5 6

Slip (mm)

Figure A-04: Bond load (kN) versus slip (mm) redathip (T-30C & C-OPC)
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Figure A-05: Bond load (kN) versus slip (mm) redatship (T-36C & C-PCC)
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Figure A-06: Bond load (kN) versus slip (mm) redatship (T-30C & C-PCC)
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Figure A-10: Bond load (kN) versus slip (mm) redathip (T-48C & C-PCC)
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Appendix B: Experimental Results- Bond Stress (MPa)

Observed bond load from laboratory tests and catiedlbond stress is given in Table 4.1.

Table 4.1: Results of bond load (kN) and bond st(&Ha)

OBNxp | OBRx | OBEx OBA> OSNyo | OSRxy OSEyo OSAxy
Bond Load (kN) 576 | 3520 | 376 | 41.32| 57.8 37 43.2 47.7
Bond Stress (MPa) | 11.11 6.79 7.25 7.97 11.15 7.18 8.33 9.11
PBNyo | PBRxo PBEx PBAx PSNyo PSRy PSko PSAy
Bond Load (kN) 57.7 36.55| 40.75 42.10 57.7 38 46 50/8
Bond Stress (MPa) | 11.13 7.05 7.86 8.12 11.138 7.38 8.87 9.80
OBNzg | OBRsg | OBEsg | OBAg OSNsy | OSRyo OSEko OSAs
Bond Load (kN) 57.6 30.2 33.23 36.04 57.6 34.9 37.4 43(2
Bond Stress (MPa) | 11.11 5.82 6.41 6.95 11.11 6.78 7.21 8.33
PBNso | PBRso PBEso PBAso PSNyo PSR PSEo PSA
Bond Load (kN) 57.3 31.3 36.1 38 57.7 32.8 42.6 45,8
Bond Stress (MPa) | 11.05 6.03 6.96 7.33 11.18 6.32 8.1€F 8.83
OBNss | OBRss | OBEss OBAss OSNis | OSRss OSEss OSAss
Bond Load (kN) 52.88 | 28.77 31.6 34.37 55.96 30.91 37.4 38.4
Bond Stress (MPa) | 10.20 5.55 6.09 6.63 10.79 5.96 7.21 7.40
PBNss | PBRis | PBEs | PBAs PSNs | PSRs PSEs PSA;s
Bond Load (kN) 57.1 31.2 34.4 35.88 57.7 34.1 39.6 40|3
Bond Stress (MPa) | 11.01 6.01 6.63 6.92 11.138 6.57 7.63 7.97
OBNso | OBRso | OBEgo OBAso OSNo | OSSRy OSkyo OSAso
Bond Load (kN) 47.8 26.4 28 30.2 50.5 27.06 30.8 367
Bond Stress (MPa) | 9.22 5.08 5.40 5.82 9.74 5.22 5.94 7.08
PBNso | PBRso PBEso PBAso PSNo PSRo PSEo PSAso
Bond Load (kN) 56.4 28.30 31.6 35.3 57.6 32.4 36.5 39{1
Bond Stress (MPa) | 10.88 5.45 6.10 6.81 11.11 6.25 7.03 7.54
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Appendix C: Experimental Results- Propagation of Caosion Crack
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Figure C-01: Average crack width (mm) versus tirlationship (T-36C & C-OPC)
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Figure C-02: Average crack width (mm) versus timlationship (T-38C & C-OPC)
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Figure C-03: Average crack width (mm) versus timationship (T-38C & C-PCC)
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Figure C-04: Average crack width (mm) versus timationship (T-38C & C-PCC)
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Figure C-05: Average crack width (mm) versus timlationship (T-48C & C-OPC)
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Figure C-06: Average crack width (mm) versus timlationship (T-43C & C-OPC)
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Figure C-07: Average crack width (mm) versus timationship (T-4%C & C-PCC)
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Figure C-08: Average crack width (mm) versus timationship (T-4%C & C-PCC)
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Results of corrosion crack width (mm) and elaps®eé of corrosion.

OBNy | OBRy | OBEy | OBAx OSNyp | OSRy OSExo OSAxo
Elapsed Time (h) 408 624 768 830 456 696 792 936
Crack width (mm)| 0.64 0.495 0.54 0.37 0.45 0.345 400.| 0.25
PBNx | PBRxo PBEx PBAxg PSNyo PSRy PSEo PSAy
Elapsed Time (h) 528 696 768 960 576 816 912 984
Crack width (mm)| 0.40 0.30 0.295 0.25 0.25 0.30 50.3 0.20
OBN3y | OBR3y | OBEsp | OBAzo OSNyy | OSRyo OSEko OSAs
Elapsed Time (h) 144 384 574 432 240 360 480 648
Crack width (mm)| 0.40 0.30 0.67H 0.4 0.5p 0.68 0.85 0.45
PBNso | PBRso PBEso PBAso PSNyo PSR PSEo PSAs
Elapsed Time (h) 258 330 570 666 282 594 642 738
Crack width (mm)| 0.60 0.55 0.65 0.50 0.6p 0.70 0.70 0.50
OBNss | OBRss | OBEs OBAss OSNis | OSRss OSEss OSAs5
Elapsed Time (h) 228 336 372 432 216 336 468 504
Crack width (mm) 1.1 1.05 0.595 0.55 0.9 0.70 1.15 0.745
PBNss | PBRis | PBEs | PBAs | PSNs | PSRs PSEs PSAs
Elapsed Time (h) 264 432 336 468 336 456 55p 612
Crack width (mm)| 0.87 0.80 0.59 0.42 0.78 0.64 0.62 0.475
OBNso | OBRsp | OBEsp | OBAgo OSNsp | OSRso OSEo OSAs0
Elapsed Time (h) 180 264 372 480 192 288 360 516
Crack width (mm)| 0.90 0.69 0.75 0.70 0.90 0.44 0.85 0.653
PBNso | PBRso PBEso PBAeso PSNo PSRo PSEo PSAs
Elapsed Time (h) 288 456 480 648 264 480 480 5P8
Crack width (mm)| 1.05 0.80 0.55 0.51] 0.675 0.65 50.4 0.38
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Appendix D: Experimental Results- Measured and Preitted Mass Loss
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Figure D-01: Relation between measured and pratiiotss loss (T-3C & C-OPC)
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Figure D-05: Relation between measured and pratiotess loss (T-6C & C-OPC)

16

— AN\ Measured Mass Loss
144 [ Predicted Mass Loss
12

[EnN
T

Mass Loss (%)
(o]
|
]

PBNg PBRyy PBEgy PBAgy PSN;g PSRso PSEo PSAyg

Figure D-06: Relation between measured and pratiiogss loss (T-6C & C-PCC)

104



Appendix E: Experimental Results- Corrosion Level &Penetration Rate

Table E-01: Measurement of Corrosion Level (%) &é&teation Rate (mm/year) 20 Degree Specimens

Sample Initial Final Wt. | Elapsed| Corrosion| Weight | Measured | Predicted Actual Steel Corroded | Penetration
Name Wt. (W) (Wr) Time , T| Current, || loss, W=| Mass Loss| Mass Loss | Steel Area| Density,(D)| Steel Area Rate
(Wi- Wy) | (Wi-Wp)* | (WIT/nF)100| A, A=A | R=8.76x10
100/W W/(D*L) | WI/(AT D)
(9 (9 (hour) (HA) ) (%) (%) (cn) (g/cn) (cr?) | (mm/year)
OBN2o 272 262.8 408 277.2 9.2 3.382 11.814 1.131 7.85  0951. 229.82
OBR2o 275 265.0 624 184.8 10.0 3.636 12.04% 1.131 7.85 .0921 163.80
OBExo 275 264.0 768 1254 11.0 4.000 10.060 1.131 7.85 .0881 146.92
OBA20 278 270.5 744 72.6 7.5 2.698 5.642 1.131 7.85 21.10 102.12
OSNo 278 269.5 456 184.8 8.5 3.058 8.802 1.131 7.8b 981.0 189.51
OSRxo 280 269.9 696 123.2 10.1 3.607 8.957 1.131 7.85 0911. 148.38
OSEko 274 265.0 792 83.6 9.0 3.285 6.916 1.131 7.85 61.09 115.73
OSAx 271 262.9 936 48.4 8.1 2.989 4.732 1.131 7.85 91.09 87.85
PBNzo 280 269.0 528 201.6 11.0 3.929 11.119 1.131 7.85 .0881 213.71
PBRxo 284 273.4 696 134.4 10.6 3.732 9.771 1.131 7.85  0891. 156.00
PBEo 274 262.8 768 91.2 11.2 4.088 7.316 1.131 7.8b 871.00 149.70
PBA20 274 265.0 960 52.8 9.0 3.285 5.295 1.131 7.85 61.09 95.48
PSNo 271 260.3 576 134.4 10.7 3.948 8.086 1.131 7.85 0891. 190.35
PSRo 278 267.0 816 89.6 11.0 3.957 7.637 1.131 7.8b 881.0 138.28
PSEo 267 254.0 912 60.8 13.0 4.869 5.792 1.131 7.8b 801.00 147.28
OSA» 281 273.0 984 35.2 8.0 2.847 3.618 1.131 7.85 01.10 82.51
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Table E-02: Measurement of Corrosion Level (%) &é&teation Rate (mm/year) 30 Degree Specimens

Sample Initial Final Wt. | Elapsed| Corrosion| Weight | Measured | Predicted Actual Steel Corroded | Penetration
Name Wt. (W) (Wr) Time, T| Current, || loss, W=| Mass Loss| Mass Loss | Steel Area| Density,p0) | Steel Area Rate
(Wi- Wp) | (Wi-Wp)* | (WIT/nF)100 As, A=A. | R=8.76x10%
100/W W/(D*L) | W/(ATD)
(g) (g) (hour) (nA) (g) (%) (%) (cm?) (g/cm?) (cm?) | (mm/year)
OBN3o 274 269.8 144 428.4 4.2 1.533 6.444 1.1317.85 1.115 292.04
OBR39 282 274.5 384 285.6 7.5 2.660 11.456 1.1317.85 1.102 197.86
OBEso 276 265.5 576 193.8 10.5 3.804 11.660 1.1317.85 1.090 186.66
OBA30 278.3 272.8 432 112.2 5.5 1.976 5.063 1.1317.85 1.109 128.06
OSNso 271.3 265.4 240 285.6 5.9 2.175 7.160Q 1.1317.85 1.108 247.62
OSRyp 281.3 274.9 360 190.4 6.4 2.275 7.160 1.1317.85 1.106 179.39
OSEsp 275 267.2 480 129.2 7.8 2.836 6.478 1.1317.85 1.100 164.79
OSAs0 276.8 269.6 648 74.8 7.2 2.601 5.063 1.1317.85 1.103 112.44
PBNso 274 268 258 292.0 6.0 2.190 7.869 1.1317.85 1.1075 | 234.34
PBRs 266.3 261 330 182.5 5.3 1.990 6.291 1.1317.85 1.1102 | 161.43
PBEs 271 263.2 570 138.7 7.8 2.878 8.258 1.1317.85 1.1004 | 138.77
PBAso 275 267.8 666 109.5 7.2 2.618 7.618 1.1317.85 1.1028 | 109.40
PSNso 287 281.5 282 188.0 5.5 1.916 5.538 1.1317.85 1.1094 | 196.18
PSRo 275 266 594 117.5 9.0 3.273 7.291 1.1317.85 1.0957 | 154.31
PSEo 274 266.2 642 89.3 7.8 2.847 5.989 1.1317.85 1.1004 | 123.21
OSAso 276 269 738 70.5 7.0 2.536 5.435 1.131 7.85 1.1035 | 95.92
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Table E-03: Measurement of Corrosion Level (%) &é&teation Rate (mm/year) for 45 Degree Specimens

Sample Initial Final Wt. | Elapsed| Corrosion| Weight | Measured| Predicted Actual Steel Corroded | Penetration
Name Wt. (W) (Wr) Time , T| Current, || loss, W=| Mass Loss| Mass Loss | Steel Area| Density,(D)| Steel Area Rate

(Wi- Wp) | (Wi-Wp)* | (WIT/nF)100|  Asg, A=Ay | R=8.76x10
100/W W/(D*L) | W/(AT D)

(9 (9) (hour) | (uA) (9) (%) (%) (cn?) (g/cn) (cn?) | (mm/year)
OBNus 276 266.6 228 567.0 9.4 3.406 13.504 1.131 7.8b 941.0 420.49
OBRss 286 276.8 336 378.0 9.2 3.217 13.267 1.131 7.8b 951.0 279.06
OBEss 280 271.0 372 256.5 9.0 3.214 9.967 1.131 7.85 61.09 246.40
OBAus 278 270.3 432 148.5 7.7 2.770 6.701 1.131 7.85 11.10 180.69
OSNss5 280 272.5 216 357.0 7.5 2.679 8.055 1.131 7.8 21.10 351.74
OSRis5 284 276.5 336 238.0 7.5 2.641 8.353 1.131 7.85 21.10 226.12
OSE;s 278 267.5 468 161.5 10.5 3.777 7.895 1.131 7.8b 901.0 229.73
OSAs5 271 262.9 504 93.5 8.1 2.989 4.922 1.131 7.85 1.099 163.16
PBNss 273 262.8 264 403.2 10.2 3.736 11.119 1.131 7.85 0911. 395.19
PBRys 275 264.3 432 268.8 10.7 3.891 12.13( 1.131 7.85 0891. 253.80
PBEs 274 267.0 336 182.4 7.0 2.555 6.402 1.131 7.8 41.10 210.67
PBA4s 273 265.5 468 105.6 7.5 2.747 5.162 1.131 7.85 21.10 162.34
PSNis 273 263.0 336 273.0 10.0 3.663 9.582 1.131 7.8b 921.0 304.20
PSR 274 264.5 456 182.0 9.5 3.467 8.669 1.131 7.8 41.090 212.56
PSEs 284 272.1 552 1235 11.9 4.190 7.121 1.131 7.8b 841.0 221.86
OSAss 283 274.8 612 71.5 8.2 2.898 4.571 1.131 7.85 1.099 136.07
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Table E-04: Measurement of Corrosion Level (%) &é&eation Rate (mm/year) for 60 Degree Specimens

Sample Initial Final Wt. | Elapsed| Corrosion| Weight | Measured| Predicted Actual Steel Corroded | Penetration
Name Wt. (W) (Wr) Time , T| Current, || loss, W=| Mass Loss| Mass Loss | Steel Area| Density,(D)| Steel Area Rate

(Wi- Wp) | (Wi-Wp)* | (WIT/nF)100|  Asg, A=Ay | R=8.76x10
100/W W/(D*L) | W/(AT D)

(9 (9) (hour) | (uA) (9) (%) (%) (cn?) (g/cn) (cn?) | (mm/year)
OBNso 281 271.1 180 655.2 9.9 3.523 12.319 1.131 7.8b 921.0 561.96
OBRso 279 269.2 264 436.8 9.8 3.513 12.045 1.131 7.8b 931.0 379.15
OBExo 283 271.5 372 296.4 11.5 4.064 11.517 1.131 7.85 0861. 317.69
OBAso 268 255.1 480 171.6 12.9 4.813 8.604 1.131 7.8b 801.0 277.58
OSNso 276 266.6 192 436.8 9.4 3.406 8.760 1.131 7.85 41.09 499.33
OSRy 274 264.2 288 291.2 9.8 3.577 8.760 1.131 7.85 31.09 347.55
OSEo 278 266.8 360 197.6 11.2 4.029 7.431 1.131 7.8b 871.0 319.37
0OSAs0 275 262.2 516 114.4 12.8 4.655 6.166 1.131 7.8b 811.0 256.12
PBNso 273 260.6 288 478.8 12.4 4.5421 14.404 1.131 7.85 .0821 443.90
PBRso 275 261.5 456 319.2 135 4.9091 15.204 1.131 7.85 .0781 306.45
PBEsyo 274 261 480 216.6 13.0 4.7445 10.86( 1.131 7.8b 801.0 279.84
PBAso 273 259.8 648 125.4 13.2 4.8352 8.488 1.131 7.85 0791. 210.63
PSNso 273 262.4 264 319.2 10.6 3.8828 8.802 1.131 7.85 0891. 411.28
PSRo 274 261 480 212.8 13.0 4.7445 10.67( 1.131 7.8b 801.0 279.84
PSEo 284 271.4 480 144 .4 12.6 4.4366 7.240 1.131 7.856 0821. 270.83
0OSAs0 283 273.1 528 83.6 9.9 3.4982 4611 1.131 7.85 21.09 191.58

108



109



