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Abstract

Mechanical Strength Variability Analysis of Deformed Reinforcing Steel Bars

for Concrete Structures in Ethiopia

Asress, Tariku Achamyeleh
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Advisors: Assoc. Prof. Dr. Hiseyin CAMUR and Prof. Dr. Mahmut A. SAVAS
June 09, 2022 (118) pages

The requirement in terms of conformity and quality for concrete reinforced
structures has widely become the center of interest in finding the optimum
mechanical strength behaviors and linear density properties of reinforcement steel
bars used in building and construction projects of all sorts. The mechanical strength
and linear density variability analysis were studied in this research. The fact that use
of substandard reinforcement steel bars in the Ethiopian construction industry has led
to the failure of concrete reinforced structures and the collapse of buildings at large.

This study presents the statistical variability analysis of grade 60 deformed
reinforcement steel bars considering mechanical strength behaviors and linear
density properties. The investigation surveyed more than 450 samples of
reinforcement steel bars from construction sites with nominal bar diameters covering
6 mm to 32 mm. The work was focused on 8, 10, 12, and 16 mm nominal bar
diameters as these are the reinforcement steel bars that are widely used in the
Ethiopian construction market, i.e. accounting for about 70%. The tests covered from
the year 2015 to 2020. The four various bar diameter bars were grouped into two
larger groups of lots upon the year the test was conducted. Lot 1 was for
experimental tests conducted between 2015 and 2017 and Lot 2 between 2018 and
2020.

Yield strength (YS), tensile strength (TS), elongation, mass-per-length (M/L),
and the characteristic ratio of tensile strength-per-yield strength were studied for the
reinforcement bars those were identified in the initial survey. Mechanical and linear
density behaviors were analyzed for statistical variability against statistical

parameters such as the maximum, minimum, range, mean, standard deviation (SD),



coefficient of variance (CoV), skewness, and kurtosis based on the recorded
experimental results. Furthermore, the results of YS, TS, EL, and TS/YS were
analyzed independently by the one-way one-level analysis of variance (ANOVA)
method in both of the lots.

It is found that the mean results of YS, TS, EL, and TS/YS ratio for Lots 1
and 2 were 593.1 MPa, 701.1 MPa, 14.8%, and 1.182; and 572 MPa, 674 MPa,
15.5%, and 1.177, respectively. The maximum experimental values of the
aforementioned mechanical and density properties in the given order in Lots 1 and 2
were 857 MPa, 990 MPa, 28%, 1.96; and 766 MPa, 828 MPa, 27%, 1.91,
respectively whereas the minimum values in Lot 1 and 2 were 354 MPa, 487 MPa,
6%, 1.03; and 332 MPa, 483 MPa, 5%, 1.02, respectively. The coefficient of
variance values of TS, YS, EL and TS/YS in Lots 1 and 2 were 14.5%, 9.7%, 26.8%,
10.3%; and 14.2%, 9.6%, 23.7%, 9.5%, respectively. Furthermore, the one-level one-
way ANOVA, with a confidence interval of 95%, indicated that the aggregate data of
all the sample bars in both lots showed significant variability. The contribution
percentage of the ANOVA analysis for YS, TS, EL and TS/YS in Lot 1 and Lot 2
were 70.4%, 58.5%, 67.8%, 16.5%; and 65.7%, 40.9%, 75.7%, 22.8%, respectively.

The normality test and goodness-of-fit analysis for YS, TS, EL, and TS/YS
indicated that there were no distribution models that best fit the data. Thus, the
transformation of the data was applied using a transformation technique called Box-
Cox Transformation. The transformation in all mechanical strength parameters
demonstrated that reinforcement steel bars used in the Ethiopian construction market
were lacking process capability.

Despite a decrement in mean values of yield and tensile strength and a slight
increment of elongation percentage from Lot 1 to Lot 2, all the mean values of YS,
TS, and EL in both Lots 1 and 2 fulfilled the minimum recommended sets of values
by the ASTM A615 standard. This could justify that the class of steel reinforcement
bars used in the Ethiopian construction industry could commonly be used for
common structural applications. The class of steels considered in this experimental
work prevailed that it is not advisable to use the bars in the seismic prone areas such
as the earthquake regions, as the bars could easily fail in post elastic loading

conditions.



It appears that the regulatory governmental entities in Ethiopia such as the
Ethiopian Standards Institute (ESI), and also the federal and regional design and
supervision organizations and clients should put effort into strengthening the quality
control practices and customs for the conformity of the rebars with the international
and national standards.

Following the present work, additional studies would be conducted on the
variability of material compositions and their effect on strength characteristics. The
source of the reinforcement bars should also be considered to avoid the wrong
generalization. Moreover, the effects of chemical composition, microalloying, and
corrosion on mechanical and linear density behavior of deformed reinforcement steel

bars should be investigated further in the future.

Keywords: reinforcement steel; grade 60; yield strength; tensile strength; percent

elongation



Ozet

Etiyopya'da Beton Yapilar i¢cin Deforme Edilmis Destek Celiklerinin Mekanik

Mukavemet Varyasyon Analizi

Asress, Tariku Achamyeleh
Doktora Tezi, Makina Miihendisligi Bolumu
Damsmanlar: Dog. Dr. Hiseyin CAMUR ve Prof. Dr. Mahmut A. SAVAS
09 Haziran 2022, (118) sayfa

Betonarme yapilar icin uygunluk ve kalite gereksinimi, her tlirden insaat
projelerinde kullanilan donati ¢elik ¢ubuklarinin optimum mekanik ve dogrusal
yogunluk davraniglarint bulmada genis capta ilgi odagi haline gelmistir. Bu
arastirmada mekanik dayanim ve lineer yogunluk degiskenlik analizi ¢alisilmustir.
Etiyopya insaat endiistrisinde standart alti1 ¢elik donati g¢ubuklarinin kullanilmasi,
betonarme yapilarin basarisiz olmasina ve genel olarak binalarin ¢okmesine yol
agmistir. Bu ¢alismada, deforme olmus 60. Smif ¢elik cubuklarin mekanik
mukavemet ve dogrusal yogunluk davraniglarinin degiskenliginin istatistiksel
analizini incelendi. Bu nedenle, 6 mm ila 32 mm arasinda degisen ¢ubuk ¢aplarina
sahip santiyelerden alinan 450'den fazla ¢elik takviye cubugu Ornegi toplandi.
Calismalar, Etiyopya insaat pazarinda yaygin olarak kullanilan takviye celik
cubuklari, yani ~%70 oldugundan, 8, 10, 12 ve 16 mm'lik ¢gubuk caplarina odaklandi.
2015'ten 2020'ye kadar olan bir siire¢ g6z oniine alindi. Dort farkli gapli gubuk, test
yillarma gore iki partiye ayrildi. Lot 1, 2015 ile 2017 arasinda ve Lot 2, 2018 ile
2020 arasinda gerceklestirilen deneysel testler kapsaminda degerlendirildi. Tk etiitte
tanimlanan donati1 ¢ubuklari i¢in akma dayanimi (Y'S), ¢ekme dayanimi (TS), uzama,
uzunluk basima kiitle ve ¢gekme dayaniminin akma dayanimina karakteristik orani
incelenmistir. Mekanik ve dogrusal yogunluk davranislari, kaydedilen deneysel
degerlere bagli olarak maksimum, minimum, aralik, ortalama, standart sapma (SD),
varyans katsayis1 (CoV), carpiklik ve basiklik gibi istatistiksel parametrelere karsi
istatistiksel degiskenlik acisindan analiz edilmistir. Ayrica, akma mukavemeti,
¢cekme mukavemeti, uzama yiizdesi ve akma basina ¢ekme mukavemeti sonuglari,

her iki partide de tek seviyeli ve tek yonll varyans analizi (ANOVA) yontemiyle



bagimsiz olarak irdelenmistir. Lot 1 ve Lot 2 i¢in ¢ekme dayanimi, akma dayanimu,
uzama yuzdesi, gekme-akma dayanimi orani ortalama degerlerinin 593.1 MPa, 701.1
MPa, %14.8; ve sirasiyla 572 MPa, 674 MPa, %15.5 oldugu goriilmiistiir. Lot 1 ve
2'deki yukarida bahsedilen mekanik ve yogunluk 6zelliklerinin maksimum deneysel
degerleri 857 MPa, 990 MPa, %28, 1.96; ve 766 MPa, 828 MPa, %27, 1.91, Lot 1 ve
2'deki minimum degerler ise 354 MPa, 487 MPa, %6, 1.03; ve sirasiyla 332 MPa,
483 MPa, %S5, 1.02 olarak tesbit edilmistir. Lot 1 ve 2'deki TS, YS, EL ve TS/Y S'nin
varyans degerleri katsayis1 %14.5, %9.7, %26.8, %10.3; ve sirasiyla %14.2, %9.6,
%23.7, %9.5 olarak bulunmustur. Ek olarak, %95 giiven araligina sahip tek seviyeli
ve tek yonli ANOVA, her iki lottaki tiim g¢ubuklarin toplu verilerinin 6nemli
degiskenlik gosterdigini ortaya koymustur. Lot 1 ve Lot 2'de YS, TS, EL ve TS/YS
icin ANOVA analizinin katki yiizdesi %70.4, %58.5, %67.8, %16.5; ve sirastyla
%65.7, %40.9, %75.7, ve %22.8 seviyesindedir.

YS, TS, EL ve TS/YS i¢in normallik testi ve uyum iyiligi analizi, verilere en
uygun dagilim modelinin olmadigini1 gostermistir. Boylece verilerin doniistiiriilmesi,
Box-Cox Doniisiimii adi verilen bir dontisiim teknigi kullanilarak uygulandi. Tim
mekanik dayanim parametrelerindeki doniisiim, Etiyopya insaat pazarinda kullanilan

celik donati cubuklarinin proses kabiliyetinden yoksun oldugunu gosterdi.

Lot 1'den Lot 2'ye akma ve ¢ekme mukavemeti degerlerindeki azalmaya ve
uzama yiizdesindeki hafif artisa ragmen, Lot 1 ve Lot 2'deki YS, TS ve EL'nin
ortalama degerleri, ASTM AG615 standarti tarafindan Onerilen minimum deger
setlerini karsiladigi anlasildi. Bu veriler, Etiyopya insaat endiistrisinde kullanilan
celik takviye cubuklari smifinin genel yapisal uygulamalar i¢in yaygin olarak
kullanilabilecegini miimkiin gosterebilir. Buradaki deneysel calismada incelenen
celik  smifi, c¢ubuklar elastik sonrast yiikleme kosullarinda kolayca
bozulabileceginden, yer sarsintisi gibi sismik egilimli alanlarda kullanilmalari

sakincal1 olabilir.

Etiyopya Standartlar1 Enstitiisii (ESI) gibi Etiyopya'daki diizenleyici devlet
kurumlar ile federal ve bolgesel tasarim ve denetim kuruluslar1 ve miisteriler, ingaat
demirlerinin uluslararas1 ve ulusal standartlara uygunlugu i¢in kalite kontrol
uygulamalarinin ve giimriiklerin giiclendirilmesi i¢in ¢aba gostermelerinin gerektigi

anlasilmaktadir.
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Burada verilen ¢alismanin ardindan malzeme bilesimlerinin degiskenligi ve
bunlarin mukavemet 6zellikleri {izerindeki etkileri hakkinda ek ¢aligmalar yapilmasi
onerilebilir. Yanlis genellemelerden kaginmak i¢in donati ¢ubuklarimin kaynagi da
dikkate alinmalidir. Ayrica, kimyasal bilesimin, mikro alasimlamanin ve korozyonun
deforme olmus takviye celik ¢ubuklarinin mekanik ve dogrusal yogunluk davranis

tizerindeki etkisi daha detayli aragtirilmalidir.

Anahtar kelimeler: takviye ¢eligi; 60 derece; akma dayanimi; gerilme direnci;

uzama ylizdesi
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CHAPTERI I

Introduction

Concrete is relatively stronger for compressive than tension loadings. In
reinforced concrete (RC) structure, reinforcement steel which shows equal strength
for compressive and tensile load is used to have combined improved quality of the
concrete to withstand tensile force on the concrete structure. The steel bars employed
for the provision of reinforcement in concrete structures are termed reinforcing or in
other words reinforcement steel bars shortly rebars. The mechanical behaviors of
rebars play a greater role in the improvement of the service life of construction
buildings and structures like bridges and skyscrapers. Moreover, in places where the
earthquake is inevitable, the concrete structure is prone to fatigue failure in that
reinforcement steel bars play important role in withstanding loads at post elastic
conditions. Under the circumstances, the rebars give the reinforced concrete structure
to use its strength and dissipation of energy characteristics. This phenomenon relies
greatly on the ductile behavior of the structure beyond the elastic proportional region.
In general, the strength and durability of RC structures depend largely on the extent
of certain properties of the rebars such as yield, tensile strength, fatigue, and bending
strengths. Ductility and weldability index, and are also properties governing the
strength of steel in RC members.

Steel exhibits a wide range of mechanical behaviors from which the factor of
strength is the predominant characteristic. The mechanical strength of engineering
materials is assessed concerning yield strength, tensile strengths, elasticity modulus,
percentage of elongation, and so forth. Any increase in these properties of steel will
enrich the durability, reliability, and availability of the structures the steel is used.

In the design of structures, uncertainties in loading, design, and construction
make it possible for the effect of the load to be lower or higher than the estimated
value the structure is expected to resist. Possible causes of these uncertainties take
account of unanticipated load settings, varying constructional tolerances and
loadings, and material property variations. For this reason, building design codes and
specifications demand the factor of design to be greater than unity maximizing the
probability of reliability to an acceptably high level in other words failure will be the

least possible.
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Under the category of material property variations, the variability of
mechanical strength and linear density properties of reinforcement steel bars
influence the overall performance of reinforced concrete structures.

In the United States of America (US) and Great Britain, the material
properties have specified requirements as detailed by ASTM A 615, A 706, and BS
4449 standards (ASTM A 615, 2015; ASTM A706, 2001).

This study is conducted to analyze the variability of the mechanical strength
and linear density behaviors of reinforcement steel bars used in construction projects
throughout Ethiopia and to evaluate the degree to which reinforcement steel bars in
the Ethiopian market satisfy the minimum requirements set by ASTM and other
related standards (ACI, 2011). These tests measure the yield strength, tensile
strength, percentage of elongation, and mass-per-length of the reinforcement steel

bars.

Statement of the Problem

Variation is common for products under manufacturing processes. The
variation can be within the product itself, or product to product generally due to
manufacturing inconsistencies. The way the product is transported and stored can
also be a source of variation. A well-established understanding of the variability of
steel properties is advantageous in the development and advancement of statistically-
based analysis and expressions for concrete member strength that is used in the
further establishment of reliability-based strength-reduction factors in the design and
building codes. For these reasons, it is useful to analyze the actual experimental
values of the mechanical strength and linear density behaviors of the reinforcement
steel bars as compared to those used in design and construction.

The mechanical strength and linear density behaviors of reinforcement steel
bars are controllable at the manufacturing stage, but the variations from piece to
piece, from batch to batch and from industry to industry are difficult to control
influenced by factors such as loading rate, variation in material composition, and
nominal bar cross-section.

For these reasons, all manufacturing firms conduct tests on their steel bar
products as per their quality controlling policy to verify that their bars conform to

certain international standards and accepted requirements. These tests are performed
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to measure the yield strength, tensile strength, elongation percentage, and mass-per-
length (or percent of nominal weight) of the reinforcement steel bars.

In the case of Ethiopia, the construction sector is growing annually with an
average of 12.43% and its contribution to the Growth Domestic Product (GDP) is
5.3%. One of the common building materials in the construction industry is steel
(Awonchefew, 2018). The demand for reinforcement steel bars in the Ethiopian
market is fulfilled from two sources, i.e. local production and importation of
reinforcement bars with a 57.51% share of imported steel bars (Tariku, 2020). The
production of reinforcement bars in Ethiopian industries largely depends on the
usage of recycled metal scraps that, according to research, show a great variation in
mechanical properties due to scrap feed inconsistency and impurities in the scraps.
This led to the hasty generalization that the reinforcement bars produced locally are
mostly substandard ones which in turn is highly affecting consumers purchasing
behavior (Tariku, 2020).

Moreover, global and local market dynamics greatly affect the supply of
reinforcement steel bars to construction projects. The past few years have
demonstrated that the turbulent market dynamics impacted the construction industry.
Gashahun, (2020) assessed how Covid-19 impacted the industry. Furthermore, in the
case of Ethiopia, nationwide protests underwent since 2016. The government had
imposed a repeated state of emergencies as a cracking down mechanism for
upheavals (Jayapregasham et al., 2018). The construction industry as the backbone
of the country’s economy faced a headwind from both global and national social,
political and economic grievances. Commonly, the void in the reinforcement steel
bar market is filled with either locally produced bars or substandard ones left for
years due to lack of conformity.

Despite the extensive efforts made in the construction industry that have been
taking place in the country; no documented detailed studies have been done on the
quantification of such variability and its possible source. The present research work
was designed to explore the characterization and variability study of mechanical
strength behaviors of rebars used in the Ethiopian market and to identify the possible

source of variation with some suggestions.
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Purpose of the Study

The general purpose/objective of this study is to investigate the mechanical

strength characteristic of grade 60 reinforcement steel bars used in the Ethiopian

construction market in the years 2015 - 2020.

Specifically, the study had the following four purposes;

To survey and identify the most used bar sizes in the Ethiopian
construction market.

To evaluate the mechanical and linear density properties of the
identified bar sizes.

To methodize a classification approach to assess the effect of usage
time on mechanical strength and linear density properties.

To analyze statistical variability of the bars using mechanical strength

and linear density parameters.

Research Questions / Hypotheses

Questions

Answers

What are the most utilized reinforcement steel bars grade and size i.e.
nominal diameter?

How can we classify the experimental work?

What are the parameters that well describe the mechanical and linear
density properties?

What are the test methods to find out the required properties?

What are the statistical tools to examine the variability of mechanical
strengths?

Hypothesis (Alternate Hypothesis): Grade 60 reinforcement steel bars are widely

used for general civil structures.

The most utilized grade in the Ethiopian construction market has to
be identified to give due consideration to the appropriate grade and
sizes used at most (Achamyeleh & Sahin, 2019).

The situation analysis in the construction market is turbulent due to
numerous global and national dynamics (Gashahun, 2020). The

paper will follow the grouping of the experimental run based on the
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test period to show how the test periods can affect the variability of
the mechanical strength properties.

I1l.  Steel products can best be explained by how they perform on certain
mechanical strength behaviors. Finding parametric values such as
yield strength (Bournonville et al., 2004; Perera & Guluwita, 2018),
tensile strength, elongation percentage at fracture (Carrillo et al.,
2021), mass-per-length (Carrillo et al., 2021; Djavanroodi & Salman,
2017) and tensile to yield strength ratio (Djavanroodi & Salman,
2017; Tavio, Retno, Raka, & Agustiar, 2018) values of the
reinforcement steels bars generally depicts the overall performance
of the bar in general structural applications and seismic-prone areas.

IV.  Tensile tests for the elongation percentage and yield and tensile
strengths, direct measurement, and weighing of the reinforcement
bar for estimating the mass-per-length values for each specimen are
the common test methods in characterizing reinforcement steel bars.

V. Real mechanical behaviors of the reinforcement steels bars enable
evaluating the anticipated reinforce concrete (RC) structure
performance variability performance which in turn cut the

uncertainty (Carrillo et al., 2021).
Significance of the Study

The significance of the study is to provide information to manufacturing
industries, governing bodies, and end-users of reinforcement steel bars on the
possible causes of variability of mechanical properties and provide alternative ways
of improving the quality of the bars in the Ethiopian construction market.
Limitations

This study is limited to grade 60 reinforcement steel bars of nominal
diameters of 8 mm, 10 mm, 12 mm, and 16 mm. Mechanical strength characteristics
particularly yield strength, tensile strength, percentage of elongation; and linear
density property i.e., mass-per-length are the main parameters of interest studied in
this paper. Reinforcement steel bar sources, the effect of chemical composition, and

corrosion are not part of this research work.



24

Definition of Terms
A typical stress-strain relationship for reinforcement steel bars used in RC

members is presented in Figure 1. The corresponding mechanical strength properties
and their derivatives are investigated using the diagram. For this, the terms and
definitions that are used throughout this study are presented in this section.

Figure 1.
Schematic Stress-strain Curve for a Structural Grade Steel (Tat, 1991)
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As indicated in the stress-strain curve, it indicated an initial linearly

proportional elastic region up to a point. A sudden load drop happens when the
elastic proportionality limit is attained. The point at which this phenomenon occurs is
termed the upper yield point and that is the amount of stress sufficiently initiating
plastic deformation. Following the sudden drop, fluctuation of the load is exhibited
for about a nearly constant stress value dwelling Luder ensembles form and disperse
throughout the specimen’s gauge length. The lowest recorded point value is referred

to as the lower yield. The stress at that point is termed the lower yield point or lower
yield strength.

Luder strain
Luder strain which is termed yield point elongation denotes the elongation
that befalls at the lower yield point stress. At this point, the strain increases without

further increase in stress. The overall tensile strength of steel generally depends on
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the nature of the Luder strain. The higher the carbon content the shorter the Luder
strain. This region of the Luder strains adds benefit to the concrete structure in
conditions when the structure is loaded with a seismic environment. The
reinforcement steel bar in this loading condition will give extra strength in

withstanding post elastic deformation which is expected at plastic joints.

Strain Hardening

This section in the stress-strain curve usually starts when there is an increase
in the stress immediately after the Luder strain region. When this phenomenon in
steel is exhibited, additional force increment in the loading is expected so that the
deformation may progress. The rate by which the stress increases over the even strain
hardening section is controlled by the rated strain is hardening which is considered a

material property of the steel.

Tensile Strength

Metals usually of having ductile property, when they are stressed with a stress
value higher than the elastic proportion limit, will follow plastic deformation. The
strain hardening phenomenon prior to this region will have an increasing force
application which leads to further deformation. Consequently, the highest maximum
force will be recorded resulting from plastic deformation instability. Following this
point, the amount of load or force applied will be reduced up to a point at which
fracture or rupture of the material occurs. The tensile strength is determined in the
process as the largest recorded load divided by the original cross-sectional area of the
specimen. The tensile strength is one of the reinforcement steel properties used to

determine the flexure overstrength factor in the analysis.

Elongation at fracture

The elongation percentage is usually measured over the gauge length at
fracture as a percentage of the original gauge length. It is used to show the nature of
ductility of the steel as ductility, similar to Luder strain, is a function of the strength

of steel.
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CHAPTER I

Literature Review

General Introduction

Steel has an enormous area of applications going from simple small tools to
huge building and construction projects. The atomic structure of most steels is
crystalline and involves a basic iron-carbon phase system. Changes in carbon content
and its alloying elements in the smallest amount can have a significant mechanical
strength property of the resulting steel. The mechanical strength behaviors of steel
that are of great concern to the design and material engineer are the stress-strain
graph which vividly indicates the yield strength, the yielding strain, the percentage of
elongation, the tensile strength, and a few additional characteristics (Munyazikwiye,
2010). The mechanical behaviors of steel are mainly affected by the amount and
variety of certain parameters such as the chemical composition of the steel is
consisting of and the physical condition of the steel structure. Carbon content and the
presence of alloying elements constitute the chemical composition while heat
treatment conditions, shaping operation, and environmental effects such as corrosion
determine the physical condition of the steel.

This section will mainly focus on the effect of carbon content and corrosion

on the mechanical behavior of reinforcement steel.

Carbon Content

The most critical element by which the mechanical strength behavior of the
steel, in general, is influenced by Carbon. The distribution of carbon within the steel
is commonly controlled by heat treatment processes. The reinforcement steel bars in
concrete structures are of low and medium carbon steel for building construction.
Previously, various researchers have assessed the effect of carbon and other alloying
elements for providing detailed characteristics when it comes to the strength and
ductile behavior of the reinforcement bars mainly manufactured from scraps (Joshua
et al., 2019; Kankam, 2004; Kankam & Adom-Asamoah, 2002; Munyazikwiye,
2010).

Reinforcement bars, besides the increased tensile strength, have outstanding
benefits for the concrete structure in reducing or controlling crack propagation and

maintaining interlock of aggregate. It is indicated that the slightest increase in the
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area of cross-section of reinforcement steel bar can increase the value of strength by
more than 16% (Munyazikwiye, 2010). Reinforcement steel bars also give
considerable benefit to the concrete structure in resisting seismic loads. Under the
action of such loads, reinforcement bars perform collectively as a frame which
enables them to transfer the force from one to the other. With the use of a
longitudinal large diameter bar, and a vertical smaller diameter stirrup the concrete
structure can withstand the seismic effect [19].

However, reinforcement steel bars with higher tensile strength and ductility
are required. Allen, (1972) showed that for the same manufacturer of reinforcement
steel bars the Coefficient of Variance (CoV) could be observed from the same batch
and a minor variability along with the same bar size. Reinforcement steel bars used
for building construction of a given nominal class type and size may exhibit
variability in mechanical strength values from piece to piece even when the steel is
produced by a controlled standardized process. This was also affirmed by an
investigation by Clifton (1971) on structural material that noticeable variation of
mechanical properties not only occurs between one batch and another but also within
the same batch. Later, Mirza & MacGregor (1979) investigated variation in yield
strength for reinforcement steel bars of grades 40 and 60 and found the CoV as
10.7% and 9.3% respectively.

It is equally significant that quality standards and practices are implemented
for reinforcement bars that should have been consistently produced from billets of
accepted chemical composition.

The quality and variability of reinforcement bars are considerably affected by
the processes followed in the steel-making stages (Djavanroodi & Salman, 2017,
Singh & Kaushik, 2002).

Production of Steel

While steel was manufactured in bloomery reactors for millennials, allow
usage grew widely after more effective manufacturing techniques for blister steel and
then cauldron steel was invented in the 17th century (Liu et al., 2015). The modern
age of mass-produced steel began with the creation of the Bessemer progression in
the middle of the 19th century. It was tailed by the process Siemens-Martin and then
the process Gilchrist-Thomas which improved the steel value. Upon the start of
modern manufacturing technology, wrought iron was substituted by mild steel.
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Further process refining, such as Basic Oxygen Steelmaking (BOS), effectively
displaced previous processes by furthest reducing manufacturing costs and
enhancing metal consistency. Steel today is one of the biggest and most popular
products, processing more than 1.3 billion tons per annum (Liu et al., 2015). Based
on figures from "The 1992 Industrial Census," there are 1,118 facilities for steel
production in the United States of America, 40 of which remain. Steel
manufacturing is an industry worth over $9 billion and involves about 241,000
people in the US.

Iron and alloy are made from bauxite as well as scrap in various separate
manufacturing operations. A steel production process includes five fundamental
phases according to the Organization for Economic Co-operation and Development /
International Energy Agency (OECD / IEA): (1) handling of raw input materials, (2)
processing of alloy, (3) processing of iron, (4) casting and (5) shaping and finishing;
steel-production (stage 2) is the most energy-intensive phase which typically occurs
in the blast reactor cycle, with bauxite and coke as the main constituents. Various
alloys are also generated by a direct decreasing progression, in which instance the
main inputs are iron ore and natural gas (Liu et al., 2015). The different methods
along with their share are presented in Figure 2.

Figure 2.

Steel Production Share of Different Methods (Dragna et al., 2018)
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Figure 3.

Process Stages for Iron Production (Liu et al., 2015).
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Steel manufacturing processes that regulate (phase 3) are the basic oxygen
furnace (BOF) and the electric arc furnace (EAF). The open-hearth furnace (OHF)
has also gained a substantial bazaar stake until lately, however owing to its poor
service, it has now faded out entirely in many other countries. For some nations,
several novel systems (e.g. the Corex progression) were added. Generally, the simple
oxygen furnace accounts for approximately 60% of the overall steel output, while the

electric arc reactor amounts to 34%.

Steel Production from Iron Ore

In an automated steel plant steelmaking requires three basic phases. Firstly, it
provides the source of heat needed to melt iron ore. The bauxite is then heated in a
reactor. The melted iron is eventually analyzed into alloy manufacture. Such three
phases could be carried out at one plant; nevertheless, the fuel supply is mostly
obtained from suppliers outside the plant (Holappa, 2010).
Types of Steel

Steel is analloy composed of carbon as well as iron. There are many
different steel classes which had distinctive chemical components, depending on the
particular percentage of extra carbon as well as alloys. When selecting the amount of
iron you choose to purchase, it is vital to recognize that there could be four major
categories of metal categorized according to their chemical structure and physical
characteristics: carbon, alloy, stainless, and tool steels (Baddoo, 2018).
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Carbon Steel

Carbon steel tends to be rusty and polished and is prone to rust. Carbon fiber
could also include other steels such as manganese, silicon, and copper. There seem to
be three major types of carbon steel: truncated carbon steel, moderate carbon steel, as
well as heavy carbon steel. Low carbon alloy is the most frequent and usually has a
carbon content of less than 30 percent. Moderate carbon alloy produces up to 60
percent carbon and also manganese, and medium carbon steel is much larger. High
carbon alloy produces up to 1.5 tons of carbon alloy and is the toughest of the

classes. and could also be challenging to deal with (Odusote & Adeleke, 2012).
Alloy Steel

Alloy steels are a multi-metal blend comprising nickel, copper, and
aluminum. Alloy steels incline to be lower and are utilized in engineering,
automotive parts, conduits, as well as engines. The intensity and characteristics of
alloy steels depend on the attentiveness of their components (Crook, 1927).

Stainless Steel

Stainless steels are light, sturdy to rust, and utilized in numerous
merchandise, such as household equipment, backsplashes, as well as utensils for
cooking. It has a truncated carbon footprint Stainless steel uses chromium in the
metal, which could also have nickel or molybdenum. Stainless steel is powerful and
could stand great temperatures. There are additional 100 kinds of stainless steel,
building a highly flexible material that could be tailored to your needs (Baddoo,
2018).

Tool Steel

Tool steels are thermal as well as scraps resistant and robust. They are called
tool steels since they are mostly utilized to manufacture power tools, along with tools
for marking, grinding, and form castings. Tool steels consist of varying
concentrations of vanadium, cobalt, molybdenum, and tungsten which enhance their
toughness and resistance to heat. They too are widely utilized for
producing hammers. There are various grades of alloy that could be utilized for
different usage (Baddoo, 2018).

High-Carbon Steel
It is also used in the making of axes, swords, scissors, and other cutting
(Magasdi et al, 2010).
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Mild Steel
This steel is utilized to make the roofs for vehicle frames, panels, boxes,
cases, and sheet metal. It is now utilized as a substitute for wrought iron in the

production of railroad rails (Magasdi et al., 2010).

Medium Carbon Steel

They are used in the building of tool frames and springs (Baddoo, 2018).

Stainless Steel
This steel is used in the building of crockery, wrist watches, kitchen utensils,

cutlery, and surgical equipment (Baddoo, 2018).
High-Speed Steel

Basically, this steel is used in the making of tools that cut other metals
(Baddoo, 2018).

Cobalt Steel

It is too like the high-speed steel is used for drilling purposes

Nickel Chromium Steel

It is commonly used as an armor plate

Aluminum Steel

It is used in the making of furniture.

Chromium Steel

They are used in the making of Automobile and airplane parts.
Corrosion and Reinforcement Steel Bars

The corrosion of steel reinforcement bars in concrete structures is taken to be
one of the main reasons for the strength degradation in several existing reinforced
concrete structures which appear to aggravate the premature failure of structures due
to an aggressive environment (Apostolopoulos & Matikas, 2016) or even to
moderately aggressive environments (Imperatore & Rinaldi, 2019).

Many researchers have studied corrosion and shown its effect on mechanical
strength deterioration of reinforcement steel bars. Reinforcement steel bars were
investigated as bare bars; semi-embedded bars, and embedded in reinforced concrete
members. Under all conditions, very few papers tried to demonstrate the effect of
corrosion on tensile strength while many gave much more detailed analysis of
compressive and low cycle fatigue analysis. Even though the effects of corrosion on

mechanical strength were extensively studied, proposing mathematical models was
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so limited and shallow. The effect of corrosion tensile strength and high cycle fatigue
behaviors were hardly investigated. A lack of procedures and standards was
observed in many of the papers and it is hardly reliable to deduce the research
findings as acceptable in the scientific world. On the other hand, the experimental
work is greatly based on accelerated artificial corrosion processes with completely
different corrosion rates, under which circumstances the corroded specimens are
considerably different than those developed under natural conditions (Lin et al.,
2019).

Corrosion Process

Naturally corroded specimens give the perfect impression in investigating the
corrosion and its impact on mechanical properties as corrosion morphology and
localized chloride attack may take place. This process demands such a long time that
mimicking the natural corrosion phenomenon with an accelerated corrosion process
is technically vital.

It is more convenient to use the reinforcement bar embedded in the concrete
as this method almost fully represents the corrosion phenomenon close to the natural
process caused by chloride attack. While, the impressed current method, on the other
hand, is used more on bare bars to appropriately represent the corrosion due to
carbonation (Hu et al., 2019).

Different corrosion levels can be attained by applying Faraday’s Law:

l\/Iloss * 1 * CF

T 1)

B [ * Mspecimen
where T is time, Mioss is the required mass loss due to corrosion, n is the
valence of the specimen (n = 2 for steel), Cr is the Faraday constant (Cr = 96480), |

Is the average electrical current, Mspecimen IS the molar mass of steel.
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Figure 4.

Scheme of the Accelerated Corrosion Process. (Imperatore & Rinaldi, 2019)

Power

Anode y Cathode | Supply

3% NaCl electrolyte solution

The NaCl electrolyte solution used for corroding the reinforcing rebars by
different researchers ranges between 3-5% (Abouhussien & Hassan, 2014; A.
Apostolopoulos & Matikas, 2016; Apostolopoulos & Papadakis, 2008;
Apostolopoulos, 2007; Castro et al., 2003; Chen et al., 2018; Fernandez et al., 2015;
Guo et al., 2015; Imperatore & Rinaldi, 2019; Imperatore et al., 2017; Li & Wang,
2013; Ponjayanthi D., 2016; Sanchez et al., 2017; Sun et al., 2018; Wang, 2012; Wu
etal., 2019; Zhang et al., 2016; Zhou et al., 2015; Zhu, 2011; Zhu & Francois, 2013).
A strong concentration of sulfuric acid and nitric acid solutions could also be used in
corroding the reinforcing steel bars (Hawileh et al., 2011).

Once the desired corrosion is achieved, cleaning of the specimens for the
intended mechanical tests is done by mechanical brush (Apostolopoulos et al., 2017;
Bazén et al., 2019; Imperatore & Rinaldi, 2019), Clark’s solution (Almusallam,
2001; Zhang et al., 2012; Zhu & Francois, 2013), pressure sand cleaning and blasting
(Fernandez et al., 2015; Fernandez & Berrocal, 2019), use of cleaning solution like
hydrochloric acid and hexamethylenetetramine (Chen et al., 2018; Deb, 2012;
Imperatore et al., 2017; Sun et al., 2018; Yan et al., 2017).

Mass Loss

Uniform mass loss is assumed through the corrosion process that the mass
loss of the corroded specimen is estimated involving the mass-per-unit length of the
original steel bar, and the final mass-per-unit length of the original steel bar after
removal of the corrosion by-products. The generalized mass loss in percentage is

computed using the following equation.
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© = 100 (m‘;n_ m) )

(o]

where ¢ is mass loss in percentage, m, is mass-per-length of the original test
specimen, and m is mass-per-length of the corroded specimen after the removal of
corrosion additives.
Effect of Corrosion on Monotonic and Variable Loading

The mechanical strength of the reinforced steel bar is greatly affected by
availability and level of corrosion. Monotonic loading such as compressive and
tensile loadings are studied by many researchers.
Compressive Strength

Imperatore & Rinaldi (2019) experimentally investigated and analytically
modeled corroded steel bars under corrosion. The corrosion was artificially created
with a 3% NaCl electrolyte solution while the corrosion level was varied based on
the duration of the samples dipped under this solution. The paper further studied the
effect of slenderness ratio coupled with corrosion under compressive strength to
analytically model for buckling. The study showed that corrosion affected the
compressive strength of reinforced steel bars. Furthermore, steel bars with a
slenderness ratio higher than 5 underwent buckling. Kashani et al. (2012) also
experimentally proved that steel bars with a slenderness ratio lower than 5 were not
prone to buckling. However, the buckling phenomenon was not analytically

modeled.

Tensile Strength

Hawileh et al. (2011) investigated the effect of tensile strength grade B500B
reinforcing steel bars due to corrosion. The corrosion process was according to
ASTM G1-03 standard which recommends 10% strong solutions of nitric and
sulfuric acids. Four mass loss percentages were identified i.e. 0%, 9.54%, 13.38%
and 19.60% as different corrosion rate levels. The mass loss percentage for these
corrosion levels was estimated using equation (2). For the corrosion levels indicated
from 0% to 19.60%, the test result indicated that there was a decrement in yield
strength, tensile strength, percentage of elongation at ultimate stress, and elongation
percentage at fracture. When the bars were corroded to a level of 19.6% mass loss,

the yielding and tensile strength of the rebars exhibited a reduction of about 26%.
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Moreover, corrosion had a significant effect on the percentage of elongation
reduction at ultimate strength by 76.6% and at fracture by 38.74%.

Imperatore et al., (2017) studied corrosion and its effect on tensile strength
behaviors of reinforcement steel bars of the radius of diameters 8 mm, 12 mm, 16
mm, and 20mm. 65 corrosion levels were produced upon mass loss estimation
ranging from 0 to 53.21% mass loss. Yielding strength, tensile strength, and
elongation percentage against corrosion degree were compared. The result showed
that corrosion damage had a significant reduction in ductility of the reinforcement
bars. Bar with 8mm diameter was greatly affected than the other bars for the reason
that the lower the diameter of bars, the lower the martensitic formed as martensitic
cortex facilitates the creation of cavities which quickly interrupts — under a corrosion
attack.

Kashani et al., (2012) studied the response of the stress-strain curve to
corrosion. The specimens with 8 mm and 12 mm diameter were cast in reinforced
concrete and were corroded by an electrolytic process. Six mass loss percentages
were created as corrosion levels and stress-strain diagrams were plotted under the
tensile test. The result showed that corrosion degrees up to 15% didn’t show a
significant influence on the nature of the stress-strain curve whereas for corrosion
levels beyond 15% significant drop in plastic deformation was recorded.

Apostolopoulos, (2007) investigated the tensile strength property of S500
temp core reinforcing steel bar under corrosion damage. The corrosion levels varied
based on the duration of salt spray corrosion exposure time up to 90 days. The paper
showed that there was a significant reduction in yield strength, tensile strength, and
elongation percentage at fracture by 9.65%, 8.09%, and 43.43%, respectively, due to
the bar being exposed to salt spray for 90 days.
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Effect of Corrosion on Strength of Reinforcements Bars
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CHAPTER I
Methodology

Survey
The purpose of the survey was to gather the information that would reveal the
number of steel bars of various diameters used in Ethiopian construction projects.
Steel bars of 6 to 32 mm nominal diameters were utilized directly in the construction
of different structures in different proportions. According to the survey, the most
utilized kinds of steel reinforcement bars were found to be 10 mm, 12 mm, 8 mm, and
16 mm nominal diameters in the given order (Achamyeleh & Sahin, 2019). The
percentage of utilization by the construction market of each designated diameter is
presented in Table 1.
Table 1.

Percentage of Utilization of Rebars in the Construction Market

ameters rrcentage of the Rebars

10 19.64
12 17.86
8 16.52
16 13.84
14 11.61
20 10.71
32 3.57
24 3.13
30 3.00
6 1.79

Types and Sample Size of Reinforcement Bars
The study was carried out on 8, 10, 12, and 16 mm nominal diameters of grade
60 ribbed reinforcement steel bars. The steel bars used in the present study were

collected randomly from Ethiopian steel markets irrespective of their place of origin.



38

Ethiopia solely relied on both imported and locally produced steel bars with an almost
equal share in the market.
The mechanical properties of interest in the tensile test were yielding strength
(YS), tensile strengths (TS), elongation percentages (EL), and mass-per-lengths. One
derivative characteristic was also investigated by considering the ratio of YS and TS.
The following materials, tools, and equipment were directly used to conduct
various experiments in this research.
Materials
Grade 60 ribbed reinforcement steel bars
beam balance (+5x10°kg)
Steel rule (#5x10*m)
Vernier caliper (+1x10°m)
cutter machine
Universal Testing Machine manufactured by MATEST, Model C140-09/2G/002. The
machine is calibrated by the National Metrology Institute of Ethiopia with certificate
number OF-012. The maximum capacity of the UTM is 300kN with an accuracy of
0.062% of the load.
Specimens for the tensile test were prepared according to the ASTM A615
standard and the values for YS, TS, EL, and mass-per-length were determined.
Experimental Work
The experimental work involved tensile tests and mass-per-length
investigation of the reinforcement steel bars. A total of 329 specimens were
investigated for tensile and mass-per-length tests.
The tensile strength values from the test are based on the mathematical
formulas presented below (Achamyeleh & Sahin, 2019).
The yielding stress (YS),
_ Yielding Load

= Nominal Area’ ™ ..(3)
The tensile stress (TS),
Maximum Load
~ "Nominal Area ' - (4)
The elongation percentage at fracture (EL),
L=1o
EL = ( )x100% ... oo wee v ... (5)

(o]
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where [, and [, are original gauge length and ultimate length at fracture,

respectively, while EL is the percentage elongation of the specimen at fracture.

Tensile Test

All the test specimens were prepared into a total length of 400 mm for tensile
testing without additional machining operation and tested at room temperature with no
effect of humidity. According to ASTM A615, the gauge length should be 8 in or 200
mm. The initial diameters and initial gauge lengths of all the specimens were recorded
before the monotonic tension test was conducted. A photograph of tensile test
specimens and test setup is presented in Figure 6. The remaining portion at both ends
was used for fixing the specimen onto the UTM (Achamyeleh et al., 2022;
Achamyeleh & Sahin, 2019). The tensile tests were conducted at a rate of 1
mm/minute.
Variability Analysis

Statistical parameters such as means, standard deviations (SD), and coefficient
of variance (CoV), were computed for mechanical strength variables of YS, TS, and
EL; linear density property i.e. M/L; and the characteristic ratio of TS to YS values.
Means, standard deviations, and coefficient of variance were computed using the

following procedure.

XX
B (®)

The SD and CoV of each measurement were computed based on the

[ X, — X)2

CoV = 22 (8)

X =

equations:

where X; stands for an individual value and n is the number of total tests.
Microsoft Excel 2010 and Minitab 16 were used to conduct the statistical

variability analyses in this study.

Figure 6.
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Representative Photos of Test Specimens and Tensile Test Setup

Analysis of variance (ANOVA) was also used to show the variability of tested
tensile parameters. One-factor, one-level test type of one-way analysis of variance
(ANOVA) was formulated in which YS, TS, EL, and TS/YS were analyzed using an
ANOVA table (Achamyeleh et al., 2022; Achamyeleh & Sahin, 2019; Roy, 2010) as
presented in Table 2.

Table 2.
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Generalized Analysis of Variance Table

aurce of
o > \Y/ cal Pure SS P
ariation
m Sm/fm Vm/Ve Sm—Ve S'm/ST
€ ' Se/fe - e=Sm+ Ve Se/St
T

m = Mean; e = Errors; T = Total; n = Total results number; f = Degree of freedom; SS
= Squares Sum; fr = Total degree of freedom = n — 1; ¥ = Mean values of the results =

m,Yi/n; Y, = Target value; St = Total’s squares sum = Y7 (Y; — Yy)?; F-cal =
Variance Ratio; Sm = Mean’s square sum = n(Y — Y,)?; Se = Errors’ square sum = St
— Sm; V1 = Total Variance = St/fr; Vm= Variance for mean = Sm /fm; Ve= Variance for
errors = Se / fe; Fm= Variance ratio of the mean =V /Ve; Sm = Pure Sum of Squares
for the mean = Sm — Ve; Se = Pure Sum of Squares for the errors = Sy + Ve; P =

Percent contribution.

Goodness-of-fit

Testing of goodness-of-fit of distributions to data helps find the distribution
type (normal, logistic, lognormal, Weibull, etc) and the parametric values of the mean,
variance, etc. that return the maximum probability of generating the observed data.
Statistical software such as Minitab can be used to test for goodness-of-fit based on
the null hypothesis.

The hypotheses for Anderson-Darling test are:

Ho: the data follows a normal distribution.

H1: the data do not follow a normal distribution.

According to the null hypothesis, the samples are normally distributed when
the p-value is greater than the selected significance level, for this study 5%.
Process Capability

Process capability is a measurement of the consistency of a quality parameter
of interest which is described by the total variation which occurs as a result of all
common variation causes that exist in the system. It involves determining the mean
values of the sample data and the standard deviation of the quality characteristics.

A common index for relating the potential of a process to meet design or

requirement specifications is the process capability, C, Index.
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It is used to relate the process spread with the specification spread, assuming
specification limits on both sides to the mean. It is given by:

USL — LSL
C,=———" e o (9)

p 60

where, USL and LSL are upper and lower specification limits, respectively,
and o is the sample standard deviation.

It is not only process variability that characterizes the influence of the
process’s ability whether it yields conforming items or not but also the process means
position can determine process capability. C,, index is a measure of the position of
the sample mean. It is used when the process means are shifted or not equally
positioned from the upper and lower specifications. The assumption in the previous
index is that the process mean is halfway between design specification limits. The
process capability index, in this case, is given by:

USL—p u— LSL}
3¢ ' 30 )7
Desirable values are C,;, > 1.33 (Litteral & Rudisill, 2008).

Cpkzmin{ e e e (10)

Error Analysis

Errors in measurement systems often arise from various sources and must be
aggregated correctly to obtain a prediction of the total likely error in output reading
from the measurement system. When a measurement is affected by systematic and
random errors, means of expressing the combined effect are required. Moreover, a
measurement system often comprises several distinct components, each of which is
subject to errors.

Error in Addition

For two separate components, y and z with maximum errors ay and bz,
respectively, the sum of the probable maximum error, e, in the system, S, is

calculated as:

e=+(ay)?+ (bz2)?... . e o ...(11)
Thus, S=(y+z)teorS=(y+2z)(1+f)where f=e/(y+ 2).
Error in Subtraction

The maximum probable error in the system can be estimated using equation 9.
S=@—-2z)teorS=@—-—2)Axf)u i e . ..(12)

where f =e/(y — 2).
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Error in a Product

e=+a?+b%... ... .. .. ..(13)

Error in a Division

e=+a?+b%... ... .. .. ..(14)

In general, in the case of a large number of variables, absolute errors must be

compensated for errors with different signs using equation 15 (Graba, 2021).

AW = aWAW 24+ aWAW 244 aWAW 2 15
= (awl 1) (GWZ 5) (aWn )% e e (15)

where AW is the uncertainty of the measured value of a parameter.
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CHAPTER IV

Findings and Discussion

Distribution of Reinforcement Steel Bars

Mechanical properties of Grade 60 steel bars were studied for statistical
parameters extensively based on measured data.

For the two lots of reinforcement steel bars, the distribution of YS, TS EL,
and mass-per-length were determined. Additionally, the characteristic ratio of TS to
YS was also studied statistically in both lots.

Distribution for 8 mm Diameter

It is demonstrated that the reinforcement steel bars that are studied under this
category exhibited variability in all parameters. The total bars investigated in Lots 1
and 2 were 37 and 39, respectively.

Yield Strength. According to ASTM A615 standard, it is found that 1 bar out
of 37 in Lot 1 failed to fulfill the requirement. In lot 2, all the reinforcement steel
bars in the sample fulfilled the minimum YS value. The distribution for YS of both
lots is presented in Figure 7.

Figure 7.

Distribution of YS for 8 mm in Lot 1 and Lot 2

Histogramof YS for 8 mminLot 1, Lot 2
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Tensile Strength. Like the yield strength results, according to ASTM A615
standard, it is found that 1 bar out of 37 in Lot 1 failed to fulfill the requirement. In
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lot 2, samples fulfilled the minimum TS value. The distribution for tensile strength of
both Lots 1 and 2 are presented in Figure

Figure 8.

Distribution of TS for 8 mm in Lot 1 and Lot 2

Histogram of TS for 8 mmin Lot1, Lot2
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Elongation Percentage. It is noted that the EL test values showed significant
statistical variability in both lots. The average EL in Lot 1 was found to be 13.6
while in Lot 2 it was 12.9. The ASTM standard doesn’t set a minimum requirement
for elongation percentage for 8 mm bar size. The distribution of elongation
percentage is shown in Figure 9.

Mass-per-Length. All bars in Lot 1 surpassed the minimum requirement set
for bar size and class under investigation. But, in Lot 2, 3 bars (7.69% of the sample)
failed to fulfill the minimum requirement for M/L. Lots 1 and 2 exhibited mean M/L
values of 0.3896 and 0.3817, respectively. The distribution of M/L is shown in
Figure 10.

TS/YS. The TS/YS values showed a decrement trend with an increase in the
YS values. This is evidence that ductility decreases as the yield strength tends to get
higher. The mean characteristics ratio of TS to YS were 1.2085 and 1.1546,
respectively. 68% of the test results in Lot 1 and 82 % in Lot 2 failed to exhibit the
minimum requirement set by ACI. The histogram and normal distribution graphical

representation of the characteristic ratio is presented in Figure 11.



Figure 9.

Distribution of Elongation Percentage for 8 mm in Lot 1 and Lot 2
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Figure 10.

Distribution of Mass-per-length for 8 mm in Lot 1 and Lot 2
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Figure 11.

Distribution of TS/YS for 8 mm in Lot 1 and Lot 2

Histogramof TS/YS for 8 mminLots 1 & 2
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The scatter plot of TS/YS vs. YS is presented in Figure to show the trend of
the decrement of the characteristic ratio over increasing YS.

Figure 12.

Scatterplot of TS/YS vs YS of Respective Lots for 8 mm Diameter Bars
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Statistical Analysis. The statistical analysis which included the results of
parameters like minimum, maximum, range, mean, variance, SD, CoV, kurtosis, and
skewness are evaluated for all variables. The analysis is summarized in Table 3.

Table 3.

Statistical Summary of 8 mm Diameter in Lot 1

Parameters YS TS EL M/L TS/IYS
Min 368.00 609.67 7.20 0.3640 1.0257
Max 857.30 990.00 22.30 0.4550 1.9620
Range 489.30 380.33 1510 0.0910 0.9362
Mean 630.37 746.85 13,57 0.3896 1.2085
Variance 11470.67 5114.53 16.42 0.0003 0.0320
Std. Dev. 107.10 71.52 405 0.0171 0.1788
CoV 16.99%  9.58% 29.85% 4.38% 14.79%
Skewness -0.2264 1.3635 0.6419 1.7598 2.3940
Kurtosis -0.1346  3.2830 -0.2629 4.9964 7.7723
Table 4.
Statistical Summary of 8 mm Diameter in Lot 2
Parameters YS TS EL M/L TS/YS
Min 499.00 621.00 5.00 0.3600 1.0189
Max 766.00 828.00 21.50 0.4190 1.4711
Range 267.00 207.00 16.50 0.0590 0.4522
Mean 621.05 711.90 12.94 0.3817 1.1547
Variance 59121 3762.1 15.9 0.0 0.0
Std. Dev. 76.89  61.34 3.99 0.01 0.10
CoV 12.38%  8.62% 30.83% 3.15% 8.47%
Skewness 0.0005 0.4095 0.3135 0.4572 1.4536
Kurtosis -1.0999 -1.0876 -0.0432 1.1296 1.7863

One-way and one-level ANOVA is analyzed for all mechanical and linear

density properties are summarized in Tables 5 and 6 for Lots 1 and 2, respectively.
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ANOVA of 8 mm Diameter in Lot 1
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Source  DOF SS Variance F Pure SS P

Yield Strength
Mean 1 1637523.4 1637523 142.8 1626053 0.793016
Errors 36 412943.9 11470.67 1 424414.6 0.206984
Total 37 2050467.4 55418.04

Tensile Strength
Mean 1 773.747027  773.747 47.1 757.3269 0.555
Errors 36 591.124173 16.42012 1 607.5443 0.445
Total 37 1364.8712 36.88841

Elongation
Mean 1 773.747  773.747 47.1 757.3269 0.555
Errors 36 591.124 16.42012 1 607.5443 0.445
Total 37 1364.871 36.88841

Mass-per-length
Mean 1 0.02534 0.025343 87.16 0.025053 0.700
Errors 36 0.010466 0.000291 1 0.010758 0.300
Total 37 0.0358 0.000968

TS/IYS

Mean 1 0.0637 0.063709 1.99 0.031746 0.026
Errors 36 1.1506 0.031962 1 1.182604 0.974
Total 37 1.2144  0.03282




Table 6.

ANOVA of 8 mm Diameter in Lot 2
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Source DOF SS Variance F Pure SS P

Yield Strength
Mean 1 1576443.1 1576443.1 266.6 1570531 0.872
Errors 38 224659.9 5912.1 1 230572 0.128
Total 39 1801103.0 46182.1

Tensile Strength
Mean 1 329360.4 329360.4 87.54709 325598.3 0.689
Errors 38 142959.6  3762.094 1 1467217 0.311
Total 39 472320 12110.77

Elongation

Mean 1 604.1603 604.1603 37.97301 588.25 0.487
Errors 38 604.5897  15.91026 1 620.5 0.513
Total 39 1208.75  30.99359

Mass-per-length
Mean 1 0.013128 0.013128 90.80832 0.012983 0.697
Errors 38 0.005494  0.000145 1 0.005638 0.303
Total 39 0.018622  0.000477

TS/IYS

Mean 1 0.354538 0.354538 37.09541 0.344981 0.481
Errors 38 0.363184  0.009557 1 0.372741 0.519
Total 39 0.717722  0.018403

Distribution for 10 mm Diameter

The total bars investigated in Lots 1 and 2 are 44 and 27, respectively.
Yield Strength. According to ASTM A615 standard, it is found that 1 bar out
of 44 in Lot 1 failed to fulfill the requirement. In lot 2, all the 27 sample bars fulfilled

the minimum Y'S value. The distribution for YS of both Lots is presented in Figure

13.

Tensile Strength. Based on the ASTM standard, it is found that 4 bars out of

44 in Lot 1 failed to fulfill the requirement while in lot 2, all the 27 sample bars
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fulfilled the minimum requirement for TS. The distribution for tensile strength of
both Lot 1 and 2 are presented in Figure 14.
Figure 13.

Distribution of YS for 10 mm in Lot 1 and Lot 2
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Figure 14.

Distribution of TS for 10 mm in Lot 1 and Lot 2

Histogram of TS for 10 mminLots 1 & 2
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Elongation Percentage. The average EL of the samples in Lot 1 was found

to be 13.67 while in Lot 2 it was 14.35. Five bars in Lot 1 didn’t fulfill the
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requirement set by ASTM while all the sample bars in Lot 2 surpassed the minimum

requirement set for EL The distribution of EL is shown in Figure 15.

Figure 15.

Distribution of Elongation for 10 mm in Lot 1 and Lot 2
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Mass-per-Length. For Lot 1 and Lot 2, the mean M/L values were 0.6113

and 0.6006, respectively. All the sample bars in Lots 1 and 2 were within the range

of standard values. The distribution of mass-per-length is shown in Figure 16.

TS/YS. The TS/YS values showed a decrement trend with an increase in the

YS values. The mean characteristics ratio of TS to YS were 1.1515 and 1.1368,
respectively. 93% of the test results in Lot 1 and 96 % in Lot 2 failed to surpass the

minimum set value required by ACI.
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Distribution of Mass-per-length for 10 mm in Lot 1 and Lot 2
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distribution graphical representation of the

characteristic ratio for 10 mm nominal diameter steel bars is presented in Figure 17.

Figure 17.

Distribution of TS/YS for 10 mm in Lot 1 and Lot 2
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The scatterplot of the characteristic ratio against yield strength is plotted to
show the trend of TS/Y'S in increasing Y'S.
Figure 18.

Scatterplot of TS/YS vs YS of Respective Lots for 10 mm Diameter Bars

Scatterplot of TS1/YS1 vs YS1, TS2/YS2 vs YS2

R Variable

1.4 u =—8— TS1/YS1* YS1
' = = = TS2/YS2 * YS2

1.3

"

S=

@ 12

=
1.1-
1.0+

360 460 560 660 760 860
YS
Statistical Analysis. The statistical analysis of parameters were evaluated for
all variables and summarized in Tables 7 and 8. ANOVA table is also summarized in
Tables 9 and 10.
Table 7.

Statistical Summary of 10 mm Diameter in Lot 1

Parameters YS TS EL M/L TSIYS

Min 354.00 478.67 6.00 0.5740 1.0485
Max 816.67 862.67 2450 0.7260 1.4275
Range 462.67 384.00 1850 0.1520 0.3791
Mean 607.93 696.50 13.67 0.6114 1.1515
Variance 5576.43 450249 12,79 0.0009 0.0052
Std. Dev. 74.68 67.10 3.58 0.0304 0.0721
CoV 12.28% 9.63% 26.16% 4.97% 6.26%

Skewness -0.4809 -0.3386 0.3560 2.2653 2.0859
Kurtosis 3.2606 23376 12777 5.9098 5.5742




Table 8.

Statistical Summary of 10 mm Diameter in Lot 2

55

Parameters YS TS EL M/L TS/YS
Min 469.00 623.00 11.50 0.5910 1.0726
Max 719.00 773.00 17.00 0.6163 1.4115
Range 250.00 150.00 5.50 0.0253 0.3389
Mean 614.74 69585  14.35 0.6006 1.1368
Variance 3100.58 1407.05 2.69 0.0000 0.0047
Std. Dev. 55.68 37.51 1.64 0.0059 0.0684
CoV 9.06% 5.39% 11.43% 0.98% 6.02%
Skewness -0.2608 0.5926 0.0439 0.5785 2.6938
Kurtosis 0.8875 -0.0384 -1.4550 0.3221 9.6485
Table 9.
ANOVA Summary of 10 mm Diameter in Lot 1
Source DOF SS Variance F Pure SS P
Yield Strength
Mean 1 1554030.8  1554030.8 278.7  1548454.3 0.863
Errors 43 239786.7  5576.4 1.0 245363.1  0.137
Total 44 17938175 40768.6
Tensile Strength
Mean 1  257515.8303 257515.83 57.2 253013.3 0.561
Errors 43  193607.2832 4502.49496 1 198109.8  0.439
Total 44  451123.1135 10252.798
Elongation
Mean 1 961.2 961.236 75.1 948.44 0.627
Errors 43  550.0 12.791 562.82 0.372
Total 44 15113 34.346
Mass-per-length
Mean 1 0.043 0.0433 46.9 0.0424 0.510
Errors 43  0.039 0.0009 1 0.0406 0.489
Total 44 0.083 0.0018




Table 9 (Continued).

56

TS/IYS
Mean 1 0.426 0.426 82.08 0.421 0.648
Errors 43 0.223 0.005 1 0.2287 0.351
Total 44 0.650 0.014
Table 10.
ANOVA Summary of 10 mm Diameter in Lot 2
Source DOF SS Variance F Pure SS P

Yield strength
Mean 1 1023946.8 1023946.8  330.2  1020846.2 0.924
Errors 26 80615.2 3100.6 1.0 83715.8 0.076
Total 27 1104562.0 40909.7

Tensile strength
Mean 1 155344.6 155344.6 110.4041  153937.5 0.802
Errors 26 36583.41 1407.054 1 37990.46  0.198
Total 27 191928 7108.444

Elongation
Mean 1 773.34  773.3426 287.622 770.65 0.913
Errors 26 69.90741 2.688746 1 72596 0.086
Total 27 843.25 31.23148

Mass-per-length
Mean 1 0.011516 0.011516 332.0768 0.01148 0.924
Errors 26  0.000902 3.47E-05 1 0.00093 0.075
Total 27 0.012417 0.00046

TS/YS
Mean 1 0.345935 0.345935 73.91185 0.341254 0.729
Errors 26 0.12169 0.00468 1 0.12637 0.270
Total 27 0.467624 0.017319
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Distribution for 12 mm Diameter
The total sample bars investigated in Lots 1 and 2 were 40 and 60,

respectively.

Yield Strength. According to the ASTM A615 standard, it is found that 1 bar
out of 40 samples in Lot 1 and 3 bars out of 60 samples failed to fulfill the
requirement. The distribution for yield strength of both Lot 1 and 2 are presented in
Figure 19.

Figure 109.

Distribution of YS for 12 mm in Lot 1 and Lot 2
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Tensile Strength. It is found that 3 bars out of 40 in Lot 1 and 14 bars out of
60 samples failed to fulfill the minimum requirement. The distribution for tensile
strength of both Lot 1 and 2 are presented in Figure 20.

Elongation Percentage. The average EL in Lot 1 was found to be 15.93
while in Lot 2 it was 15.75. All the tested bars in both lots fulfilled the minimum
ASTM requirement for EL. The distribution of EL is shown in Figure 21.

Mass-per-Length. The mean M/L values in Lots 1 2 were 0.8768 and
0.8580, respectively. All the sample bars in Lots 1 and 2 were within the range of

standard values. The distribution of M/L is presented in Figure 22.



Figure 20.

Distribution of TS for 12 mm in Lot 1 and Lot 2

Histogramof TS for 12 mminLots 1 & 2
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Figure 21.

Distribution of Elongation for 12 mmin Lot 1 and Lot 2
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Figure 22.

Distribution of Mass-per-length for 12 mm in Lot 1 and Lot 2

Histogram of M/L for 12 mminLots 1 & 2
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TS/YS. The mean characteristics ratio of TS to YS were 1.2192 and 1.1820,
respectively. 75% of the test results in Lot 1 and 90 % in Lot 2 failed to surpass the
minimum set value required by ACI. Histogram and normal distribution graphical
representation of the characteristic ratio for 12 mm nominal diameter steel bars is
presented in Figure 23. The decrement trend of TS/Y'S versus respective YS values is
plotted in Figure 24.

Statistical Analysis. The statistical analysis for all parameters was evaluated
for all variables and summarized in Tables 11 and 12. Moreover, one way ANOVA

table is summarized in Tables 13 and 14.



Figure 23.

Distribution of TS/YS for 12 mm in Lot 1 and Lot 2
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Figure 24.

Scatterplot of TS/YS vs YS of Respective Lots for 12 mm Diameter Bars
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Table 11.

Statistical Summary of 12 mm Diameter in Lot 1

Parameters YS TS EL M/L TSIYS
Min 41230 570.30  10.67 0.7630 1.1109
Max 73550 828.00 28.20 0.9470 1.6161
Range 323.20 257.70 1753 0.1840 0.5051
Mean 562.86 678.70 1593 0.8768 1.2192
Variance  6041.79 2921.08 17.21 0.0010 0.0141
Std. Dev. 77.73 54.05 4.15 0.0318 0.1188
CoV 13.81% 7.96% 26.05% 3.62% 9.75%
Skewness  -0.3492 0.3640 1.5455 -0.8728 1.6305
Kurtosis -0.1277 0.6689 1.8970 3.6686 2.4184
Table 12.

Statistical Summary of 12 mm Diameter in Lot 2

Parameters YS TS EL M/L TSIYS
Min 407.00 483.00  10.00 0.7730 1.0365
Max 718.00 794.00  25.00 0.8970 1.4437
Range 311.00 311.00 15.00 0.1240 0.4072
Mean 556.85 655.03  15.75 0.8581 1.1820
Variance  5579.96 5330.37 11.20 0.0008 0.0061
Std. Dev. 74.70 73.01 3.35 0.0277 0.0784
CoV 13.41% 11.15% 21.25% 3.22% 6.63%
Skewness  -0.2348 -0.4480 0.8126 -1.1662  1.3965
Kurtosis -0.4981 0.3993 0.5377 1.6154 3.0106

61



Table 13.

ANOVA Summary of 12 mm Diameter in Lot 1
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Source  DOF SS Variance F Pure SS P

Yield Strength
Mean 1 816373.5 816373.5 135.1 810331.7 0.770
Errors 39 235629.8 6041.8 1 2416716 0.230
Total 40 1052003.3 26300.1

Tensile strength
Mean 1 137808.81 137808.81 47.17 134887.7 0.536
Errors 39 113922.13 2921.0802 1 116843.2 0.464
Total 40 251730.95 6293.2736

Elongation

Mean 1 1918.9175 1918.91756 111.48 1901.706 0.734
Errors 39 671.26253 17.211859 1 688.4744 0.266
Total 40 2590.1801 64.754502

Mass-per-length
Mean 1 0.0709469 0.0709469 70.35 0.069938 0.634
Errors 39 0.0393314  0.0010085 1 0.04034 0.366
Total 40 0.1103 0.0027569

TSIYS

Mean 1 0.0380389 0.0380389 2.69 0.023921 0.040
Errors 39 0.5506174  0.0141184 1 0.564736 0.960
Total 40 0.5887 0.0147164




Table 14.

ANOVA Summary of 12 mm Diameter in Lot 2
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Source  DOF SS Variance F Pure SS P
Yield strength
Mean 1 1123675.4 1123675.4 201.4 1118095.4 0.770
Errors 59 329217.6 5580.0 1.0 334797.6 0.230
Total 60 1452893.0 24214.9
Tensile strength
Mean 1 73640.07 73640.07 13.81518 68309.69  0.176
Errors 59 314491.9 5330.372 1 319822.3  0.824
Total 60 388132  6468.867
Elongation
Mean 1 2733.75 2733.75 2441033 2722551  0.802
Errors 59 660.75 11.19915 1 671.9492 0.198
Total 60 3394.5 56.575
Mass-per-length

Mean 1 0.032763 0.032763 42.83615 0.031998  0.411
Errors 59 0.045126  0.000765 1 0.045891  0.589
Total 60 0.077889  0.001298

TS/IYS
Mean 1 0.277144 0.277144 45.08905 0.270997 0.424
Errors 59 0.362648  0.006147 1 0.368795  0.576
Total 60 0.639792  0.010663

Distribution for 16 mm Diameter

The total bars investigated in Lots 1 and 2 are 31 and 51, respectively.

Yield Strength. It is found that 1 bar out of 31 in Lot 1 and 3 bars out of 51

samples failed to fulfill the requirement set by ASTM for yield strength. The

distribution for yield strength of both Lots is presented in Figure 25.
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Figure 25.

Distribution of YS for 16 mm in Lot 1 and Lot 2
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Tensile Strength. Like the yield strength, according to ASTM AG615
standard, it is found that 2 bars out of 31 in Lot 1and 6 bars out of 51 samples in Lot
2 failed to fulfill the requirement for minimum tensile strength. The distribution for
tensile strength of both lots is presented in Figure 26.

Elongation Percentage. The average elongation percentage in Lot 1 was
found to be 16.29 while in Lot 2 it was 17.68. The distribution of elongation
percentage is shown in Figure 27.

Mass-per-Length. The mean M/L values of the samples in Lots 1 and 2 were
1.554 and 1.524, respectively. EL results of all the samples in Lots 1 and 2 were
within the range of the M/L requirement. The distribution of mass-per-length is
shown in Figure 28.

TS/YS. The mean characteristics ratio of TS to YS were 1.2099 and 1.2501,
respectively. 71% of the test results in Lot 1 and 75 % in Lot 2 failed to surpass the
minimum set value required by ACI. Histogram and normal distribution graphical
representation of the characteristic ratio for 16 mm nominal diameter steel bars is
presented in Figure 29. The trend of TS/YS versus respective YS values of both lots

is plotted in Figure 30.
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Figure 26.

Distribution of TS for 16 mm in Lot 1 and Lot 2

Histogram of TS for 16 mminLots 1 & 2
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Figure 27.

Distribution of Elongation for 16 mm in Lot 1 and Lot 2

Histogram of EL for 16 mminLots 1 & 2
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Statistical Analysis. The summary of statistical analysis is summarized in
Tables 15 and 16. Moreover, one way ANOVA table is summarized as in Tables 17

and 18.
Figure 28.

Distribution of Mass-per-length for 16 mm in Lot 1 and Lot 2

Histogram of M/L for 16 mmin Lots 1 & 2
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Figure 29.

Distribution of TS/YS for 16 mm in Lot 1 and Lot 2
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Figure 30.

Scatterplot of TS/YS vs YS of Respective Lots for 16 mm Diameter Bars
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Table 15.

Statistical Summary of 16 mm Diameter in Lot 1

Parameters YS TS EL M/L TSIYS
Min 373.67 550.00 10.83  1.4900 1.0769
Max 736.67 825.67 27.80 1.6280 1.4719
Range 363.00 275.67 16.97 0.1380 0.3950
Mean 566.37 682.13 16.29 15541 1.2099

Variance  3779.91 3321.71 11.26 0.0011 0.0062
Std. Dev.  61.48 57.63 3.36 0.0335 0.0790
CoV 10.86% 8.45%  20.60% 2.16% 6.53%
Skewness -0.2381 0.6323 1.7666 0.2582 1.2297
Kurtosis 3.5941 1.4930 4.7705 0.3374 2.7299




Table 16.

Statistical Summary of 16 mm Diameter in Lot 2
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Parameters YS TS EL M/L TSIYS
Min 332.00 487.00 12.00 1.1760 1.1270
Max 653.00 759.00 27.00 1.6300 1.9127
Range 321.00 272,00 15.00 0.4540 0.7856
Mean 531.27 655.24 17.68 1.5244  1.2501
Variance  5682.76  2590.90 9.71 0.0082  0.0206
Std. Dev.  75.38 50.90 3.12 0.0908 0.1436
CoV 14.19% 7.77%  17.63% 5.96%  11.49%
Skewness -0.8405 -0.9174 1.2924 -3.2391 2.3552
Kurtosis 0.3077 2.5054 19690 10.5545 7.8050
Table 17.
ANOVA Summary of 16 mm Diameter in Lot 1
Source DOF SS Variance F Pure SS P
Yield strength
Mean 1 664129.0 664129.0 175.7 660349.1 0.849
Errors 30 113397.3 3779.9 1.0 117177.2 0.151
Total 31 777526.3 25081.5
Tensile strength
Mean 1 119655.546 119655.546 36.0 116333.8 0.530
Errors 30 99651.3853 3321.71284 1 102973.1 0.470
Total 31 219306.9312 7074.41714
Elongation
Mean 1 1646.15516 1646.15516 146.2 1634.899 0.824
Errors 30 337.688239 11.2562746 1 348.9445 0.176
Total 31 1983.8434 63.9949484
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Mass-per-length

Mean 1 0.0937541 0.0937541 83.5 0.092632 0.727
Errors 30 0.03366979 0.00112233 1 0.034792 0.273
Total 31 0.1274 0.00411045

Table (Continued)

TS/IYS
Mean 1 0.0497297  0.0497297 7.97 0.043493 0.184
Errors 30 0.18710912 0.00623697 1 0.193346 0.816
Total 31 0.2368 0.00763996

Table 18.

ANOVA Summary of 16 mm Diameter in Lot 2

Source  DOF SS Variance F Pure SS P
Yield strength

Mean 1 631482.8 631482.8 111.1 625800.1  0.683

Errors 50 284138.2 5682.8 1 2898209 0.317

Total 51 915621.0 17953.4

Tensile strength

Mean 1 63317.82353 63317.824 24.4 60726.92  0.315
Errors 50 129545.1765 2590.9035 1 132136.1 0.685
Total 51 192863.000 3781.6275

Elongation
Mean 1 3839.338235 3839.3382 3955 3829.63 0.886
Errors 50  485.4117647 9.7082353 1 495.12 0.114
Total 51 4324.750  84.79902

Mass-per-length
Mean 1 0.032523263 0.0325233 3.9 0.024282  0.055
Errors 50 0.412039647 0.0082408 1 042028 0.945
Total 51 0.445 0.0087169

TSIYS

Mean 1 6.97838E-07 6.978E-07 <1 -0.02063 -0.020
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Errors 50  1.031440224 0.0206288 1 1.052069  1.020
Total 51  1.031440922 0.0202243

Distribution for the Lot Aggregate Data

As aggregate data, the total bars investigated in Lots 1 and 2 were 152 and
177, respectively. Mechanical strength properties were studied for the aggregate data.
As the values of M/L for different nominal diameters were varying, the M/L analysis
is skipped from the aggregate data evaluation.

Yield Strength. It is found that 4 bars out of 152 (i.e. 2.63%) in Lot 1 failed
to fulfill the requirement. In lot 2, 6 bars out of 177 (i.e. 3.39%) failed to fulfill the
minimum vyield strength value. The distribution for yield strength of both Lot 1 and 2
are presented in Figure 31.

Tensile Strength. According to the ASTM A615 standard, it is found that 10
bars (i.e. 6.58%) failed to fulfill the requirement. In lot 2, 20 bars (i.e. 11.30%) failed
to fulfill the minimum tensile strength value set by ASTM. The distribution for the
aggregate tensile strength in both lots is presented in Figure 32.

Figure 31.

Distribution of YS for the Aggregate Data in Lot 1 and Lot 2

Histogram of the aggregate datainLots 1 & 2
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Elongation Percentage. It is noted that the EL exhibited significant statistical
variability for the aggregate data in both lots. According to the ASTM A615
standard, it is found that 9 bars i.e. 5.62% in Lot 1 and 5 bars i.e. 2.82% failed to
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fulfill the minimum requirement. The average EL in Lot 1 was found to be 14.77
while in Lot 2 it was 15.47. The aggregate data analysis for elongation percentage
didn’t look into 8 mm diameter bars as ASTM standard doesn’t set a minimum
requirement for elongation percentage. The distribution of EL for the aggregate is
presented in Figure 33.

Figure 32.

Distribution of TS for the Aggregate Data in Lot 1 and Lot 2

Histogram of the aggregate datainLots 1 & 2
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TS/YS. The TS/YS values showed a descending trend with the increase in the
YS values for the aggregate data. The mean characteristics ratio of TS to YS were
1.1822 and 1.1771, respectively. 78% of the test results in Lot 1 and 85 % in Lot 2
failed to surpass the set value required by ACI. The histogram and normal
distribution graphical representation of the characteristic ratio for the aggregate data
is presented in Figure 34. The trend of TS/YS versus respective YS values of both
lots is plotted in Figure 35.

Statistical Analysis. The analysis which included statistical parameters such
as minimum, maximum, range, mean, variance, SD, CoV, kurtosis, and skewness is
done for all variables. The analysis of the aggregate data is summarized in Tables 19

and 20. Moreover, one way ANOVA table is summarized as in Tables 21 and 22.



Figure 33.

Distribution of Elongation for the Aggregate Data in Lot 1 and Lot 2

Histogram of the aggregate datainLots 1 & 2
Normal

60 - Variable

=
= =qlot2

50
Mean SD N

14.78 3.971 152
15.47 3.660 177

>
(6}
g N
g )
- \
N
Q.
8 12 16 20 24 28
Elongation

Figure 34.

Distribution of TS/YS for the Aggregate Data in Lot 1 and Lot 2
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Figure 35.

Scatterplot of TS/YS vs YS of Respective Lots for the Aggregate Data
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Statistical Summary of the Aggregate Data in Lot 1
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Parameters YS TS EL TS/YS

Min 354.00 478.67 6.00 1.03
Max 857.30 990.00 28.20 1.96
Range 503.30 51133 2220 0.94
Mean 593.06 701.14 1478 1.8

Variance  7427.64 4641.75 1577 0.01
Std. Dev.  86.18 68.13 3.97 0.12
CoV 14.53% 9.72%  26.87% 10.28%
Skewness 0.0164 0.6446 0.8608 2.5333
Kurtosis 0.8105 25876 1.5969 10.5721

Table 20.

Statistical Summary of the Aggregate Data in Lot 2

Parameters YS TS EL TSIYS
Min 332.00 483.00 5.00 1.02
Max 766.00 828.00 27.00 191
Range 434,00 345.00 22.00 0.89
Mean 572.46 673.85 15.47 1.18

Variance  6591.53 4159.22 1340 0.01
Std. Dev.  81.19 64.49 3.66 0.11
CoV 14.18% 9.57%  23.66% 9.48%
Skewness  -0.3090 -0.3457 0.3678 2.3835
Kurtosis 0.1415 1.1506 1.0520 9.8319

Table 21.

Statistical Summary of the Aggregate Data in Lot 1

Source DOF SS Variance F Pure SS
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Yield strength

Mean 1 4552240.5 4552240.5 612.9 4544812.9 0.801
Errors 151 1121574.0 7427.6 1 1129001.6 0.199
Total 152  5673814.5 37327.7
Tensile strength
Mean 1 1000721 1000721 215.6 996079  0.585
Errors 151 700904.5 4641.752 1 705546.3 0.415
Total 152 1701625 11194.9
Elongation
Mean 1 5069.4  5069.364 3215 5053.597 0.678
Errors 151 2380.8  15.76686 1 2396.563 0.322
Total 152 7450.2 49.01421
TSIYS
Mean 1 0.5 0.458003 30.9 0.44322 0.165
Errors 151 2.2 0.014782 1 2246914  0.835
Total 152 2.7 0.017698
Table 22.
ANOVA Summary of the Aggregate Data in Lot 2
Source DOF SS Variance F Pure SS P
Yield strength
Mean 1 4114069.1 4114069.1 624.1 4107477.5 0.779
Errors 176  1160109.9 6591.5 1.0 11667015 0.221
Total 177  5274179.0 29797.6
Tensile strength
Mean 1 513220.1 513220.1 123.3933 509060.9  0.409
Errors 176 732022.9 4159.2 1 736182.1 0.591
Total 177 1245243 7035.3
Elongation
Mean 1 7413.391 7413.4 553.3651  7399.994 0.757
Errors 176 2357.859 13.4 1 2371.256 0.243
Total 177 9771.25 55.2
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TS/IYS
Mean 1 0.66467 0.665 53.36986  0.652216  0.228
Errors 176 2.191909 0.012 1 2.204363  0.772

Total 177 2.856579 0.016

Summary for the Total Aggregate Data

Distribution of Mechanical Strengths

Similar to the lot aggregates, the variability of mechanical and linear density

behaviors of the total tests in this study is summarized. The total bars investigated

were 329 samples. The distribution along with the normality test result of yield

strength, tensile strength, elongation percentage, and tensile-to-yield strength ratio

are presented in Figures 36, 37, 38, and 39. Similarly, the trend of TS/YS versus

respective Y'S values of both lots is plotted in Figure 40.

Figure 36.

Distribution and Normality Test of Yield Strength for the Total Aggregate
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Figure 37.

Distribution and Normality Test of Tensile Strength for the Total Aggregate
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Figure 38.

Distribution and Normality of Elongation Percentage for the Total Aggregate
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Figure 39.

Distribution and Normality TS/YS for the Total Aggregate

AD Normality Test
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Figure 40.

Scatterplot of TS/YS vs YS of the Total Aggregate Data
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Statistical Summary
Table 23 summarizes the statistical parameters used in this study for the
mechanical strength properties.
Table 23.

Statistical Summary of the Total Aggregate Data

Parameters YS TS EL TS/YS
Min 332.00 478.67 5.00 1.019

Max 857.30 990.00 28.20 1.962
Range 525.30 511.33 23.20 0.94
Mean 581.97 686.46 15.15 1.192
Variance 7062.15 4554.39 14.57 0.01
Std. Dev. 84.04 67.49 3.82 0.12
Ccov 14.44% 9.83% 25.19%  9.75%
Skewness -0.1188 0.1751 0.5940 2.4616
Kurtosis 0.5346 2.0980 1.1974 10.1802

One-way one-level ANOVA table is summarized for the total aggregate data
as presented in Table 24.
Table 24.

ANOVA Summary of the Total Aggregate Data

Source DOF SS Variance F Pure SS P
Yield Strength

Mean 1 8631607.4 8631607.4 1222.2 8624545.3 0.788

Errors 328 2316386.0 7062.2 1.0 2323448.2 0.212

Total 329 10947993.5 33276.6

Tensile Strength
Mean 1 1453028.3 1453028.3 319.0 14484739 0.492
Errors 328 1493840.0 4554 .4 1.0 14983944 0.508
Total 329 2946868.2 8957.0

Elongation Percentage
Mean 1 12443.1 12443.1  854.1 124285 0.722
Errors 328 4778.3 14.6 1.0 47929 0.278
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Total 329 172214 52.3

TSIYS
Mean 1 11 11 82.9 1.1 0.199
Errors 328 4.4 0.0 1.0 44 0.801
Total 329 55 0.0

Goodness-of-fit Test

As it is indicated in Figures 36 - 39, the normality of the total data was

evaluated using the Anderson-Darling normality test method (Anderson & Darling,

1952) as it produces a normal probability plot and makes a hypothesis test to check

whether or not the observations follow a normal distribution. When the p-value is

more than 0.05, the assumption to reject the null hypothesis at the alpha = 0.05

significance level fails and the conclusion is the data follow a normal distribution.

When the p-value is less than 0.05 the null hypothesis will be rejected that the data

follow the non-normal distribution. In that case, testing of goodness-of-test will be

conducted to establish a useful model that fits the data.

Goodness-of-fit of the parameters is evaluated for various distributions. The

summary of this result is presented in Table 25.

Table 25.

Summary of Goodness-of-fit Test

p-values

Distribution YS TS EL TS/IYS
N <0.005 <0.005 <0.005 <0.005
BCT <0.005 <0.005 <0.005 <0.005
LN <0.005 <0.005 <0.005 <0.005
3PLN * * * *
E <0.003 <0.003 <0.003 <0.003
2PE  <0.010 <0.010 <0.010 <0.010
W <0.010 <0.010 <0.010 <0.010
3PW <0.005 <0.005 <0.005 <0.005
SEV <0.010 <0.010 <0.010 <0.010
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LEV <0.010
G <0.005
3PG *
L 0.047

LL <0.005
3PLL *
JT 0.301

<0.010
<0.005
*
<0.005
0.017

*

0.502

<0.010
<0.005
*
<0.005
0.017

*

0.128

<0.010
<0.005

*
<0.005
<0.005

*

0.345

where, N = Normal; BCT = Box-Cox Transformation; LN = Lognormal; 3PLN = 3-

Parameter Lognormal;

E = Exponential; 2PE = 2-Parameter Exponential; W = Weibull;

3PW = 3-Parameter Weibull; SEV = Smallest Extreme Value; G = Gamma; 3PG = 3-
Parameter Gamma; LEV = Largest Extreme Value; L = Logistic; LL = Loglogistic; 3PLL =

3-Parameter Loglogistic; JT = Johnson Transformation

When the data fail to fit all the possible distribution types, a remedial

transformation action to make the data fit normal transformed data should be taken.

Box-Cox transformation is one of these remedial actions used to make data normal.

The transformed data and respective process capability indices are presented in
Figures 41, 42, 43, and 44 for YS, TS, EL, and TS/YS, respectively.

Figure 41
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Figure 42

Process Capability of Tensile Strength
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Process Capability of Elongation Percentage
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Process Capability Sixpack of EL
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Process Capability of Tensile-to-Yield Strength Ratio
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Error Analysis

Uncertainty of the performed measurements was calculated using equations
11 — 15 discussed in Chapter 3. The basic equation for stress and elongation analysis
discussed as equations 3 — 5 were also used for the error estimation. For calculations,
the following measurement accuracies were adopted: Ad = 0.01mm, Al = 0.5mm,
Am = 0.5g,and AF = 0.00062N.

For both yield and tensile stresses, the absolute error analysis will take the

form,

ro = 1% amy2 + P2 apy2
o= |GEAN +GpAD)

where,

_4F do 4 do  4F
7T aDTF  p? e oD~ 37D3

The absolute error estimation of elongation percentage involves the combined

consideration of equations 12 and 14. Hence,

2

AEL = \/ (AD? + ( J(LfAl)Z + (LOAI)Z)
The absolute error of mass-per-length is estimated using equation 14.

A(F) = @Em? + @D?

The absolute and relative errors of the measured results are presented in Table
26. In spite of the poor accuracy of the measuring tools used in this study, the
calculated errors are found to be acceptable. Environmental effects such as
temperature, pressure, humidity, etc. can affect the experimental result and can be
reflected in cumulative errors in the reading scale. It is explained in the methods and
materials section that the experimental runs were conducted at room temperature,
with no effect from humidity and pressure. Hence, it’s assumed the reading was not

affected by environmental effects in general.



Table 26.

Summary of Absolute and Relative Error Values

Bar sizes (mm)

Mean Measured Value 8 10 12 16

a, (MPa) 62559 61052 559.25  544.54
Ac,, (MPa) 0.00026  0.00020 0.00016 0.00011
day, (%) 0.000042 0.00003 0.00003 0.00002

o, (MPa) 728.91 696.25 664.49 665.40
Aa,, (MPa) 0.00030 0.00023 0.00018 0.00014
da, (%) 0.000042 0.00003 0.00003 0.00002

EL (%) 13.246 13.93 15.82 17.15
AEL (%) 2020 01516  0.153  0.154

SEL (%) 1.14 1.088 0.967 0.898
M/L (kg/m) 0.3856 0.6073  0.8656  0.6142
A(M/L) (kg/m) 0.0005 0.0005  0.0005  0.0005
§ (M/L) (%) 0.130 0.0827 0.058 0.0327
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CHAPTER V

Discussion

In this study, the experimental work included tensile tests in a way
mechanical strength characteristic values are recorded for further variability analysis.
Thus, the discussion here is grouped under two main subsections; namely mechanical
strength values and variability results. This section below mainly focused on
comparing the results of the aggregate data with similar works reported in the

literature.

Mechanical Strength Characteristics

The total experiments covered in this study were 329 of which 76, 71, 100,
and 82 tests were analyzed for 8, 10, 12, and 16 mm diameter bars, respectively. The
mean and CoV values of the tested parameters for all four bar sizes are discussed in
detail in comparison to other similar studies.

10 bars out of 329 samples failed to meet the minimum requirement for yield
strength by ASTM i.e. 420 MPa. 30 bars i.e. 9.12% of the total samples exhibited a
tensile strength value which is below ASTM A615 requirement for tensile strength
i.e. 620 MPa. 14 bars (i.e. 4.26% of the total samples) exhibited elongation
percentage less than 9%. 268 bars (i.e. 81.46% of the total samples) failed to meet
the tensile to yield strength ratio requirement by the ACI (ACI, 2011) standard i.e.
1.25.

The mean yield strength, tensile strength, elongation percentage, and tensile-
to-yield strength ratio values for the total tests were 581.97 MPa, 686.5 MPa,
15.15%, and 1.192, respectively. The minimum YS, TS, EL, and TS/YS in the total
tests conducted were 332 MPa, 478.8 MPa, 5%, and 1.019 while the maximum
values were 857.3 MPa, 990 MPa, 28.2%, and 1.962, respectively, as it is presented
in Figures 36, 37, 38 and 39 in Chapter IV.

Variability Analysis

Mean, SD, variance, CoV, minimum, maximum, range, skewness, and
kurtosis were used for analyzing the variability of the data for different mechanical
strength properties. This paper considered CoV (%) values and comparisons of these

values of YS, TS, EL, and TS/YS were made with similar studies as presented in
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Table 26. The CoV found for YS, TS, EL, and TS/YS were 14.44, 9.83, 25.2, and
9.75%, respectively.

It can be noted that the mean yield and tensile strength values are higher than
the findings from similar studies (Ajagbe et al., 2019; Carrillo et al., 2021;
Djavanroodi & Salman, 2017; Ede et al., 2014; Firat, 2016; Kankam & Adom-
Asamoah, 2002; Odusote et al., 2019; Rafi et al.,, 2014). The mean elongation
percentage is close to the findings from a few studies (Carrillo et al., 2021; Djavanroodi &
Salman, 2017) but less than the findings from other studies (Firat, 2016; Odusote et al.,
2019; Taher et al., 2013). The summary of statics for mechanical properties of reinforcement
steel bars is presented in Table 27.

Table 27.

Results From Previous Studies in Ethiopia and Other Countries

Author/ ) Statistical YS TS EL M/L  TS/YS
Country Diameter Parameter (MPa) (MPa) (%)  (Kg/m) ()
(Carrillo etal., Mean 4430 6358 135 - 1.44
2021)/ N3 to N8
Colombia CoV (%) 5.2 4.9 - - 5.9
N3 Mean 5104  685.6 14.8 - -
CoV (%) 4.2 4.4 0.9 - -
Mean 471.9 648.2 154 - -
N4 CoV (%) 54 5.7 1.4 - -
Mean 472.9 647.9 15.5 - -
(Bournonville et NS CoV (%) 5.4 54 16 - -
al., 2004)/ US NG Mean 477.7 655.9 15.2 - -
CoV (%) 47 5.0 1.9 - -
N7 Mean 4800 664.1 15.2 - -
CoV (%) 48 4.6 2.3 - -
N8 Mean 475.0 659.6 15.6 - -
CoV (%) 438 4.6 2.0 -
(Djavanroodi & Mean 540.87 67599 14.67 - -
Salman, 2017)/  NA CoV (%) 96 3.2 14.4 - -
Saudi Arabia
(Aloetal., Mean 501.25 647.9 26.4 - -
16 mm

2017)/Nigeria CoV (%) - - - - -
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o Mean 496.7 6234 173 - -
(Munyazikwiye, 16 mm,
6.2- 7.7- 16.9-
2010)/Kenya &20mm  CoV (%) - -
16.7 9.9 18.8
(Adeleke et al., 10,12 & Mean 446.1  584.5 - - -
2018) 16 mm CoV (%) - - - - -
(Tavio et al.,
. NA Mean 4946  636.6 - - 1.29
2018)/India
(Ede et al., 12 mm Mean 457 - - - -
2014)/Nigeria 16 mm Mean 459 - - - -
(Firat, 8-32 Mean 488.78 610.82 22.97 - 1.25
2016)/Turkey mm CoV (%) 36 33 12.7 - 25
(Kankam &
Adom-Asamoah, NA Mean 400 536.67 10.67 - -
2002)/Ghana
12 mm NA 382.9- 520.2- 10.8- - 1.36-
(Awofadeju et 469.6 73846 222 1.68
al., 2014)/Nigeria 16 mm NA 400- 550.4- 8.3- - 1.17-
551.7 918.82 14.53 1.83
. 10 mm Mean 410.73 667.73 27.11 - -
(Alabi et al.,
o 12 mm Mean 404.64 5448 3154 - -
2016)/Nigeria
16 mm Mean 373.14 556.14 3042 - -
(Nkubana, 10 mm Mean 449.03 546.89 20.84 0.585 @ 1.229
2018)/Rwanda 12 mm Mean 507.91 628.87 20.38 0.823  1.257
( Mander & Mean 482.7  655.0 16.0 - 1.36
Matamoros, NA
CoV 5.0 5.0 13.8 - 4.0
2019)/US
(Dey et al., 8,12&
Mean 409 470 290 - 1.15
2021)/India 16 mm
10 mm Mean 347 460.75 1153 - 1.303
(Joseph, 12 mm Mean 3735 491 10.78 - 1.31
2013)/Nigeria 16 mm Mean 451.25 592 9.03 - 1.313
20 mm Mean 4525 6045  8.65 - 1.335
) 12 mm
(Nwakonobi & Mean 438.24 632.37 30.02 - -
(Local)
Umar,
o 12 mm
2015)/Nigeria Mean 656.62 766.29 20.81 - -
(Imported)
(Lourenco, 16 Mean 527.17 656.03 2552 - -
2012)/Portugal 20 Mean 530.60 652.93 2428 - -
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Goodness-of-fit and Process Capability Analysis

The normality test values showed that all the mechanical strength
characteristics were not fit for normal distribution as all the P-values were less than
0.05. Individual distribution identification was done using Minitab 16 capabilities
and the results suggested that there were no adequate distributions found that best
model the data thus the transformation of the data was applied using BCT. The
transformation resulted in Ppk, Cpk, and PPM values with various lambdas for YS, TS,
EL, and TS/YS. The Cy values for YS, TS, EL, and TS/YS were 0.99, 0.51, and
0.93, -0.42, respectively. All these values were less than the expected value for a
process that is capable i.e. Cpx = 1.33.



90

CHAPTER VI

Conclusion and Recommendations

Conclusion

The current work analyzed essentially the mechanical strength characteristics
and the variability of these characteristics of the reinforcement steel bars in the
Ethiopian construction market.

The survey comprised reinforcement bars with bar diameters ranging from 6
to 32 mm irrespective of the source of origin, chemical composition, and effect of
corrosion. The study covered more than 400 data from rebars used from the years
2015 to 2020. Rebars with nominal diameters of 6, 14, 20, 24, 300, and 32 mm were
not studied as they were least utilized by the Ethiopian construction market.

International standards including ASTM A 615 and ACI were followed to
compare tensile test results and the characteristic ratio of tensile-to-yield strength,
respectively.

The study revealed that the mean values of yield strength, tensile strength,
elongation, and mass-per-length values passed the minimum ASTM requirement.
However, the mean characteristic ratio of tensile-to-yield strength values for all bar
sizes and lots were below the ACI requirement. Additional categorization of the test
results was created based on the test period to show the trends in quality
characteristics of interest. According to the lot grouping, the mean YS value showed
a decrement from 593.1 MPa to 572.5 MPa. Similarly, mean TS showed a decrement
from 701.1 to 673.8 MPa. On the contrary, the elongation percentage showed an
increment from 14.77 to 15.47%. The mean characteristic ratio of tensile-to-yield
strength showed a slight decrement from 1.182 to 1.177.

One-way one-level ANOVA analysis exhibited that, with 95% CI, the data
for YS, TS, and EL were dissimilar with respective variability contributions in both
lots. For all YS, TS, and EL, the calculated fisher values, i.e. Fca, were higher than
F-tables. These demonstrated that the apparent data spread contribution percentages
were high enough to indicate dissimilarity. The data for TS/Y'S was found to be with
less Fcal values than F-table for the 95% CI.

The total aggregate data were further investigated for the normality test in

addition to all the statistical analyses conducted for each bar size and lot. All YS, TS,
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EL, and TS/YS failed the Anderson-Darling normality test with a Cl of 95%.
Moreover, goodness-of-fit tests were assessed to identify the right distribution which
adequately models for the data spread. All the data for YS, TS, EL, and TS/YS didn't
fit any of the distributions. As a result, the transformation of the data using the Box-
Cox transformation method was employed. The transformation resulted in process
capability index values that were found to be below the accepted sets of values.

Recommendation

In general, the current work revealed that the reinforcement steel bars used in
the Ethiopian market can be used for general structural applications but are not
recommended in regions where seismic effects are a common phenomenon. Since all
the rebars showed poor quality in the characteristic ratio of TS to YS, the rebars
exhibit poor post-elastic properties that would cause a collapse of structures in
seismic-prone areas.

Even though all the mechanical strength values seemed to be stable, the
normality test values and the process capability indices confirmed that the
reinforcement steel bars currently used in the Ethiopian market are collected from
sources that had incapable process lucking consistent distribution. In this regard, it’s
recommended to manufacturers that they should instate proper quality controlling
and monitoring procedures. Moreover, in the case where scrap metals are used for
reinforcement steel bar production, manufacturers should control and maintain the
right ranges of carbon content and alloying elements that yields higher mechanical
strength values. Furthermore, importers in the sector should have proper sampling
techniques in place to accept/reject the rebars before distributing the rebars to the
market. Contractors should follow ethical procedures in the designing and selection
of the right bar sizes and classes. End-users of the reinforcement bars should be
acquainted with the necessary knowledge of the quality parameters and give
sufficient care to the proper testing. Above all, government institutions in the
Ethiopian government such as the Ethiopian Standards Institute (ESI), and regional
design and supervision agencies should strengthen the controlling mechanisms in

checking for the conformance of the rebars.



92

Future Work

Many investigations that are not addressed in this research work can further

be examined in a future study. The following study areas could be of much interest in

addressing the quality issues related to reinforcement steel bars in a full-fledged

manner:

Investigation of mechanical characteristics considering data of the sources
of rebars.

Investigation of cyclic load and bending behaviors of rebars.

Investigation of effects of chemical composition and micro-alloying on
mechanical strength behavior improvement.

Investigation of the effect of corrosion on mechanical properties of rebars.
Identification and applications of artificial intelligence-based models for
mechanical strength prediction particularly, when actual testing is not

practical.
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f1 = Number of degrees of freedom of the numerator

f> = Number of degrees of freedom of the denominator
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ASTM A615/A615M -15a

Designation: A615/A615M - 15a°!

2,

INTERNATIONAL

Standard Specification for

American Association State Highway and
Transportation Officials Standard
AASHTO No.: M 31

Deformed and Plain Carbon-Steel Bars for Concrete

Reinforcement!’

This standard is issued under the fixed designation A615/A615M: the number immediately following the designation indicates the year
of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval.
A superscript epsilon (&) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the U.S. Department of Defense.

&' NOTE—Editorial corrections were made to Section 4 in August 2015.

1. Scope*

1.1 This specification covers deformed and plain carbon-
steel bars in cut lengths and coils for concrete reinforcement.
Steel bars containing alloy additions, such as with the Asso-
ciation for Iron and Steel Technology and the Society of
Automotive Engineers series of alloy steels, are permitted if
the resulting product meets all the other requirements of this
specification. The standard sizes and dimensions of deformed
bars and their number designations are given in Table 1.

1.2 Bars are of five minimum yield strength levels: namely,
40 000 psi [280 MPa], 60 000 psi [420 MPa], 75 000 psi [520
MPa], 80000 psi [550 MPa], and 100 000 psi [690 MPa],
designated as Grade 40 [280], Grade 60 [420], Grade 75 [520],
Grade 80 [550], and Grade 100 [690], respectively.

Note 1—Grade 100 [690] reinforcing bars were introduced in this
specification in 2015. In contrast to the lower grades, which have ratios of
specified tensile strength to specified yield strength that range from 1.31
to 1.5, Grade 100 [690] reinforcing bars have a ratio of specified tensile
strength to specified yield strength of 1.15. Designers should be aware that
there will, therefore, be a lower margin of safety and reduced warning of
failure following yielding when Grade 100 [690] bars are used in
structural members where strength is governed by the tensile strength of
the reinforcement, primarily in beams and slabs, If this is of concern, the
purchaser has the option of specifying a minimum ratio of tensile strength
to actual yield strength. Consensus design codes and specifications such as
“Building Code Requirements for Structural Concrete (ACI 318)” may not
recognize Grade 100 [690] reinforcing bars: therefore the 125 % of
specified yield strength requirements in tension and compression are not
applicable. Mechanical and welded splices should meet a minimum
specified tensile strength of 115 000 psi [790 MPa].

Note 2—Designers need to be aware that design standards do not
recognize the use of the No. 20 [64] bar, the largest bar included in this
specification. Structural members reinforced with No. 20 [64] bars may
require approval of the building official or other appropriate authority and

! This specification is under the jurisdiction of ASTM Committee AO1 on Steel,
Stainless Steel and Related Alloys and is the direct responsibility of Subcommittee
A01.05 on Steel Reinforcement.

Current edition approved July 1. 2015. Published July 2015. Originally approved
in 1968. Last previous edition approved in 2015 as A615/A615M —15. DOL
10.1520/A0615_A0615M-15AE01.

require special detailing to ensure adequate performance at service and
factored loads.

1.3 Plain bars, in sizes up to and including 2V% in. [63.5 mm]
in diameter in coils or cut lengths, when ordered shall be
furnished under this specification in Grade 40 [280]. Grade 60
[420]. Grade 75 [520], Grade 80 [550], and Grade 100 [690].
For ductility properties (elongation and bending), test provi-
sions of the nearest smaller nominal diameter deformed bar
size shall apply. Requirements providing for deformations and
marking shall not be applicable.

Note 3—Welding of the material in this specification should be
approached with caution since no specific provisions have been included
to enhance its weldability. When this steel is to be welded, a welding
procedure suitable for the chemical composition and intended use or
service should be used. The use of the latest edition of AWS D1.4/D1.4M
is recommended. The AWS D1.4/D1.4M Welding Code describes the
proper selection of the filler metals and preheat/interpass temperatures, as
well as performance and procedure qualification requirements.

1.4 Requirements for alternate bar sizes are presented in

Annex Al. The requirements in Annex Al only apply when
specified by the purchaser (see 4.2.4).

1.5 The text of this specification references notes and
footnotes which provide explanatory material. These notes and
footnotes (excluding those in tables) shall not be considered as
requirements of the specification.

1.6 This specification is applicable for orders in either
inch-pound units (as Specification A615) or in SI units (as
Specification A615M).

1.7 The values stated in either inch-pound units or SI units
are to be regarded separately as standard. Within the text, the
SI units are shown in brackets. The values stated in each
system may not be exact equivalents; therefore, each system
shall be used independently of the other. Combining values
from the two systems may result in non-conformance with the
specification.

1.8 This specification does not purport to address all of the
safety concerns, if any, associated with its use. It is the
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TABLE 1 Deformed Bar Deslgnation Numbers, Nomlnal Welghts [Masses], Nominal Dimenslons, and Deformatlon Requirements

Nominal Weight, Nominal Dimensions” Deformation Requirements, in. [mm)]
Bar Designation Ib/it Di Cross-Sectional Peri Maximum Minimum Maximum Gap
Mo. [Nominal Mass, Diameter, Area, rerimeter, Average Average (Chord of 12.5 % of
kg/m] in. [mm] in. ? [mm?] in. fmm] Spacing Height Nominal Perimeter)
3[10] 0.376 [0.560] 0.375 [9.5] 0.11 [71] 1.178 [29.9] 0.262 [6.7] 0.015 [0.38] 0.143[3.6]
413] 0.668 [0.094] 0.500 [12.7] 0.20 [129] 1.671[39.9] 0.350 [8.9] 0.020 [0.51] 0.191 [4.9]
5[1€] 1.043 [1.552] 0.625 [15.9] 0.31 [199] 1.963 [49.9] 0.437 [11.1] 0.028 [0.71] 0.230 [6.1]
6[19] 1.502 [2.235] 0.750 [19.1] 0.44 [284] 2.356 [59.8] 0.525 [13.3] 0.038 [0.97] 0.286 [7.3]
7[22] 2.044 [3.042] 0.875[22.2] 0.60 [387] 2.749 [69.8] 0.612 [15.5] 0.044 [1.12] 0.334 [8.5]
8 [25] 2.670 [3.973] 1.000 [25.4] 0.79 [510] 3.142 [79.8] 0.700 [17.8] 0.050 [1.27] 0.383[9.7]
9[29] 3.400 [5.060] 1128 [28.7] 1.00 [645] 3.544 [90.0] 0.790 [20.1] 0.056 [1.42] 0.431 [10.9]
10 [32] 4.303 [6.404] 1.270 [32.3] 1.27 [819] 3.990 [101.3] 0.880 [22.6] 0.064 [1.63] 0.487 [12.4]
11 [38] 5.313 [7.907] 1.410 [35.8] 1.56 [1006] 4.430 [112.5] 0.987 [25.1] 0.071 [1.80] 0.540 [13.7]
14 [43] 7.65 [11.39] 1.693 [43.0] 2.25 [1452] 5.32 [135.1] 1.185 [30.1] 0.085 [2.16] 0.648 [16.5]
18 [57] 13.60 [20.24] 2.257 [57.3] 4.00 [2581] 7.09[180.1] 1.58 [40.1] 0.102 [2.59] 0.864 [21.9]
20 [64]7 16.60 [24.84] 2.500 [63.5] 4.91 [3167] 7.85[100.5] 1.75 [44.5] 0.113 [2.88] 0.957 [24.3]

A The nominal dimensions of a deformed bar are equivalent to those of a plain round bar having the same weight [mass] per foot [metre] as the deformed bar.

8 Refer to Nate 2.

responsibility of the user of this specification to establish
appropriate safety and health practices and determine the
applicability of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:*
A6/A6M Specification for General Requirements for Rolled
Structural Steel Bars, Plates, Shapes, and Sheet Piling
A370 Test Methods and Definitions for Mechanical Testing
of Steel Products

AS510/A510M Specification for General Requirements for
Wire Rods and Coarse Round Wire, Carbon Steel, and
Alloy Steel

AT00 Guide for Packaging. Marking, and Loading Methods
for Steel Products for Shipment

ATO6/ATO6M Specification for Deformed and Plain Low-
Alloy Steel Bars for Concrete Reinforcement

AT51 Test Methods, Practices, and Terminology for Chemi-
cal Analysis of Steel Products

E20 Practice for Using Significant Digits in Test Data to
Determine Conformance with Specifications

E290 Test Methods for Bend Testing of Material for Ductil-
ity

2.2 ACI Standard:’

ACI 318 Building Code Requirements for Structural Con-
crete

2.3 AWS Standard:*

AWS D1.4/D1.4M Structural Welding Code—Reinforcing
Steel

2.4 U.S. Military Standard:*

MIL-STD-129 Marking for Shipment and Storage

* For referenced ASTM standards. visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service @astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

* Available from American Concrete Institute (ACI), P.O. Box 9094, Farmington
Hills, MI 48333-9094, http:/fwww.concrete.org.

+ Available from American Welding Society (AWS), 8669 NW 36 Street, #130,
Miami. FL 33166-6672, http://www.aws.org.

* Available from Standardization Documents Order Desk, DODSSP, Bldg. 4.
Section D, 700 Robbins Ave., Philadelphia, PA 19111-5098, htp://
www.dodssp.daps.mil.

Copyright by ASTM Int'l (all rights reserved); Tue Jan 12 03:51:00 EST 2016

Downloaded/printed by

2.5 U.S. Federal Standard:’
Fed. Std. No. 123 Marking for Shipment (Civil Agencies)

3. Terminology

3.1 Definitions of Terms Specific to This Specification:

3.1.1 deformations, n—transverse protrusions on a de-
formed bar.

3.1.2 deformed bar, n—steel bar with protrusions; a bar that
is intended for use as reinforcement in reinforced concrete
construction.

3.1.2.1 Discussion—The surface of the bar is provided with
protrusions that inhibit longitudinal movement of the bar
relative to the concrete surrounding the bar in such construc-
tion. The protrusions conform to the provisions of this speci-
fication.

3.1.3 plain bar, n—steel bar without protrusions.

3.1.4 rib, n—longitudinal protrusion on a deformed bar.

4. Ordering Information

4.1 Orders for carbon-steel bars for concrete reinforcement
under this specification shall contain the following informa-
tion:

4.1.1 Quantity (weight) [mass],

4.1.2 Deformed or plain,

4.1.3 Bar designation number (size) of deformed bars, or
nominal diameter (size) of plain bars

4.1.4 Cut lengths or coils,

4.1.5 Grade, and

4.1.6 ASTM designation and year of issue.

4.2 The purchaser shall have the option to specify additional
requirements, including but not limited to, the following:

4.2.1 Require bars in each bundle to be supplied from a
single heat (19.1),

4.2.2 Special package marking requirements (20.2),

4.2.3 Other special requirements, if any, and

4.2.4 Optional requirements of Annex Al.

5. Material and Manufacture

5.1 The bars shall be rolled from properly identified heats of
mold-cast or strand-cast steel. The steel shall be made by any
tornimerdially accepted process.

Mongolia MOU- Online Access (Mongolia MOU- Online Access) pursuant to License Agreement No further reproductions authorized.
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6. Chemical Composition

6.1 The chemical analysis of each heat of steel shall be
determined in accordance with Test Methods, Practices, and
Terminology A751. The manufacturer shall make the analysis
on test samples taken preferably during the pouring of the heat.
The percentages of carbon, manganese, phosphorus, and sulfur
shall be determined. The phosphorus content thus determined
shall not exceed 0.06 %.

6.2 A product check, for phosphorus, made by the purchaser
shall not exceed that specified in 6.1 by more than 25 %.

7. Requirements for Deformations

7.1 Deformations shall be spaced along the bar at substan-
tially uniform distances. The deformations on opposite sides of
the bar shall be similar in size, shape, and pattern.

7.2 The deformations shall be placed with respect to the axis
of the bar so that the included angle is not less than 45°. Where
the line of deformations forms an included angle with the axis
of the bar from 45 to 70° inclusive, the deformations shall
alternately reverse in direction on each side, or those on one
side shall be reversed in direction from those on the opposite
side. Where the line of deformations is over 70°, a reversal in
direction shall not be required.

7.3 The average spacing or distance between deformations
on each side of the bar shall not exceed seven tenths of the
nominal diameter of the bar.

7.4 The overall length of deformations shall be such that the
gap (measured as a chord) between the ends of the deforma-
tions shall not exceed 12.5 % of the nominal perimeter of the
bar. Where the ends terminate in a rib, the width of the rib shall
be considered as the gap between these ends. The summation
of the gaps shall not exceed 25 % of the nominal perimeter of
the bar. The nominal perimeter of the bar shall be 3.1416 times
the nominal diameter.

7.5 The spacing, height, and gap of deformations shall
conform to the requirements prescribed in Table 1.

8. Measurements of Deformations

8.1 The average spacing of deformations shall be deter-
mined by measuring the length of a minimum of ten spaces and
dividing that length by the number of spaces included in the
measurement. The measurement shall begin from a point on a
deformation at the beginning of the first space to a correspond-

ing point on a deformation after the last included space.
Spacing measurements shall not be made over a bar area
containing bar marking symbols involving letters or numbers.

8.2 The average height of deformations shall be determined
from measurements made on not less than two typical defor-
mations. Determinations shall be based on three measurements
per deformation, one at the center of the overall length and the
other two at the quarter points of the overall length.

8.3 Insufficient height. insufficient circumferential
coverage, or excessive spacing of deformations shall not
constitute cause for rejection unless it has been clearly estab-
lished by determinations on each lot (Note 4) tested that typical
deformation height, gap. or spacing do not conform to the
minimum requirements prescribed in Section 7. No rejection
shall be made on the basis of measurements if fewer than ten
adjacent deformations on each side of the bar are measured.

Note 4—As used within the intent of 8.3, the term “lot” shall mean all
the bars of one bar size and pattern of deformations contained in an
individual shipping release or shipping order.

9. Tensile Requirements

9.1 The material, as represented by the test specimens, shall
conform to the requirements for tensile properties prescribed in
Table 2.

9.2 The yield point or yield strength shall be determined by
one of the following methods:

9.2.1 The yield point shall be determined by the drop or halt
of the gauge of the tensile testing machine, where the steel
tested has a sharp-kneed or well-defined yield point.

9.2.2 Where the steel tested does not have a well-defined
yield point, the yield strength shall be determined by the offset
method (0.2 % offset), as described in Test Methods and
Definitions A370.

9.3 When material is furnished in coils, the test specimen
shall be taken from the coil and straightened prior to placing it
in the jaws of the tensile testing machine. (See Note 5.)

Note 5—Straighten the test specimen to avoid formation of local sharp
bends and to minimize cold work. Insufficient straightening prior to
attaching the extensometer can result in lower-than-actual yield strength
readings.

9.3.1 Test specimens taken from post-fabricated material
shall not be used to determine conformance to this specifica-
tion. (See Note 6.)

TABLE 2 Tenslle Requirements

Grade 40 Grade 60 Grade 75 Grade 80 Grade 100
[280p* [420] [520] [550] [690]
Tensile strength, min, psi [MPa] 60 000 [420] 90 000 [620] 100 000 [690] 105 000 [725] 115 000 [790]
Yield strength, min, psi [MPa] 40 000 [280] 60 000 [420] 75000 [520] 80 000 [550] 100 000 [690]
Elongation in 8 in. [200 mm)], min, %
Bar Designation No.

3[10] 1" 9 7 7 7

4, 5[13, 16] 12 9 7 7 7

6[19] 12 9 7 7 7

7.8[22, 25] . 8 7 7 7

9,10, 11 [29, 32, 36] 7 6 & 6

14, 18, 20 [43, 57, 64] 7 6 & 6

4 Grade 40 [280] bars are furnished only in sizes 3 through 6 [10 through 19].

Copyright by ASTM Int1 (all rights reserved); Tue Jan 12 03:51:00 EST 2016
Downloaded/printed by

Meongolia MOU- Online Access (Mongolia MOU- Online Access) pursuant to License Agreement. No further reproductions authorized.
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AND COMMENTARY

REPORTED BY ACI COMMITTEE 318

PREFACE

The “Building Code Requirements for Structural Concrete™ (“Code™) covers the materials, design, and construction
of structural concrete used in buildings and where applicable in nonbuilding structures. The Code also covers the
strength evaluation of existing concrete strucrres.

Among the subjects covered are: contract documents: inspection: materials: durability reguirements; concrete
guality, mixing, and placing: formwork: embedded pipes: construction jeints; reinforcement details: analysis and
design; strength and serviceability: flexural and axial loads; shear and torsion; development and splices of reinforcement:
slab systems: walls: footings: precast concrete; composite flexural members: prestressed concrete; shells and folded
plate members: strength evaluation of existing structures: provisions for seismic design: structural plain conecrete; strut-
and-tie modeling in Appendix A; alternative design provisions in Appendix E; alternative load and strength reduction
factors in Appendix C; and anchoring to concrete in Appendix D.

The guality and testing of materials used in construction are covered by reference to the appropriate ASTM standard
specifications. Welding of reinforcement is covered by reference to the appropriate American Welding Society (ATWS)
standard.

Uses of the Code include adoption by reference in general building codes, and earlier editions have been widely nsed
in this manner. The Code is written in a format that allows such reference without change to its language. Therefore,
background details or suggestions for carrving out the requirements or intent of the Code portion cannot be included.
The Commentary is provided for this purpose. Some of the considerations of the committee in developing the Code
porton are discussed within the Commentary, with emphasis given to the explanation of new or revised provisions.
Much of the research data referenced in preparing the Code is cited for the user desiring to smdy individual questions
in greater detail. Other documents that provide suggestions for carryving out the requirements of the Code are also cited.

Keyword:: admixmres; ageregates; anchorage (stmcmral); beam-colunn frame; beams (suppors); building codes; cements; cold weather consmuction;
columns (supports); combined soess; composite consmuction (concrete and steel); composite construction (concrete fo concrefe); compressive sirenzth;
concrete comstruction; concrete slabs; comcretes; constmction joints; continuity (stacmral); conmact docnments; conraction joints; cover; curng; desp
beams; deflections; earthquake-Tesistant stucmres; embedded service ducts; flexural swength; floors; foldad plares: footings; formwork (construction)); frames;
hot weather consmuctien; inspection; isolation joints; joints (junctions); jeists; lightweight concretes; lead tests (smocmral); loads (forces); materials; miving: mixmre
proportioning; modulus of elastcity; moments; pipe columns; pipes (ubing); placing; plain concrete; precast concrets; prestressed concrete; presTessing steels;
quality conmol; reinforced concrete; reinforcing steals; roofs; servicesbiliny; shear strength; shearwalls; shells (stucmiral forms); spans; splicing; smenzth; soength
analysis; sresses; structural anakysis; stroctaral concrete; stroctural design; sucmiral ineegrity; T-beams; torsion; walls; water; welded wire reinforcament

ACT318-11 was adopted as a smndard of the American Concrete Instinnts
May 24, 2011, to supersede ACT 318-08 in accordance with the Instimie’s
standardization procedurs and was published Aungmst 2011.

A complets memic companion 1o ACT 318 has been developed, 318M;
metric equivalents are provided only in Appendix F of this document.

ACT Committee Feports, Mannals, Guides, Standard Practices, and
Commentaries are intended for guidance in planning, designing, executing,
and inspecting constmiction. This Commentary is intended for the use of
individuzls who are competent to evalnate the significance and limitations
of its content and recommendations, and who will accept responsibility for
the applicaton of the material it contains. The American Concrete Instimta
disclaims any and all responsibility for the stated principles. The Instifute

shall mot be lizble for amy loss or damage arising therefrom Reference to
this Commentary shall not be made in conmact documents. If items found
in this Commentary are desired by the licensed design professional to be
a part of the contract documents, they shall be restated and incorporated
in mandatory language.

Copyright & 2011, American Concrete Instimre.

All mights reserved including rights of reproduction and use in any form
or by any means, inclnding the making of copies by any photo process, or
by any elecmomic or mechanical device, printed or written or oral, or
recording for sound or visnal reproduction or for use in any knowledze or
remieval system or device, unless permission in writdng is obtained from the
copyright propristors.
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CODE

members made with that lightweight concrete provide
strength and toughness equal to or exceeding those of
comparable members made with normalweight
concrete of the same strength. Modification factor A for
lightweight concrete in this Chapter shall be in accor-
dance with 8.6.1 unless specifically noted otherwise.

21.1.5 — Reinforcement in special moment frames
and special structural walls

21.1.5.1 — Requirements of 21.1.5 apply to special
moment frames, special structural walls, and all
components of special structural walls  including
coupling beams and wall piers.

21.1.5.2 — Deformed reinforcement resisting earth-
quake-induced flexure, axial force, or both, shall
comply with ASTM A706, Grade 60. ASTM A615
Grades 40 and 60 reinforcement shall be permitted if:

(a) The actual yield strength based on mill tests
does not exceed fy by more than 18,000 psi; and

(b) The ratio of the actual tensile strength to the
actual yield strength is not less than 1.25.

21.1.5.3 — Prestressing steel resisting earthquake-
induced flexural and axial leads in frame members and
in precast structural walls shall comply with ASTM
A416 or AT22.

21.1.5.4 — The value of fi; used to compute the
amount of confinement reinforcement in 21.6.4.4 shall
not exceed 100,000 psi.

21.1.5.5 — The values of fy and fy; used in design of
shear reinforcement shall conform fo 11.4.2.

COMMENTARY

R21.1.5 — Reinforcement in special moment frames
and special structural walls

Use of longitudinal reinforcement with strength substan-
tially higher than that assumed in design will lead to higher
shear and bond stresses at the time of development of yield
moments. These conditions may lead to brittle failures in
shear or bond and should be avoided even if such failures
may occur at higher loads than those anticipated in design.
Therefore, a ceiling is placed on the actual yield strength of
the steel [see 21.1.5.2(a}]. ASTM ATO06 for low-alloy steel
reinforcing bars now includes both Grade 60 (442) and
Grade 80 (550); however, only Grade 60 is generally
permitted because of insufficient data to confirm applicability
of existing code provisions for structures using the higher
grade. Section 21.1.1.8 permits alternative material such as
ASTM AT06 Grade 80 if results of tests and analytical studies
are presented in support of its use.

The requirement for a tensile strength larger than the yield
strength of the reinforcement [21.1.5.2(b)] is based on the
assumption that the capability of a structural member to
develop inelastic rotation capacity is a function of the length
of the yield region along the axis of the member. In interpreting
experimental results, the length of the yield region has been
related to the relative magnitudes of nominal and yield
moments. 28 According to this interpretation, the larger the
ratic of nominal to yield moment, the longer the yield
region. Chapter 21 requires that the ratio of actual tensile
strength to actual yield strength is not less than 1.25.
Members with reinforcement not satisfying this condition
can also develop inelastic rotation, but their behavior is
sufficiently different to exclude them from direct consideration
on the basis of rules derived from experience with members
reinforced with strain-hardening steel.

The restrictions on the values Df.!;,:and .!'_;,'apply to all types
of transverse reinforcement, including spirals, circular
hoops, rectilinear hoops, and crossties. The restrictions on
the values of fy and fiy in 11.4.2 for computing nominal
shear strength are intended to limit the width of shear
cracks. Research results? #2111 indicate that higher yield
strengths can be used effectively as confinement reinforce-
ment as specified in 21.6.4.4.
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