.) CHALMERS

UNIVERSITY OF TECHNOLOGY

Extensometer 2

Extensometor |

Mechanical properties of naturally
corroded steel bars:
Experimental study

Master of Science Thesis in the Masterds Prog

AMEL CATO
MATIUR RAHMAN RAJU

Department of Architecture and Civil Engineering
Division of Structural Engineering

Concrete Structures

CHALMERS UNIVERSITY OF TECHNOLOGY
Masterds Thel8b3s ACEX30
Gothenburg, Sweden 2018






MASTEROS AGEK351853

Mechanical properties ofaturallycorroded steel bars
Experimental study

Master of Science Thesi s i n t he Master 6s
Technology

AMEL CATO
MATIUR RAHMAN RAJU

UNIVERSITY OF TECHNOLOGY

Department ofrchitecture ancCivil Engineering
Division of Structural Engineering
Concrete Structures
CHALMERS UNIVERSITY OF TECHNOLOGY

Goteborg, Swedep018






Mechanical properties afaturallycorrodedsteel bars
Experimental study

Master of Science Thesi s
Building Technology

AMEL CATO
MATIUR RAHMAN RAJU

© AMEL CATO & MATIUR RAHMAN RAJU, 2018

ExamensarbetdCEX30-18-53
Institutionen forarkitektur och samhallsbyggnadsteknik
Chalmers tekniska hdgskola, 1

Department ofArchitecture andCivil Engineering
Division of Structural Engineering

Concrete Structures

Chalmers University of Technology

SE-412 96 Goéteborg

Sweden

Telephone: + 460)31-772 1000

Cover:

n

t

he

Master 6s

Digital Image CorrelatioiDIC) results for one of the tested reinforcing steel bars with

digital extensometers

Department of Architecture and Civil Engineering
Gotebag, Sweden2018






Mechanical properties afaturallycorroded steel bars
Experimental study

Master of Science Thesi s i n t he Master 6s

Building Technology

AMEL CATO
MATIUR RAHMAN RAJU

Department of Architecture ar@ivil Engineering
Division of Structural Engineering

Concrete Structures

Chalmers University of Technology

ABSTRACT

In reinforced concrete structures, corrosion of steel reinforcement is still considered to
be one of the main reasons of deterioraticenising high costs for repairing and
replacing critical corroded elements in reinfelcconcrete structures. This hiaected

to a rising demand and need for a better understanding of the structural effects of
corrosion. Pitting and generalized corrosare the two main corrosiamechanisms

for reinforcing steel. Pittip corrosion is characterized Hgcal corrosion and
generalised corrosion can be seen as several locainpitsmly distributed along the

bar. Those cause effects on the apparent medciapioperties,consequentlythe
overall steel bar behavior is modified, causing a performance reduction.

The aim of this study is to obtain actual mechanical properties of uncorroded
reinforcing bars and to describe apparent mechanical properties afesbreanforcing

bars in different ways, hence to increase the level of knowledge about the local effects
produced by corrosion on the steel .bdiis knowledge will lead to better
understanding of structural behavior for corroded steel reinforced costmateures

in serviceability and ultimate limit stateghichwill provide a better understanding of

the degradation and evaluation of existing materials and structures where reinforcing
steel are used.

To investigate the mechanical behaviorcofroded ad uncorrodedeinforcing steel,

an experimental program wasarried out;monotonictensile tests on steel bars
measured byDigital Image CorrelationDIC) technique were conducted by using
different bar diameters and lengths for uncorroded and corrodeiingpes. The
corrosion levels were measured by using different methods such as gravwstyit
loss)and 3D scanning techniques. Further, postprocessing was performed by using the
software: GOM Correlate Professional 2017 in combination with MATLABN
Microsoft® Excel which enabled results such as force, displacements, enginearihg

true stressstrain.

The combined analyzed results from the performed tests indicgedralreduction

for all the evaluated parameters, i.e. elongation, yield load, ultimate load, fracture
strain, ultimate strain, yield strength, ultimate strength and modulus of elasticith
presented a significant dreyth the increase of corrosion levels.



Key words Steel reinforcement, Digital Image Correlation(DIC), tensile test,
engineering stresstrain, true stresstrain, mechanical properties of
reinforcementgeneralizeccorrosion,pitting corrosion, corroded rebars,
uncorroded rebars, average cresstion, crittal crosssection.
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Notations

Roman upper-case letters

stands forarea of the tested specimen

stands fothe original crossectional area of the specimen
stands fotheactual (uncorrodedjrea of the tested specimen.
standdor the average corroded area of the tested specimen
stands fothe critical crosssectionalarea of the tested specimen
standghe crosssectional areavithin the failure zonef the specimen
stands fotheactualcorroded specimen weight

stands fothe Digital Image Correlation

stands fothe modulus of elasticity

stands fothe initial length of the specimen

stands fothe force measured by the universal testing machine

Roman lower-case letters

"Q'Q stands for the fracture strength

£
fu
i
i

stands forthe yieldload of the specimen

stands for thenaximum load on the specimen

standdor the measured (actual) radius of the uncorroded reinforcing steel bar.
stands fois therealradius of the reinforcing steel bar varying for every load
stage

Greek upper-case letters

pL

stands fothe elongation in the direction applied force

Greek lower-case letters

Vi

stands for thetress

stands fothe average corroded stress
stands fothe critical cross section stress
stands for thengineering stress

stands fothe fracture stress

stands fois theactualstress

stands fothe true stress

stands fothe ultimate stress

stands fothe yield stress

stands fothe engineering strain
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Special characters

n.C stands fothe average weight eion-corroded reference specimen
& L 8 8 ‘Qsbands fothe average corrosion level.
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1 Introduction

1.1 Background

Despite the used technology at the leading edge and substantial innovations in
construction practice and design, corrosion of steel barseimforced concrete
structures istill considered to be one of the main reasons of deterioration which causes
high costs due to repairing and replacing critical corroded elements in reinforced
concrete structurg$ernandez, Bairdn and Mari, 2016; Tahershamsi et al., .2ZD1ig)

has directed to a rising aerd and need for a better understanding of the structural
effects of corrosion.

Corrosion of reinforcing steel can be divided into two subcategories: Pitting corrosion
and generalised corrosion. Pitting corrosion is characterizethdyformation of
localized pits along the steel bar whgameralised corrosion can be seen as several local
pits distributed along the bafhe @mmon outcome for the two subcategories are
increases in volume of corrosion products and by so causing surrounding coonzete

to expand and craclEurthermore, whea reinforcing steel bar is affected by pitting
corrosion and subjected to tensigoniocal effectsat the cross section dustress
concentration and local bending are unveilacaddition, nulti-axial stress behavias
alsoobservediue to the presence thfosepits. Hence, due to those mentioned effects,
theapparenmechanical properties that states the overall steel bar behavadieated,
producing a performance reductiffeernandez, Bairan and Mari, 2015, 20IR)is
leads to a major conceta the structural behavior in serviceability and ultimate limit
states, which needs to be investigated.

1.2 Aim and objectives

The aim of this study is to obtain actual mechanical properties of uncorroded
reinforcing bars and to describe apparent mechanical properties of corroded reinforcing
bars in different ways, hence to increase the level of knowledge about the local effects
above mentioned. This knowledge will lead to better understanding of structural
behaviorfor corroded steel reinforced concrete structures in serviceability and ultimate
limit states. To find sucpropertiesDigital Image CorrelatiofDIC) technology will

be used experimentally tensile testfor naturally corroded specimens to obtsirain

values in a detailed wafdased on these results the different relations ssteas for
corroded and uncorroded reinforcement bars witldterminedTo accomplistthe aim

of the study several objectives are defined:

1 To develop and improve methods of cleaning and preparing corroded
reinforcement steel bars extracted from different sources.

CHALMERS Architecture andCivil EngineeringMa st e r 6 ACEX3B:18-53 s 1



1 To learn and develop methods for testing steel reinforcement barstensié
loads.

1 To acquire knowledge and independency on usatg dcquisition method such
as Digital Image CorrelatiofDIC) system.

1 To investigate the obtaining of true and engineering sttas curves and its
variation due to corrosion.

1 To study thempact of corrosion and corrosion type in the measured mechanical
properties.

1.3 Scope and limitations

Some considerations related to the test specimen, equipment, method of preparing the
test specimen, software usedhe studyand analyzing the resuli¢hich needs to have
into consideration for the understanding of the obtained resultieaceibed below:

1 The chosenleaning method was sandblastimgher method e.g. mechanical

wire bristle brushing, chemical cleaning wiican provide different results

were not used.

The length of the specimens was fixed to 300 and 400 mm.

Test specimens with 10mm and 16mm diameters were used in this study

For the 10mm specimen, the only skewed type was tested.

Only naturally corrodetkest specimens were used, artificially corroded were not

considered.

1 The usedoptical 3D scanning method to measure the corrosion level for the
natural corroded specimeosuldonly detect the subsurface corrosions.

1 Only successfully tested specimens evased in the results, the corrupted test
results were dismissed.

f All postprocessing of the tested raw data was performed by the soG@@
Correlate Professional 201the limit in the extensometer length was 1mm.

1 The true stresstrainsectionis limited topresenta methodo postprocess the
result to successfullgbtainsuch relationgor uncorroded bars.

71 Correlatiors between corrosion and thettained mechanical properties are
limited to the engineering part, i.e. force versus displacemenge feersus
engineeringstrain and engineering strestsain curve.

= =4 -4 2
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1.4 Outline of the thesis

The outline of this thesis is organized in following chapters:

T

=4 =4 4 -4 -4 45 -5 4

Chapter 1Introduction

Chapter 2: Theoretical background
Chapter 3: Experimental study

Chapter 4: Method of postprocessing
Chapter 5: Experimental results

Chapter 6: Result analysis and discussion
Chapter 7: Conclusion

Chapter 8: Further research

Chapter 9: References

The report consists of 9 chaptetstroduction consists of background, aim and
objective, scope and limitations and finally outline thie thesis. Theoretical
backgroundpresentghe needed literature to understand the corrosion impacts on the
mechanical behavior of reinforcing ste&@xperimental stdy introduces the test
specimens, equipment andstiag methods used in this workurther inmethod of
postprocessingthe software and tools used to postprocess the raw data are presented.
Experimental resultgontain the results, where in thesult andysis and discussion
correlation between corrosion and reduction of mechanical properties for corroded
reinforcing bars are discussébnclusiorsummarizes the study and resultsfuirther
research suggestions for further studies are to be found. Lasttyeferencesised in

the study are presented.
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2 Theoretical background

This chapter reviews the existing literature relevant to undersfaem mechanical
properties okteel bars and the effect of general and pitting corrosion on steel bars.

In reinforced concrete structures, the most frequent cause of deterioration is
reinforcement corrosion which occurs in different ways (Llano Trueba, 2015). As a
basis on previous research works the most relevant mechanisms of deterioration are
carbonatio and chloride ingress for reinforced concrete structures wodd
(Division, 2002; Apostolopoulos, Demis and Papadak?913; Francois, Khan and
Dang 2013;Llano Trueba 2015;Lau and Lasa2016). Furthermore (Mutsoyoshj

2001) as reported by(Division, 2002) also concluded that the main causes of
deterioration of reinforced concrete bridges in Japan are carboraattrchloride
ingress (se€igure 2.). To predict thebehaviorof the reinforced concrete structures,
the study of corrosion effect in theechanical propees of reinforcing steel bars
essential.

bad construction;
18%

fatigue; 3%
freeze - thaw;
5%
insufficient
grout; 3%

chloride \
ingress; 66%
carbonation;
5%

Figure 2.1: The main causes of deterioration of reinforced concrete bridgéapan
(Mutsoyoshi, 200y (Division, 2002)

2.1 Corrosion of reinforcement steel in concrete stratures

Unprotected steel, when subjected to the elements of nature, will eventually corrode
due to different chemical, electrochemical and physical reactions (Burstrom, 2007).
This will cause loss of crossectional area, due to the formation of corrogimoducts

which are highly expansive; this will continue until some protective masseurs are taken
to protect the steel.

Concrete provides several corrosion protetisystems for the reinforcingteels.
Concrete cover creates a physical barrier by opgyas buffer zone with relative
impermeable and dense structure between the aggressive environment and the
reinforcement (U, 2001; Lau and Lasa, 2016).
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The thickness of the buffer zone alsalled cover thickness is regulated by the
European building CodgCEN 1992). Furthermore, the chemical corrosion protection

is also provided by the concrete, due to its alkaline property. Hydrated concrete in
normal state, when not exposed to exterior impacts presents a pH value between 12.5
to 13.5. This provides aVarable environment for the reinforcing steel at which the
level of aggressive ions is negligible. Further, a defensive passive film with sub
microscopic dimensions (<10nm) forms around the surface of the steel and by so
decreases the rate of corrosionstfe levels, due to the presence of such alkaline
environment The earlier mentioned can be graphically seen in Pourbaix diagram,
Figure 2.2which explainshow prone steel is to corrosiqy, 2001; Angst, 2011;
Balestra et al., 2016; Lau and Lasa, 2016).

+ Sena
Corrosion

7 14 pH

-] Corrosior
HFeO,™

|
[N
i

Figure 2.2: Pourbaix diagram, which explains how prone steel isdgosion, (Fe
H2 O at (La&umnd)Lasa, 2016)

However, when external impacts such asaileg salts, seawater and carbdinxide

from the surrounding environment start to react with the reinforced concrete structures,
the corrosion protection of the concrete starts to deteriorate. The alkaline properties
start to drop and the pH value decrease causing a more hostile ermrntdiomthe
reinforcing steel. Even the defensive passive film loses its protective function and can
be easily penetrated. These described characteristics in the text above are known as
carbonation and chloride ingress in concrete (Angst, 2011; Lau and2Gi5).

2.1.1 Carbonation of concrete(generalised corrosion)

Carbonation is a chemical reaction where calcium hydroxide reacts with water and
carbon dioxide, by so forms calcium carbonate:

OO 0609 6 ®Wwo L 00 (Lau and Lasa, 2016)

CHALMERS Architecture andCivil EngineeringMa st e r 6 ACEX3B:18-53 s 5



It is explained as a reversible reaction where the concrete returns to its original state of
a lime stone gvenskbetong.s2018. Another consequence of carbonation is the
reduction of pH value, from approximately 13.5 to less than 8.3.

The alkalinity of concrete in practice can be reduced by two potential ways:

1. When reacting with atmospheric (dit) gases such carbon dioxide or
sulphur dioxide.
2. By water (rain water, leached surface water, seawater etc.)

Carbonation depth or also called carbonation front is the advancing depth in concrete
where carbonation has occurrdfdthe carbonation front r@ches the reinforcement it

will destroy the passive film mentioned $ection2.1 due to a reduction of pH. Since
moisture and oxygen now are accessible it is only a matter of time before corrosion
starts. The type of corrosion that carbonation entails is of a general and homogeneous
character. This can be translated to evenlyitigte surface corrosion. See more how

the general corrosion is impacting the mechanical properties of reinforcement steel in
Section2.3.

2.1.2 Chloride ingress in concretg(pitting corrosion)

Chloride, which can be located in various environments, is known to attack the
protective passivation film that is formed around the reinforcement steel explained in
Section2.1(Angst, 2011) The atack on the passivation film is of a localized character.
Initiation of the corrosion process is first started when adequate amount of chloride ions
reaches the reinforcing st€ebhu and Lasa, 2018n northern countries such as Canada
and the Scandinavian countries theideg salts stands for a major source of chloride
in conjunction with infrastructural concrete, other governing chloride sources are
seawater in marine contextSilva, 2013; Lau and Lasa, 2016; Zhu, Francois and Liu,
2017)
The transportation of chloride through concrete is performed by three different
mechanisms:

7 Diffusion

1 Capillary suction

1 Migration
Diffusion occurs as a mechanism oflaide transportation in situations when the
concrete is saturated, for instance in submerged environments.
In cases when the concrete is partly dried, the capillary suction becomes leading
mechanism of chloride transportation. When dissolved ions i a@tees into contact
with concrete the capillary suction due to the surface tension gets absorbed in to the
concretgSilva, 2013)
The final way of chloride transportation in concrete is through migration. It occurs
through the act of an electrical field where thensportation of ionsoflows (Silva,
2013).
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In summary, when enough chloride ions due to the mechanisms of diffusion, capillary
suction or migration reaches the reinforcing steel and its protective film, localized
attacks occur on the film and causes localised corrosion aeitifercing steel. This

can be translated to pits, hence the name pitting corrosion (Angst, 2011; Lau and Lasa,
2016). See more how the pitting corrosion is impacting the mechanical properties of
reinforcing steel irBection2.3.

2.2 Natural and artificial corrosion

Corrosion occurs naturally through either carbonation or chloride ingress in concrete as
explained in the Section 2.1. The corrosion mechanism can also be artificially produced
by different methods in protected laboratorial environsie®ne of the most widely

used artificial methods to accelerate the corrosion is the impressed current method,
where electric current is us€Bl Maaddawy and Soudki, 2003Ylost of all studies
regarding corrosion of reinforcing steel are performed by using accelerated artificial
methods where the governing parameters are controlled. Only a small number of tests
in this field ae performed by naturally corroded reinforcing s{Ballestraetal., 2016)

A comparison is conducted in the text below, between the naturally and artificially
corroded reinforcing steel regarding the mechanical properties.

(Papadopoulo®t al, 2011)and (Zhanget al, 2012) have respectely performed
experiments with naturally corroded reinforcing steel. The results of their work lead to
the conclusion that corrosion has a negative impact on the mechanical properties of the
reinforcing steel. Further studies sucl{Agostolopoulos, Demis and Papadakis, 2013;
Francois, Khan and &g, 2013gand(Zhu and Francois, 2014ave used the artificial
corroced reinforcing steel method. Their work shows also similar behavior to
(Papadopoulost al, 2011)and(Zhanget al, 2012)in mechanical properties when the
corrosion level of the reinforcement steel is increased. The combined fioe
mentioned studies shows a reduction in mechanical properties when the corrosion level
of the reinforcing steel is increased disregard if naturally or artificial corrosion was used
in the experimentPapadopoulost al, 2011 Balestreet al, 2016)

CHALMERS Architecture andCivil EngineeringMa st e r 6 ACEX3B:18-53 s 7



2.3 Mechanical properties

2.3.1 Uncorroded steels

For analyzingthe mechanical propertiesf steel barsthe obtainedtressstrain curve
from steel specimenunder tensile loading can describe the major mechanical
parameters likenodulus of elasticity, yield strengthltimate tensile strength, fracture
strain, andyield strain etc(Faridmehret al, 2014) Due to increasing tensile loading
on specimen the stressain curves show the twdeformation region, elastic and
plastic deformation region with different mechanical properties (Sgare 2.3
(Technology and Structures, 2017)

P
}

=
P
Elastic Yielding Strain Hardening
Zone Zone , Zone
T\ (Plateau) |

Stress (MPa)

= Upperyield point

a = Elastic modulus (slope)

u f Strain (%)

Figure2.3: Typical stressstrain curve for a steel specimen untnsile loading (Llano
Trueba, 2015)

2.3.1.1 Engineering gress-strain relationship

To determinehte engineering stresfrain value atensile test will be performed test
specimens placed ora Universal Testing Machine (UTM) and then, applied the force
in the longitudinal direction until failur&longation andorcevalues corresponding to
displacement until specimen failuaeerecorded (Faridmehr et al., 2018During the
tensile test all th parameters which are useddetermine the stress$rain value are
presented irFigure 2.4 Engineering stresandstraincanbe calculated according to
equation (2.1) and (2.2) in relation to the initial crossection and length of the
specimen.
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T >

Figure 2.4: Schematic representation of specimen tension test.

A — 2.2)

R — (2.2

where:

K is the engineering stress

R is the engineering strain

P is the actual force measured by the universal testing machine
Ao is the original crossectional area of the specimen

Lo is the initial length of the specimen

oo Lis the elongation ithe direction of applied force

Modulus of elasticity
In the elastic zone, the engineering stress is proportional tenbi@eeringstrain

l i nearly which follow the Hooked | aw and tl
Figure 2.3 defined themodulus of elasticitfE) as the ratio between the stress and
strain valuesising below equation (2).

o — 2.3

Yield strength:

In the stresstrain curve, the yield strength is the stress value whiclbeasbtained

from the yielding zone (plateau) where elongation is increasing suddenly without the
change of stress level (Faridmehr et al., 2014). The yield stréxagtlan important
impact on structural design due to plastic deformation. At the sameyittdestress

(Ay) can be calculated usitglowequation (2.3

. — (2.4)

where:
1y is the yield strength of the specimen

CHALMERS Architecture andCivil EngineeringMa st e r 6 ACEX3B:18-53 s 9



Ultimate tensilestrength

After yielding, the stress for permanent elongatomeurs due to continue loading
which specifies the strain hardening z¢kraridmehret al, 2014) In the stresstrain
curve before the necking zone the maximultimatestresy,,  pointrecorded for the
specimen which indicatdke ultimate tensile strengtbeeequation (25).

” - (2'5)
where:
fuis the maximum load on the specimen

Fracture strength:

After the necking the stresikecreasesntil failure where the fracture strength of the
specimen can be measut®ddrawing astraight line at the fracture point in the stress
strain curve(Faridmehret al, 2014) At the same timdracture stress,() can be
calculated using thequation (2.5

” - (2 * 6)
where:
"Q'E3 the fracture strength

2.3.1.2 True stressstrain relationship

As discussed before gection 2.3.1.1the stress valués calculated with the original

fixed crosssectional area and length of the steel specimen. In the plastic region due to
increased tensile load the cresectional area and length of the specirmmmot same

as original geometry. The rasured stress value with changing geometrthe steel
specimenslefined as a true stregsing below equation (2.TlRoylance, 2001).

A — 2.7)

where:

K is the true stress

0 is thecrosssectional areaithin the failure zonef the specimen
P is the actual force measureg the universal testing machine.

The true strain value in the changing geometry of the steel specimens is correlated to
engineering strain. From the above atipn (2.2) where total elongation by applied
force was used to determine engineering strain. For the truesstpientiaélongation

(pk, pk k) value are recordebly applied force instead of total elongatia@p X

and divded each elongation valu®y the initial length (o) of the specimen between
corresponding extensome{@&rinson and Brinson, 2015)
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To measurehe total true strain value of the specimen the calculated sequential strain
value needed to be added collectively in the followingagign (2.8),

R B— — E — (2.9

where

R is thetruestrain

Lo is the initial length of the specimen

Lk, pks .k is thesequentiaklongation in the direction of applied force

To obtain theruestressstrain value in the necking region, the average local axial strain
and radius differencean be measured loptical systera(Morka and Niezgoda, 2012).
From thisit is possible to develop the true strsgsin curvefor comparisonwith
engineeringstressstrain curve tdurther measure the real mechanidedhaviorafter
reduction ofthe cross section and changing lengie Figure 2.5)

Trae G-£

Stress (¥

Fagmeermg O£

Stram £

Figure 2.5: Schematic representation for engineerisigessstrain and true stress
strain curve (Faridmehr et al., 2014).
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2.3.2 Corroded seels

Many researchers such as U, 2001; Du, Clark and Chan, 2005; Apostolopoulos, 2007,
Zhang et al., 2012; Apostolopoulos, Demis and Papadakis, E@di3gois, Khan and
Dang, 2013; Balestra et al., 2016; Tahershamsi et al., 2017; Zhu et al., 2017; Fernandez,
Bairan and Mari, 2016; Fernandez, Bairan and Mari, 2015 have already studied the
effects for different corrosion types of steel reinforcement #ndhfluence on the
mechanical properties. An experimental study of both natural and artificial corroded
specimens for tensile test results showed a significant degradation in ultimate strength.
Further studies show that naturally corroded rebars have afi@eting mechanical
results than artificial corroded rebars (Zhang et al., 2012). Due to the generalised and
pitting corrosion of steel reinforcement, the cresstion geometry is changing by the

loss of the real crossection diameter of the specimgf&rnandez, Bairan and Matri,
2016).Moreover, pitting corrosion affectsspecific part of the bar with neumiform

stress distribtion due to the displacement of the center of graaitthe crosssection
(Fernandez, Bairan and Mari, 2015; Tahershandi,e2017)and stress concentration

due to notch effeczhu, Francois: Liu(2017), also investigated that reduction of 1%
crosssectional area of the tensile steel reinforcement which leads to 1% loss of flexural
yield and 0.84% loss of ultimate loadiogpacity of the reinforced concrete structures.
Apostolopoulos(2007), experimental results for corroded steel bars which also showed

a reduction of ductility, elongation and strain energy density with an exposure time of
the specimens.

Fernandez, Bairaand Mari (2015, performed monotonic tests tars which ranged
corrosion levels betweeB% to 22% and described decreased ultimate and yield
strength where the modulus of elasticity and the measured strain showed higher
scattering thahe stressedJ, (2001, also tested differerttar diametes of corroded

steel reinforcement subjected to accelerate corrpgibich indicatel that the tensile
strength has no significant impact on high levels of corrosion degree using the actual
crosssection area. Buhe corrosion levelbeyond12.6% indicates brittleness tife

steel bars and by so decreases the yield stBalestra et al.(2016, studied the
naturally corroded steel reinforcement effects on both yield and ultimate strength were
corrosion degreesonsidered up to 25%. The same study concludes that yield and
ultimate strength values are similar up to 5% of corrosion degree. When the corrosion
degree increased up to 12%, the difference between yield and ultimate strengths values
were observed in aifge limit but the specimens with a corrosion degree about 25%
presented the much larger difference between yield and ultimate strengths value due to
the pitting damage. Francois, Khan and D48Q13, research work performed on-27
yearold reinforcementcorroded steel bars showed that the true yield strength is
constant, but the true ultimate strength increased with the increasing of corrosion level.
Llano Trueba(2015) experimental worlshowed that, ultimate elongation intensely
reduced basedi the corroded rebmwith increased corrosion leugb to20%, but the
effective yield and ultimate strengtlgoes not provide enough correlation with
increasedorrosion level.
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Furthermore, in the case for pitting corrosion (Fernandez, Bairdn and Mari, 2016)
observed that same pit length in corroded specimens with different pit angle apertures
and depth with respect to the degree of corrosion levéD%) has no significant
impact on the tensile steel parameters such as; modulus of elasticity, yield stress and
ultimate stress. Apostolopoulos, Demis, and Papad&ki$3, investigated the effects

of chlorideinduced corrosion to compare the embedded and bare samples foréhe sam
level of mass loss. The analysis results indicate that embedded samples have more
strength than bare samples, but at the same time for embedded samples reduce the
ductile properties such as; yield strength and uniform elongation. Further, a significant
difference in mechanicddehaviorwas observed between pitting depth and area where
the pitting depth wase governing factor fdailure point. Du, Clark and Cha2009,

reported that residual capacity is similar for bare and embedded samples wdmthe
corrosion level but due to local corrosion the residual strength decreased more rapidly
compared to uncorroded bars when the corrosion level is more than 16%.

This chapter discussed a literature review about the two most leading mechanisms of
deterbration; carbonation and chloride ingress which causes corrosion on steel
reinforcement in conete structures. fie effects of generalised and local corrosion on
corroded steel reinforcemenmtere also mentionedvhich impact the mechanical
properties of canded barsThe Bayesian network frofaigure 2.6shows that how
corroded rebars impacts on the mechanical properties.

Corrosion of reinforcement
steel in concrete structures

/ N\

Carbonation of concrete Chloride ingress

¥ ¥

General corrosion Pitting corrosion

Feduction of bond
Reduction of strength| | between steel and

Loss of bar cross- Reduction of

section ductility strength
concrete

Impact on mechanical properties of corroded
reinforcement steel

Figure 2.6: Bayesian network for corroded rebar impact on mechanical properties
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3 Experimental sudy

In this experimental study, monotortestson steel barsneasured byigital Image
Correlation(DIC) techniquesvere conductedby usingdifferent bar diametes and
lengtts for uncorroded and corroded specimemsth the underlyingpurposeto
investigate theimpact of corrosionon the mechanical properties of the steel
reinforcement. The corrosion levelgere measurebly usingdifferent methods in terms

of steel geometrgnd weighthencepossiblecorrelation between corrosion degesel
mechanical properties of uncorroded and corroded speciwweresdefined

The experimental work for this projeetas conducted irseveral steps. First, the
collection of corroded and uncorroded reinforcing steel samples followed by cutting the
specimas for further stages. Thereafter the haese cleanetb remove the corrosion
products attached on the surfacend assess the corrosion damage udioth
gravimetric and 3D scanning techniques. Finally, test specimens were painted with a
stochastic patte for assessing the mechanical properties by usingpipial Image
Correlation(DIC) measuring techniques in combination witftonotonictests The
postprocessingnethodfor thedifferent types oEpecimerarepresented itChapter 4

3.1 Test pecimens

A total of 57 reinforcementest specimendivided in three different set, organized by
the source and characteristics of the bars were testeBigege 3.1 Each group was
at the same time divided in two groups to differentiate between corroded and
uncaroded specimens. The sub types are:
1 Type Al: 16mm naturally corroded, skewed, reinforcing bars.
Type A2: 16mm uncorroded, skewed reinforcing bars.
Type B1: 16mm naturally corroded, straight reinforcing bars.
Type B2: 16mm uncorroded, straight reinforchays.
Type C1: 10mm accelerated naturally corroded, skewed reinforcing bars
Type C2: 10mm uncorroded, skewed reinforcing bars.

= =4 -4 —a
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Figure 3.1:Images of some specimens from different sources where figures (a
the type A and Blnaturally corrodedlémmrebars,(b) shows the type CGlccelerate
naturally corrodedl0mmrebars, (c) shows typA2 uncorroded16mmrebars (d)
shows typd32 uncorrodedl6mmrebars (e) shows the type Cdccelerated naturall
uncorroded10mmrebars

Test specimens (type AR2, B1 and B2 of diameter 16mnwere part of a large
experimental stud{Gestsdottir and Gudmundsson, 2012; Tahershamsi, 20h6je
beamsweretested in fowpoint suspended bending to obtain anchorage failure. This
experimental study wanducted at Chalmers University of Technology from the edge
beams of the Stallbacka Bridge. This is one of the largest bridge in Sweden with the
length 0f1400m, a height of 27m and a total width of B&m (Arnholm, 2004. The

bridge has been localisedtiveen Stallbacka industrial area and Overby shopping
centre since 1981. After more than 30 years the bridge needed restoration due to
cracking of the edge beams. After cracking it can be concluded thaindesalts
caused severe corrosion on the reinfaggesteel in form of general and pitting corrosion
(Gestsdottir and Gudmundsson, 2012) . Anot
conducted to assess the corrosion behavior with correlations to the critical cross section
for different corrosion levels usintpe specimens (type AJA2 Bl and B2 (Das,
Unpublished). The (type Cl1 and2) specimens were obtained from a kiagnm
experiment conducted between the Chalmers University of Technology and Thomas
Betonggroup. This research work was performed by natyraticelerated corrosion
technique to induced different damage for corroded steel reinforcement (Berrocal,
2017).

3.2 Preparation of test pecimens

For the experiment purpose, rebars were cut hgrezontal band av machine with
ranging lengthsof 300 and 400mm. According toFernandez et al(Fernandez,
Lundgren and Zandi, no dajghe most common methsdo clean the corrosion
products of the rebars are metallic brushing, acid immersion and sandblasting. The
comparison results of 3D scanning and gravim@easurements for different cleaning
methods shown that the sandblasting cleaning method has the best agreement
irrespective of the actual corrosion levElonsequentlyafter cutting the rebars in
specific lengtl, sandblasting cleaning method was usett silica particle to remove

all corrosionproductsfrom thereinforcing steel in a closed loop system.
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After removal of corrosion products from the corroded specimens, the diameter of the
rebars was measured by using the Vernier caliper.explainegbreparations steps are
visualizedin Figure 3.2.

(@)

Figure 3.2: (a) Collection of corroded rebargb) removal of corrosion products using
sandblasting methodc) cleaned bars by means of sandblasting metfahdjsualised
example of pitting corrosion.

3.3 Corrosion level measurements

To be able to draw patals between the corrosion levehd how it is impacting the
mechanical properties of the reinforcement steel it is crucial to use accurate and reliable
corrosion level measurements. In this study gravimetric measurements and 3D scanning
measurementsereused to determine the corrosi@vel. Two measurement methods
wereconducted to complement each other, increase the trustworthiness and credibility
of the results.

3.3.1 Gravimetric measurements

Gravimetric measurement is a method where the calculations are based on weighted
corroded andon-corroded steel reinforcemene. weight lossAfter thecorroded steel
reinforcement wagrepared as mentioned in ti&ection 3.2, the specimen was
weighted on a digital scale with an accuracy 6i.@ram

The corroded wight-values for eacbhpecimen wereompared with the average weight

value of norncorrodel steel reinforcement, which wassed as reference when
calculating the caosion degree. This procedure weed because the initial weight of

each bar before corrosievasunknown.

Whenthereference weight of the nesorrodedsteel reinforcement isstablished, then

the calculation can be performed to check the average corrosion degree by using the
equation 3.1SeeTable 3.1for the calculated corrosion levels for the tested bars.
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(3.1)

where:

& L 8D 8 ‘O the average corrosion level.

n.C isthe average weight of nexorroded reference specimen
C isthe actual corroded specimen weight.

3.3.2 3D scanning measurements

The 3D scanning is a method that relies on optical measurements. TéwEi3iked

results used in this study are a continuation of a previous year research work conducted
at Chalmers University of Technology, s€able 3.1(Das, unpublishedBerrocal,

2017. For those research workket scanning was performed by using a pair of
industrial scaled cameras of five megapixel each, set to film in stereo setting. A
maximum accuracy &.0em was possible to obtain due to the used cameras, which is
sufficient in comlitions where the corrosion imperfections on the surface of the
reinforcing steel needs to be measured. The consequence of the scanning resulted into
a fine mesh of surface polygons with triangular shape connected by nodes. For every
scanning a number ac2,000,000 to 4,000,000 triangular elements was obtained,
creating a highresolution 3D picture of the scanned specimen detailed enough to gain
important information such as: pit distribution, pit depth, pit length and loss of cross
sectional area along tieinforcing steel bar sdggure 3.3(Tahershamiset al, 2017)

¥

Figure 3.3: 3D scanned surface of the b@rahershamsi et al., 2017)

The procedure to establish the corrosion level based on the 3D scanning was conducted
in accordance witiTahershamset al, 2017) This can be directed in six steps shown
below:
1. The geometry of the scanned reinforcentaantFigure 3.4 (a) was converted
into a ficloud point mesho which enabl ed

shape.
2. The original Cartesian coordinate system of each nofeY( 4 were
transformed into a poa r coordinate system (d, ro,

straight forward approach of calculating the crssstional areas, whe
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stands for the angel with respect to the local esession yaxis, r was the
Euclidian distance of point regarding thermal axis andx stands for the
longitudinal coordinate X in the global coordinateseFigure 3.4 (b).

3. The current data from (2.) was interpolated to create a certaingnidsiefined

by (dNj, xNj

generating a

new interpol a

coordinates. These when plotted in a surface plot pictures the penetration of
corrosion along theeinforcement bar surface where the different colors are
directly linked to the level of penetratiseeFigure 3.4 ().

4. A function displayed below was used to define the esessional area atax
where it subsequdgtwas plotted inblue in Figure 3.4 (d). The red line in
Figure 3.4 (d) symbolizes the levelled fit between the plotted blue deviations.

O | ke

09 —2 (e
c q

5. The reference Awas set to be an average rmmroded region of the
reinforcement bar.
6. Finally, a levelled fit of the crossectional area was regulated by thgske
Figure 3.4(e) and the corrosion level varied along the bar length Fsgpere
3.4(e).

(a)
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Figure 3.4: Images shows the outline of the procedure to obtain the siomaegree

of the reinforcingoar (Tahershamsi et al., 2017)
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3.3.3 Corrosion levelcomparison and analysed areas

From the two methodsarlier discussedhe gravimetric method measured the average
corrosion level for the full bar length of eachespnen which can be related to
generalized corrosion. The 3D scanning assessed the corrosion level in the critical
crosssection where the bar failed which in turn is related to pitting corro3@scan
method was also further usedvalidatethe results from the gravimetric method and
by so increase the trustworthineBsth average corrosion levels by weight and by 3D
scanning, wereompared to each othand described iRigure 3.5,whereit described
alinear trend i.esimilar values.Based on these two methods the cross sectional area
of the rebar was reduced in two waygeiage (idealized) corroded area along the rebar,
founded on the actual, uncorroded radius see equgdi@n 3.3) and dtical cross
section (CCS) reduced area fr@D scan.
Summarizing, three different arefas the reinforcing steekere used in this work:

1 Actual (uncorrodedarea.

1 Average (idealizedyorroded area.

1 Critical crosssection(CCS) reduced area.

w
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]
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Figure 3.5: Comparison between average gravimetid. loss)and average 3D scal
0 g “i (3.2

where
0 gis theactual(uncorrodedprea of the testedpecimen.
1 is the measured (actual) radius of the uncorroded reinforcing steel bar.

O g 0 g p QOLEDES B (3.3

where
0 gisthe average corroded area of the tested specimen
& L 8Q 8 ‘Gothe average corrosion level.
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The actual (uncorrodeddverage corroded and CCS areas are respectively disptayed
Figure 3.6 The detailed description of all the acquired parametessnsmarizedn
Table 3.1

Actual, uncorroded bar Critical cross section, (CCS) Average, idealized corroded bar

X £

Real corroded bar

Real corroded cross section, (CCS)

Average, idealised cross section

Actual uncorrded cross section

Figure 3.6: Different typeof steel reinforcement arsaised in this study

O
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Table3.1: Specificationsof test specimens

Type of Specimer Bar Actual Average Average Corrosion Actual Average Average Critical Type of Corrosion type
specimer number length (uncorroded corrosion corrosion at critical area (Idealized) (Idealized) Cross rib
[mm] diameter level (wt. level (3D  cross [mMm~2]  area (wt. area (3D sectional
[mm] loss) [%] scan) [%] section (3D loss) scan) [mm~2] (CCS) area
scan) [%] [mm~"2] [mm~"2]
Type Al 1 410 16,59 7,5 45 13,4 216,05 200 206 187 Skewed Naturally corrodec
3 400 16,59 8,2 11,4 25,5 216,05 198 191 161 Skewed
5 400 16,59 8,7 7,4 12,3 216,05 197 200 189 Skewed
6 400 16,59 7,2 7,8 21,4 216,05 200 199 170 Skewed
8 415 16,59 7,0 4,0 14,6 216,05 201 207 184 Skewed
9 410 16,59 7,7 8,2 19,3 216,05 199 198 174 Skewed
10 400 16,59 10,1 8,5 12,9 216,05 194 198 188 Skewed
11 410 16,59 8,2 59 9,7 216,05 198 203 195 Skewed
16 410 16,59 8,6 7,7 16,7 216,05 197 199 180 Skewed
17 - - - - - - - - - -
18 400 16,59 7,8 11,5 20,0 216,05 199 191 173 Skewed
Type A2 U49 400 16,59 - - - 216,05 - - - Skewed  Uncorroded
u5s1 400 16,59 - - - 216,05 - - - Skewed
uU5s3 280 16,59 - - - 216,05 - - - Skewed
us4 400 16,59 - - - 216,05 - - - Skewed
U55 400 16,59 - - - 216,05 - - - Skewed
Type B1 2 410 16,41 8,0 5,9 11,2 211,60 195 199 188 Straight Naturally corrodec
4 400 16,41 9,5 13,5 30,6 211,39 191 183 147 Straight
7 400 16,41 14,0 10,6 17,8 211,39 182 189 174 Straight
12 400 16,41 8,7 13,3 26,9 211,39 193 183 155 Straight
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Table3.1: Specifications of test specimgnentinuel).

Type of Specimer Bar Actual Average Average Corrosion Actual Average Average Critical Type of Corrosion type
specimer number length (uncorroded corrosion corrosion at critical area (Idealized) (Idealized) Cross rib
[mm] diameter level (wt. level (3D  cross [mMm~2]  area (wt. area (3D sectional
[mm] loss) [%] scan) [%] section 8D loss) scan) [mm~2] (CCS) area
scan) [%] [mm~"2] [mm~"2]

Type Bl 13 410 16,41 5,3 4,3 10,1 211,39 200 202 190 Straight Naturally corrodec
14 400 16,41 10,9 12,6 20,0 211,39 188 185 169 Straight
15 400 16,41 8,9 114 16,3 211,39 193 187 177 Straight
19 400 16,41 8,2 12,5 24,3 211,39 194 185 160 Straight
20 300 16,41 14,5 16,0 27,1 211,39 181 178 154 Straight
21 300 16,41 14,2 15,4 19,7 211,39 181 179 170 Straight
22 310 16,41 5,8 3,4 7,7 211,39 199 204 195 Straight
23 300 16,41 8,3 8,7 16,7 211,39 194 193 176 Straight
24 300 16,41 6,1 55 17,7 211,39 198 200 174 Straight
25 300 16,41 7,6 8,2 14,6 211,39 195 194 181 Straight
26 300 16,41 14,3 15,6 25,0 211,39 181 178 158 Straight
27 300 16,41 12,8 14,4 18,4 211,39 184 181 173 Straight
28 300 16,41 7,9 6,6 13,0 211,39 195 197 184 Straight
29 300 16,41 11,6 10,4 19,1 211,39 187 189 171 Straight
30 300 16,41 5,8 6,0 13,1 211,39 199 199 184 Straight
31 310 16,41 4,9 1,7 6,5 211,39 201 208 198 Straight
32 300 16,41 11,2 9,7 21,8 211,39 188 191 165 Straight
33 300 16,41 17,8 18,2 30,4 211,39 174 173 147 Straight
34 300 16,41 54 7,6 14,2 211,39 200 195 181 Straight
35 305 16,41 4,4 3,7 10,3 211,39 202 204 190 Straight
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Table3.1: Specifications of test specimens

Type of Specimer Bar Actual Average Average Corrosion Actual Average Average Critical Type of Corrosion type
specimer number length (uncorroded corrosion corrosion at critical area (Idealized) (Idealized) Cross rib
[mm] diameter level (wt. level (3D  cross [mMm~2]  area (wt. area (3D sectional
[mm] loss) [%] scan) [%] section (3D loss) scan) [mm~2] (CCS) area
scan) [%] [mm~"2] [mm~"2]
Type Bl 36 305 16,41 15,4 15,6 20,9 211,39 179 178 167 Straight Naturally corrodec
37 300 16,41 15,4 15,4 28,5 211,39 179 179 151 Straight
38 300 16,41 18,7 25,5 39,0 211,39 172 158 129 Straight
39 300 16,41 12,3 12,3 20,6 211,39 185 185 168 Straight
TypeB2 u48 400 16,41 - - - 211,39 - - - Straight  Uncorroded
U50 400 16,41 - - - 211,39 - - - Straight
u52 295 16,41 - - - 211,39 - - - Straight
uU58 400 16,41 - - - 211,39 - - - Straight
U59 400 16,41 - - - 211,39 - - - Straight
Type C1 40 400 10,1 0,8 - 15,6 80 78,9 - 67,1 Skewed Accelerated
41 405 10,1 1,1 - - 80 - - - Skewed naturally corrodec
42 405 10,1 0,6 - - 80 - - - Skewed
43 400 10,1 3,5 - 16,4 80 76,7 - 66,5 Skewed
44 400 10,1 1,8 - 16,8 80 78,1 - 66,2 Skewed
45 400 10,1 0,6 - 15,1 80 79,0 - 67,5 Skewed
46 405 10,1 4,6 - - 80 - - - Skewed
47 400 10,1 2,9 - - 80 - - - Skewed
Type C2  U56 400 10,1 - - 80 - - - Skewed Uncorroded
us57 400 10,1 - - 80 - - - Skewed
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3.4 Assessment of Mechanical Properties

3.4.1 Monotonic test procedure

After assessing the corrosion lewglthe barstensle test to failure were performed on

an UTMmachine of 250 kN capacity withloadingincrement 0.5 kN/s to evaluate

the mechanical properties. The different diameter and length specimens were affixed
by two clamps, which transferred the load to the rebars controllggebydraulic jack

of the UTM machine (se€&igure 3.7. Between the two clampthe specimen length

was chosen 150/200mm atite remaining length placed in each clamp for uniform
stress distributionThe applied load and elongation were recorde®I6/systemwith

a highspeed camerantil the specimen failure. Uncorroded specimenghwihe
different length and diameter were also tested to compare the mechanical behavior with
corroded bars.

Loading system
Fixed clamp

Steel specimen

Figure 3.7: Performed tensile test on specimen (MTS machine)

3.4.2 Digital Image Correlation (DIC) measurement system

Digital Image CorrelatiofDIC) is an opical noncontact 3D measuring 9gsn which
enables high qualitative measurements of strains and displacements of a tested item
exposed tdoading As a main differencérom other traditional measuring equipment,
such as strain gauges or extensomet@rsthe low level of preparations for the
specimenthesize of theregion where it is possible obtain data from, and the number

of measuremergoints Jandejsk and Vavrik., 2008)As a main drawback it could be

said that the offered accuracy of the systetower, however, it would be impossible

to obtain similar measurements by the use of other existing measuring equipment.
Hence is within the scope of this thesis to provide some background on the scope and
limitations of such technology when applied tocamoded and mainly corroded
reinforcing steel bars.
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The used DIC system in this project was an Ar&€miaM from GOM. The system
consists of twanigh-resolutioncamerasvith 12 megapixels including a black and white
image sensor and 75 mm lenses. Tightsare connected to the cameras support which
are in charge of providing the adequate light conditions for reliable measurements. The
equipment is, at the same timenoected to a computeesponsible of recording the
acquired imagesThe systemallows the acquisition of other external data, by
connecting it to the optical channels available. €xternal source of loadingas
registeredwhich in this project was the tensioning machine explained irséwtion

3.4.1 The setup of the DIGystemis showedn Figure 3.8

Figure 3.8: Setup of th®igital Image Correlation(DIC) system(a) double cameras
and LED lights, (b) tested specimen, (c) tensile test machine, (d) DIC software, (e)
controls for tensile test machine.

The system can monitor different test specimeati different sizes and shapbsit

needs to be specially calibeatfor each case. In this projgtte calibratiorwasset up
for measuring areas df0O0 x 20mmfollowing the manufacturer guidelines and
standard¢Wanat, 2016)

To use the DIC systera stochastic pattern needs to be applied on the specimen.
Depending on the size of the specimen different methmdreatesuch patternare
utilized. Due to the size of the specimens used in this project ansgstpraying was
decided to be usedtirst a white dull paint was applied followed by a dull black paint.
This created a stochaspattern (sed-igure 3.9)thatagreed withthe manufacturés
recommendations. The DIC system uses this pattetrackthe deformation of the
specimen, provided by ttegplication of specific loading.
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The sequence of imageasbtained aresubsequeht compare the reference picture,
hence a field of displacements is calculgi®@nat, 2016)The post processing of such
measurements allows the obtention of many other relevant parameters.

(@)

Figure 3.9: (a) Displays the painted reinforcement bats) the bar in zoometh
setting displaying the stochastic pattern
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4 Method of postprocessing

In this chapter the developed methods for the obtention of the refuite,
displacements, strains and stresses are presented.

4.1 Digital Image Correlation (DIC) setup

The configuration of the DIC equipment for this project allowed an avenagesuring

area ofL00 x 20mm, se€igure 4.1 Further affected by parameters related to the pits
shape, size and corrosion level was the image acquisition rate of the cameras adjusted.
This rate varied between 1 to 3 Hz, setting a higher acquisition rate for higher corrosion
levels. Colledbn of raw data measured by DIC equipment from the tension tests
explained in Chapter. ¥hepostprocessg of such data is performedth the software

GOM® Correlate Professional 201gom.com, 2018)developed from the same
manufacturer who developed the Arafhis2M system used in this project. This
qualifies compatibility between the software and hardware. By using different tools in
GOM® Correlate Professional 2017 such as digital extensometers in combination with
the measured force, important parameters siscisplacement or, strains could be
obtained, but also essential data for further postprocessing for obtaining the stress
values. The methodology for receiving the needed parameters is presented in further
sections.

»
P

20 mm

«
g

Figure 4.1: Captured area by the cameras in relation to the rest of the specime

4.2 Strain and displacement analysisnethod

As it was mentioned in section 4.1, the GO/lorrelate Professional 2017 software
enables the user to obtain strain along the tested specimen. Invdasesthe strain

and di splacement are of interestasusedt ool Ir
to obtain the requested data. GOM tool works in the same manner when compared to
physical extensometers. They operate by, monitoring and measuring the changes in
length of the test specimen which is elongated due to the applied tensidrelvaskn

a specific length The outcome of the extensometer measurements results in
longitudinal or transversal displacement values presenteahm. (To obtain the strains

the displacement value is divided by the extensometer length earlier explained in
chapter 2.3.1.19ee equation 2)2In this study the longitudinal displacements and
strains will be considerate.
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After establishing the function for GOM extensometer, an analysis of the strain
distributionsalong the measured lengilas doneThe analysis mthodology used here

was to place several extensometers with a length of 5mm between the ribs of the
reinforcing steel bar, sdeigure 42. Thespecificextensometer length was selected

fit between the ribsi.e. without interfering with them The inteference with ribs
generates a lot of stalled noisedue to discontinuities in the measurements of the DIC
system This can be translated to inaccurate results, whérkavoided due to the taken
measures

Figure 43 describes clearly two different phases during the testing to failure of the bar:
first the whole bar presents a uniform strain distribution in the measured length more
or less about the maximum force. Subsequently, the strain starts concentrating in a
speific region which corresponded to the necking zone. At the same time the rest of
the bars presents some unloading, due to the elastic strain, and the strains at the failure
crosssection increases drastically up to 60% of the initial length. The begiohthg
necking establishes the maximum force that the bar can take.

Figure 4.2: The location of extensometers between the ribs of the specimen.
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Figure 4.3: Strain distribution along the rebar.
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To studytheeffect of the extensometer characteristics, both the position and the length,
in the final observationgwo separate analyses were performed vatiethe focus put

on theimpact of theextensometdengthandthe other putting the focus dme location

of thesame

In Figure 4.4 the description of the different extensometkensgths in the ranges
between 1 mm to 40mnms visualized. Corresponding measurement from such
extensometers are depictedFigure 4.5 The observed phenomena are that shorter
extensometers are giving more eixatrain valuesat the failure zonevhereas the
longest onesare givingan averagstrain valuebetweerthe peak straiand the rest of

the bar This can be explained that longer extensometers are covering a longer length
and by so creating an averaged strain value, in comparison to the short extensometers
which are smaller and creates a more exact value or close to a true strain value.

n r r n n n r n n__n n_n n n__n n
-
-
-+ -
D >y |
-+ JE— "'pb
e ——F—"»,

L Lr Lr Lr Lf LI LS Lr (o L Lr L — LI

Figure 4.4: Schematic image for extensometer location.
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0’20 I K
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Figure 4.5: Strainlevelanalysis using different extensometer length.
This indicated that the expressed strain when showed the diffgramtcurves of the

bar is strongly connected to the measurement length, hence it can have a significant
influence on the final results and conclusions.
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In this study the failure zone is alwayscluded within the extensimeter length,
consequently the values after necking represents an average of the strain field between
the chosen measurement length.

In Figure 4.6extensometers of 25mm length are placed in different locations, 3 within
the failure zone (red mark zonehigure 4.9 and 1 outside of failure region to observe
theimpact of thdocation on the strain valaeAs described ifrigure 4.7 the apparent
strain when the extensometer is placed within the failure zone presented noasignific
variations However, for the extensometer placed outside the necking region, it was
observed in accordance wikhgure 43 that after the maximum force at the bar was
reached the measured strain decreases elastically with the reduction of the agglied |
However, the measurements before the peak load are more or less similar regardless
the position of the extensometé&onsequently, if the full curve up to failure is
described, then the placed extensometer must be within the failure zone, which is in
accordance to the previous results

200
180 +
160 +
140
120 -
g 100 -
— — -Ext1
= 80 -
——— Ext. 2
60 i
............. En3
40 x
——————— Ext. 4 (outside
20 failure region)
0
0 01 02 03 04
Strain [-]

Figure 4.7: Force \ersusstrain behaviour for different extensometer location

In the following sections it idescribed how the different measurements in the present
work are defined.
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4.2.1 Engineering strain and displacement

As it can be seen figure 4.5the longer extensometers are generating a more averaged
strain value. An anadys was performed to obtairsaitable extensometer length needed

for the engineering strain. The analysis was conducted by placing 6 different
extensometers with different lengths inside the failure zone accordifiguce 4.8

The outcome of the analysis is presented inFilgeire 4.9. A similar trend as for the
location analysis ifFigure 4.7was observed, the extensometers are generating same
values until peak load. After the peak load the difference between the extensometers
starts to increase. A clear formation of the extenserasetith the lengths of 20 to 40

mm are visible while the shorter of 15mm is deviating. The conclusion was made that
the extensometer length used for the engineering strain and displacement should be
between 20 to 40mm and in this study the extensome@&srom was selected based

on the performed analysis but also on previous wedch agMorka and Niezgoda,

2012)

200 N
180 {
160 | / e
140 4
EIZO ]
§ 100 *'t
g 80 - 2
P, Ext.2 (35 mm)
60 7[ = = = Ext.3 (30 mm)
o ———— Ext. 4 (25 mm)
E Ext. 5 (20 mm)
20 | — .. — Ext. 6 (15 mm)
0
0 01 02 03 04 0.5

Strain [-]
Figure 4.9: Extensometer analysis for the engineering strain showing dif
extensometer lengths and for@rsusstrain relationships.
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4.2.2 True strain

In Figure 4.5, the shorter extensometers are closer to the strain peak and by so to the
true strain. An additional analysis was performed to see which extensometer length is
most suitable for obtaining the true strain. A selection of different lerigdtsanges
betweenlmm up to 20mm were testetihe strain results of such extensometaes
displayed in thd-igure 4.10where the strain value is on theayis and the different
extensometer lengths onaxis. A clear trend was noticed throughout the different
exten®meter lengthswvhere the large strain value the smallethe extensometer,
regardlesghe magnitude of the applied force. This settle and confirms that small
extensometer length is generating strains clésehe true strains. In this study an
extensometer length of Lmm was selected due to the explained reasons in the text above.
An additional reason for the selection of 1mm length was also the limitation of the used
software/hardware where the shorteseagbmeter length possildéring trustworthy

was 1mm.

0,7 1 811N (B2) 153 kN (Y2)

- 162 KN (SH) 171 kN (SH)

0,6 T 173 kN (SH) 182 kN (SH)

: 186 kN (SH) 187 kN (SH)

189 kN (SH) 189 kN (SH)

189 kN (SH) 189 kN (NZ)

188N (NZ) 188 kN (NZ)

——— 187N (NZ) 186 kN (NZ)

185 kN (NZ) 184 kN (NZ)

182kN (NZ) 181 kN (NZ)

179 kN (NZ) 176 kN (NZ)

I5NNZ) —— — 173N (NZ)

[’\ ITNENZ) — — - 1T0kN (NZ)

0 : ; : i ; il SR 169 KN (NZ) 164 kN (NZ)
1 3 5 7 9 11 13 15 17 19 2l __ iswmew

Extensometer length [mm]

Figure 4.10 Extensometer analysis for true strain at the failure zone using dif
force pattern where (EZ) is elastic zone, (YZ) is yielding zone, (SH) is
hardening, (NZ) is necking zone.

4.3 Stress analysis method

For the stress analysis, two parameters iaentified as the mostelevant, which in
addition are used to calculate the corresponding stressasuredorce and area of

the tested specimen, see sattb3.1 The force and area of the tested specimen are
used in the equation (4.3yhich givethe stressalue
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Force is directlyrecordedin GOM Correlate software as an input from testing
machinedescribedn chapter3.4.1.

In this project two different classifications for the stresses are used, first engineering
stresses (section 4.3.1) and second true stress (section 4.3.2).

A - (4.2

where:

K is the stress

0 is area of the tested specimen

Pis the force measured by the universal testing machine

4.3.1 Engineering stress

In this study three differenengineering streses are defined according to the
corresponding areas described in cha@t&:3. Theseareas aralefined as actual
(uncorrodedl average corroded and critical cross section. &fgaation (4.1) can be
rewritten by changing the areaas described irequation (4.2), (4.3) and (4,4)
respectively

K g — (4.2)
8
K g (4.3)
8
K g — (4.4)
38
where

A g is theactualstress

K gisthe average corroded stress

K g isthe critical cross section stress

0 g istheactual(uncorrodedpren of the tested specimen

0 gisthe average corroded area of the tested specimen

0 g Isthe critical cross sectial area of the tested specimen.
P s theforce measured by the universal testing machine

In all the cases the calculation for the stresses has performed by assuming the area as

an invariant during the test to failure, hence it is defined as a constant value which
divided the corresponding load.
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4.3.2 True stress

To obtain the true stresame equation presented in 4.3 can be used. However, in this
particular case the area it is considered to change due to the épglieGonsequently,

two phenomena are accounted in the calculation, first the poison effect, which for
tensile stresses reduces the transversal area proportionally to the longitudinal strains.
Second the reduction of area at necking is accounted asowelsgossible to obtain

the actual stress level at the failure crssstion prior failureseeFigure 4.11

Figure4.11 Reduced area in the failure zone (red line zone)

To obtain the reduced cressctional area for every load stage of the tested bar a
methodneeds to be developed. From G®WMorrelate Professional 2017 single section
tool was usedThis function allowed to follow the movement of all the measurement

points within the section, hente measur@andobtain thex, y, and zvalues for each
single step with respect to the originamfordinatesBYy placing this tooht the failure
section, se€igure 4.12 thecoordinates ofuch pointsould be establishezhd linked
to the correspondinigad stage.

Figure 4.12 Displays the GOM tool: single section placed in fhidure zone.

Due to thdimited area covered by the cameoady a reduced surface of the reinforcing
bar could be monitored, sEgure 4.13 This generated only thebest cases just under
50%o0f the radius shape. Consequently, a need to recreatsstied the radius aroed
It was solved by a soalled curve fitting using the softwak@ATLAB ® where the parts
of the reduced radius where fitted with several radius sizes la#tditmatch between
them was obtained sed-igure 4.14 To perform sucHitting two hypothesis which
allowed the development of the code were performed:
i First the area of the bar between ribs was assumed to perfectly fit a circle
1 Second the area is assumed to be reduced uniformly in the transversal direction,
which means tat the crossection remains circular up to failure.

Finally, when the radius of every load stage was obtained with increased force (see
Figure 4.15, theactualareas were calculated by using equation (4.5).
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Subsequently the same areas were inserted in equation (4.6) where the new true stress
could beobtainedfor the corresponding load level.

Cameras

Monitored
radius

77N\

Tested specimen

(@) (b)

Figure 4.13(a) Displays the monitored radius with DEystem (b) show a schema
layout of monitored radius.

Figure 4.14 Graphical images acquired byIATLAE® displays the curvéitting
and reduction of areéor the tested specimen
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Figure 4.15: Reduction ofadiuswith increased force.
0 “1 g (4.5)

where:
0 is the crosssectional areavithin the failure zonef the specimen
1 gis therealradius of the reinforcing steel bar varying for every load stage

A — (4.6)

where:
A is the true stress
P is the forcemeasured by the universal testing machine
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5 Experimental results

Theexperimental results diagrams for a few corroded and uncorroded rebars with force
versus displacement, force versus engineering strain, -stregs (engineering and

true) relationship are presented in @isapter Swhile rest of the diagram are gathere

in (Appendix A.1, A.2,B.1, B.2, C.1 and C.2).

5.1 Uncorroded rebars
5.1.1 Force versus displacement

Figure 5.1displays thethree different types of uncorroded rebars for force versus
displacement behavior. The figures show expected behavior for uncorragediba
difference is observed in elastic and plastic range based on the bar diameters with
different types of ribbed in steel reinforcement.

200 Specimen no. 54 (Uncorroded) Specimen no. 48 (Uncorroded)

180 + 180 +
160 + 160 +
140 140

EIZO . Elzo .

100 gloo
= 80 - S g0 -
60 60 |
4 40 |
20 | 20 |
0 ‘ . 0 . ‘
0 2 4 6 10 0 2 4 6 10
Displacement [mm] Displacement [mm]
(@) (b)

Specimen no. 56 (Uncorroded)

60

. N\
40,

Alt 6 10
Displacement [mm]

(€)

Figureb5.1: Forceversusdisplacement diagram for different type of uncorrc
rebars.(a) Type A2 (16mm, skewed), (b) Type B2 (16mm, straight) and (c
C2 (10mm, skewed)
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The yieldingand ultimate load for a specific type of rebars were determinedtfirem
correspondingorce-displacement curve. The yielding load was determinedhby
average value betweempper and lower yield load. The upper yield load is the
maximum force in the eléis zone and lower yield load (e.g. steel reinforcement
yielding) is the minimum force in the forabsplacement figures. The ultimate load was
determined at the point of the maximum force values from this -fitispgacement
figures. From the same curverpgnent elongation for specimeasfailure can be
determined.

5.1.2 Force versusengineering strain

Figure 5.2displays thethree different types of uncorroded rebars for forces versus
engineering strain behavior until failure point. From this figure ytekl and fracture
strain was determined which are used to indictetility measurement in the
specimens. Theield strainoccursin elastic regionwhere theracture strairoccurs in
plastic region.

Specimen no. 54 (Uncorroded) Specimen no. 48 (Uncorroded)

200 200
180 | 180 |
160 | /\ 160 |
140 - 140 -
120 | 120 |
100 | g 100 |
£ 80 S g0 -
60 | 60
40 | 40 -
20 | 20 |
0 t t 0 1 1
0 005 o1 oL %_% 025 03 035 0 005 01 o,lssmcﬁ 025 03 035
() (b)

Specimen no. 56 (Uncorroded)

50 +
wh

0;2 025 03 035

0 0,05 0,1 0,15
train [-]

(€)

wG |

Figure 5.2: Force versugngineeringstrain diagram for different type of uncorrode:
rebars.(a) Type A2 (16mm, skewed), (b) Type B2 (16mm, straight) and (c) Typ
(10mm, skewed)
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5.1.3 Engineering stressstrain curve

In Figure 5.3the engineering stresdrain curve forthe sameuncorroded rebars are
displayed. The parameters obtained from this s&am relation used in this study
are described in Chapt2r3.1.1.

Specimen no. 54 (Uncorroded) . Specimen no. 48 (Uncorroded)

. /\

Stress [MPa] 5
53§
tegezesc

-8888¢8¢8
g

Stress [MPa]

0,00 0,05 0,10 S Q.l.'l):_] 0,20 0,25 0,30 0,00 005 0,10 0s15. [?]20 025 030 035

@ (b)

Specimen no. 56 (Uncorroded)

0,00 0,05 0,10 0,15 0,20 0,25 0,30

(©)

Figure 5.3: Engineering 8essstrain behavior results for different type ¢
uncorroded rebars(a) Type A2 (16mm, skewed), (b) Ty (16mm, straight) ar
(c) Type C2 (10mm, skewed)

In the elastic zone, all the curve from above figure showing a linear trend, the yield
point has been defined in the endpoints of linearity. In those enginerasgstrain
curve, the slopelj in the elastic region defined as an elastic modulusHiseee 2.3.

The length of the yieked plateau which is a function of the steel grade, for different
types of specimens from above figure showing the differenthesfghe yield plateau.
FromFigure 5.3(a) and (b) exhibit the shorter yield plateau tRagure 5.3(c), because

of hightstrength steel (16mm diameter) accordingli@ano Trueba, 2015)The yield

and ultimate tensile stretigfrom thisFigure 5.3can be described by using the chapter
2.3.1.1, see equation (2.5) and (2.6).
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5.1.4 True stressstrain curve on reduced cross section

The Figure 5.4showsthe true stresstrain behavior for a uncorroded specimen. The

true stresstrain curve is related to engineering stigfsain behavior. As it can be
observed the stresses increases dramatically when compared to the engineering ones.
That is due to the inction of the reduction of area in the computation of the stresses.
However, it should be noted that the stresses prior the ultimate strain is reach resembles
very much to the engineering stresses, which indicates that the reduction of area purely
from the mwison effect has a decreased impact on the results in comparison to the
necking. In any case, the maximum stress reached by the bar is about 1400 MPa what
represents more than 50% of increment to that engineering values.

Specimen no. 48 (Uncorroded)

Stress [MPa]
g

2 8

=)

0 01 02 03 04 05 06 07 08
Strain [-]

Figure 5.4: Tensile true stresstrain curve for uncorroded rebar.
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5.2 Corroded rebars

Same as for the uncorroded bars a representative sample of specimens for each set will
be presented in the following sections. The detailed results ftneatestes bars are
described in the corresponding appendix (Appendix A.1, A.2, B.1, B.2, C.1 and C.2).

5.2.1 Force versusdisplacement

Figure 5.5displays the three different typed corroded rebars for force versus
displacement behavior until the failureio Different type of corrosion levelas
considered for this study e.g. average corrosion level and corrosion level at the critical
crosssection. For the corroded bar, thégure 5.5 shows the different behavior
compare to uncorroded forcksplacementurve inFigure 5.1

160 - Specimen no. 16 180 Specimen no. 31
140 ,, 160 +
120 | 140 4

120 +
EIOO 1
£

80
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S
L
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60 1 60 -
49%%), 6,5%*(%)
40 1 8,6%(%), 16,7%%(%) 40 |
20 7 20 =4
0 ; 0 } } -
0 1 2 3 4 0 1 2 3 5
Displacement [mm] Displacement [mm]
(@ (b)

4 Specimen no. 40

40 £

35

30
%
0
& 20 -
=

15

0,8%(%), 15,6*%(%)
10 -
5 ]

i 3 4

Displacement [mm]
(c)

Figure 5.5: Force versus displacement diagram for different type of corroded rebars

(@) Type A2 (16mm, skewed), (b) Type B2 (16mm, straight) and (c) Type C2 (10mm,
skewed)*Average corrosion level. **Corrosion level at critical cross section (ECS

As describedn section 5.1.1, the yielding load, ultimate load and permanent elongation
was determined from this figufer different type of corroded rebars.
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5.2.2 Forceversusengineeringstrain

Figure 5.6 displays the three different typed corroded rebars for force versus

engineering strain curgeFrom this figure, thgield and fracture strain was determined

for the different type of corroded rebars as describesgdtion 5.1.2.

From this belowFigure 5.6 (a) and (cshow the similar curve trend for both of this

skewed bar, but iRigure 5.6 (b)showing yield plateau length for this straight corroded
bar.
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0 0,05 01 015 0,2 0,25
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Figure5.6: Force versugngineeringstrain diagram for different type of corroded
rebars.(a) Type A2 (16mm, skewed), (b) Type B2 (16mm, straight) and (c) Type
(10mm, skewgd*Average corrosion level** Corrosion level at critical crossestion
(CCs.

5.2.3 Engineering stressstrain curve

Figure 5.7is shaving the engineering strestrain curve for three different types of
corroded rebars considered actual cigestion, average cross section and critoass

section (3D scanning). From this below three stsdissn curves the yield strength,
ultimate strength and elastic modulus can determine as described in section 5.1.3.
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Figure 5.7: Engineering sBessstrain behavior results for different type of corrode
rebars.(a) Type A2 (16mm, skewed), (b) Type B2 (16mm, straight) and )CB/p
(10mm, skewed).

Analyzing the resultgielded by the different cross section used in the calculations, the
critical cross section curve always returns the highest strength values when compared
to other cross sections. Furthermore, different diameter bar with same rib type (type Al
and C1, skeed) shows same trend for all the cross section i.e. critical cross section,
average cross section and actual cross section. For B1 (straight bars) a different trend
was noticed compared to Al and C1.

In the upcoming chapter 6, comparison and analysis bllperformed between
uncorroded and corroded rebars. Furthermtire effect of mechanical properties at
specificcorrosion level for average and critical cross section area will be stadéed
discussed.
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6 Results analysis and discussion

In this chapterthe individual results presented from chaptear® analyzed and
discussed with respect to the influence of corrasidre main types of graph used in
the analysis are the forceensusdisplacement, forceersusengineering strairand
finally engineering stresstrain. From thoseurves different mechanical parameters
for the tested rebars wepxtractedand collectedin Table 1(appendix D). These
parameters are used in the following sections to define the different relatioreebet
them and the corrosion levels.

6.1 Force versus displacement

In this section a comparison between the elongation, force at yielding and the ultimate
force against the different corrosion levels is preseritgpire 6.1depicts how such
parameters were obtained for both uncorroded and corroded bars.

Uncorroded

Corroded

=
[ e i

Displacement [mm]

Figure 6.1: Explains how elongatio), yield(f,) and ultimate forcéf.) was obtained
for the uncorroded and corroded steel bars.

In the following three differenplotswhere the different types of reinforcing steel are
combined on base of their type e.g. A1 anda#f presented. Furthéretwo corrosion
levels previously definedvere used, average corrosion level (avg. cl) and corrosion
level at critical cross section (cl. CCSee Figure 6.2
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Figure 6.2: Displays force versus displacement graphs. (apAd A2, 16mm skewed
bars, (b) B1 and B2, 16mm straight bars and (c) C1 and C2, 10mm skewed bars.
*Average corrosion levef*Corrosion level at critical cross section (CCS).

By analyzing the combined resultskigure 6.2from the performed tests, a trend was
observed. When the corrosion level of the reinforcing steel increases the equivalent
displacement before failure point decreases. Further, with increasing corrosion levels
the load carryingapacityis reduced. Sameshavior was observed IfyJ, 2001) From

Figure 6.2exact elongation, yield load and ultimate load for all rebar where obtained
for further analysis.

6.1.1 Elongation (displacement)

In Figure 6.3(a)the elongatiorwasplottedagainsthe average corrosion. For the bar
types: Al, A2, Cland C2 a linear fit was used, where a polynomic fit was used for B1
and B2. Dfferent types of trendlines wengsed, this was performed to follow the
behavior of the results and to obtain a kighoeficient of determination (R as
possible The wefficient of determination (R is a statistical measuad how close the
data are to the fiéd regression line.
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Despite scattered valuesclear reduction of the elongation due to corrosion are noticed
from the fitted trendlines. This behavior has also been observed by several other
researchexsuch agU, 2001; Fernandez, Bairan and Mari, 2015; Llano Trueba, 2015)
Further analysis indicates that the reduction of elongation occurs within three corrosion
intervals. For average mosion level, the intervals wefe7%, 715% and finally 15

20%. The largest reductionsere observed in the first interval range, where th
reductions are of linear character. Thvas applied tall types of bars. In the second
interval range the reductionsvereconstant i.e. the elongation is rnibat affected by

the corrosion level. For the third and last intemaaige a reduction oklongation was
noticedagain In Figure 6.3(b),the elongation was plotted against the corrosion level
atthecritical cross section. The obtained results were closer in relation to reality than
the average corrosion level usedFigure 6.3(a)since thecorrosion level at critical
cross section wadonemeasuring the corrosion level where the failure occurred (see
chapter 3.3.2). By comparing the reswltishin Figure 6.3,several similarities were
observed. The reduction of elongation occurs also wititee corrosion interval§he

only difference was thathe corrosion levels are highbecause they are closer to
reality. For the corrosion level at the critical cross sectioa intervals were-08%,
18-28% and finally 2840%. In the first intervatange, the reduction occurs linearly. In

the second interval it remains constant and finatlyhe last intervatange it starts to
decrease again
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Figure 6.3:(a) Elongation versus average corrosidevel, (b) elongation versus
corrosion level at critical cross section.

6.1.2 Yield and ultimate load

In this sectionan analysis was performed to see how the yield load dgpaoed
ultimate load capacity of the tested reinforcing steel bars were affected by corrosion.
Figure 6.4(a)andFigure 6.4(b)isplays the yielding load versus average corrosion and
corrosion level at the critical cross sectidm.general, it could baoticed alinear
reduction of the yield load capacity due corrosion for the bar types: Al, A2, B1, B2
regardlesscorrosion levelused to represent the resuli&he results and the fitted
trendlines for C1 and C2 d not provide trustworthy data, this candlained in the

small numbers of tested bars with too similar corrosion levels to each other
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In addition, the type of corrosion observed in such bars differed a lot in comparison to
the corrosion described by the other steel bars (from pitting comrdsiomore
generalized corrosion)Further, same behavior as in section 6.1.1 was observed
between the average corrosion level and corrosion level at the critical cross section,
where the values are more realistic and accutatefor the averaged one. Thcan

also be seen in coefficient of determinatiof) (®hich are higher ifrigure 6.4(b)than

for Figure 6.4(a) indicating that the scatter in the measurements is much lower, hence
they depict a cledrend.In Figure 6.5(a)andFigure 6.5(b)the ultimate load capacity

of the tested bars versus average corrosion and corrosionatetred critical cross

section idisplayed. A linear reduction of the ultimate load was established.
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Figure 6.4:(a) Yield load versus average corrosion level, (b) yield load v

corrosion level at critical cross section.
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Figure 6.5: (a) Ultimate loadversus average corrosion level, (b) ultimate load vers
corrosion level at critical cross section.
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In Figure 6.6theoretical trendlines were plotted, representing the expeetiedtion

of the load by corrosion increase.Higure 6.6 (a)the ultimate load and yielding load
were reduced more than expected, weréigure 6.6 (b)the experimental values
reduced in a more expected manner. This can be justified by the methodsoirimg
corrosion level at the critical cross section where the failure will occur and by this
correspond more to the reality than the average corrosion level.

Additionally, the yielding load and ultimate load for the bar type-A®l were
compared. 1%fancreased average corrosion leads to 5.35 kN loss for the ultimate load
capacity and 5.27 kN yield load capacity. For the CCS corrosion same trend was noticed
where 1% of corrosion decreased the ultimate load and yield load by 1.82 kN
respectively 1.64 K. Type BXB2 had a similar behavior to the A482 where the
ultimate load also decreased slightly more than yielding load. As mentioned before, t
results and the fitted trendlisior C1 and C2 d not provide trustworthy data and hence

will not be considerate here.

The conclusion was made that the yield load and ultimate load are reduced more or less
the same due to corrosion disregard of corrosion method. This can potentially be
explained by th cross sectional loss of area for the reinforcing steel bar where both
parameters showed similar sensitivity to the certain phenomena. Furthermore, 1% of
corrosion reduces 2.16 mmf the aredor the skewed rebars and 2.11 ffor the
straight, indicatig a strong linearly correlation with the reduced load earlier discussed

in the text. Similar correlations had been observed by researche(®s2€i®1)where

the load carrying capacity is related to the available area.
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Figure 6.6: (a) Combined ultimatéy) and yield load (§ versus average corrosion
level, (b) combined ultimai@,) and yield load () versus corrosion level at critical

CHALMERS, Architecture and @il Engineerinch

10 20 30 40
Corrosion level at CCS [%]

(b)

- AOOA @6EX301858 OE O



6.2 Force versus engineeringstrain

In this section the impact on the yielhd fracture strain due to corrosion increase is
presentedFigure 6.7depicts how such parameters were obtained for both uncorroded
and corrodedbars.

Uncorroded

Force [kN]

i |
Y Sugin[-] Y]
Figure 6.7 Explains haev yield strain &) and fracture &) was obtained for the
uncorroded and corroded steel bars.

The secondype of resultsised for analyzing theeasured behavior of the béws this
study was force versus engineering strain. As explained in se&tlothree different
graphs weralisplayed for every type of bar used in this study i.e. A1 and A2 in one
graph. By comparing the different curvesHigure 68, a redudbn in strainwith the
increase on corrosion level was noticed. Same observaasmade by researchers
such agU, 2001; Fernandez, Bairan and Mari, 2015; Llano Trueba, 201&eir
studies. From the same figure, exacluea for the yield and fracturstrain were
extracted for deeper analysis.
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Figure 6.8: Displays forceversus engineering strain graphs (a) A1 and A2, 1
skewed bars, (b) B1 and B2, 16mm straight bars and (c) C1 and C2, 10mm skew
*Average corrosion level. *€orrosion level at critical cross section (CCS).

6.2.1 Yield and fracture strain

In Figure6.9, the yield strain was plotted against the average corrosion and corrosion
at the critical cross sectiobDifferent types of regression lines were used to obtain a
high coefficient of determination fRas explained in section 6.1 Ry analyzing the
graphs, reduction of thgeld strain with increase of corrosion level was notiGete
highest reduction was noticed between the corrosion interval rab@®0r he results

are in agreement with results obtainedy2001) Best correlation wasbtained for

the type A1A2 which depicted a Rvalue of 0,81 for the average corrosion and 0,91
for the corrosion level at the critical cross section.
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Figure 6.9: (a) Yield engineering strain vs average corrosion level, (o¢ld
engineering strain vs corrosion level at critical cross section.

5C CHALMERS, Architecture and @il Engineeringh - A OO A @6EX364858 OE O



In Figure 6.1@a), the fracture strain was plotted versus the average corrd3jon
analyzing the resultsan important scatter was observed, this behavieras well
reported by many other researchi@ts2001; Fernandez, Bairan and Mari, 2015; Llano
Trueba, 2015) Despite the scattered datsgme behaviors can be observed, the
reduction of the fracture strain due to corrosion could be noticed from the fitted
trendlines. This behavidas also been observiedother studiegU, 2001; Fernandez,
Bairan and Mari, 2015; Llano Trueba, 201Burther analysis indicates that the
reduction of elongabin occurs within three corrosion intervals. For average corrosion,
the intervals were 0%, 715% and finally 180%. The largest reductions were
observed in the first interval range, where the reductions are of linear character. This
was appliedo all types of bars. In the second interval range the reductions are constant
i.e. the fracture strain was not affected by the corrosion level. For the third interval
range a further reduction in fracture strain was noticed.

Similar to Figure 610(a) with the exceptionto the corrosion levelFigure 610(b),
displays fracture strain versus the corrosion levehatcritical cross section. The
obtained results were closer in relation to reality, as explained in section 6.1.1 than the
average corrosioicomparig the results ifrigure 610(b) with Figure 610(a), several
similarities were observed. The main differences are the corrosion levels, which are
higher, and the coefficients of determination are slightly highethicritical cross
section.
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Figure 6.10 (a) Fracture engineering strain vs average corrosion level, (b) Fra
engineering strain vs corrosion level at critical cross section.

When analyzing the behiar for both the yield and fracture strain, a trend of reduction
due to increased corrosion level is established. This reduction of the strains can be
partially explained due to the increase of brittlenest®reinforcing steel. Brittleness

of steel § clearly affected by corrosion, this is observed when comparing uncorroded
specimens which show high yielding before reaching the fracture point in contrast to
the heavily corroded specimens which showed a decrease of yieldingstaaFidure

6.9). Same observations were made by 2007).
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Further reasons for the decrease of the strains are the loss of the cross sectional area in
form of local pits or notches but also thinned out sections of the bar when high pitting
corrosion occurs. These notchaisreduced sections when elongated will cause the
strains b concentrate where the genesthin behavior of the corroded specimens will

be minor than for uncorroded specimens at failuke2001)).

6.3 Engineering stress \ersusstrain

In this sectionyielding strength, ultimate strengtand modulus of elasticitwhere
obtained according to typical strestsain curve fronfigure 2.3.

Figure 6.11 and Figure 6.2 displays the engineering strestsain curves for the
different type of naturally corroded rebars at various corrosion levels for average and
critical crosssection with respect tthe uncorroded steel bakll the curves showed

the similartrend for thedifferent types ofthe specimen. With increasing average
corrosion level, the combined resultskhigure 6.11 for type (Al, A2 and B1, B2)
showed similar stresstrain curves as expected. Further for type (C1, C2) different
behavior are observed. Also sitkered the increasing corrosion level at a critical eross
section inFigure 6.2, the stress value is much higher than for average corroded cross
section with increasing corrosion level, $égure 6.11.

In the further sections 6.3.the effects of different corrosion levels for different types
of bars are analyzed to obtain a correlation between the stsemgtitorrosion levels.
Finally, the behavior of modulus of elasticity Wwiincreased corrosion levels atso
discussedn secion 6.32.
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Figure 6.61: Engineering stresstrain curves for different type of naturally corroded
rebars of various corrosioevel at average crossection. (a) A1 and A2, 16mm
skewed bars, (b) B1 and B2, 16mm straight bars and (c) C1 and C2, 10mm skewed
bars.
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Figure 6.72: Engineering stresstrain curves for different type of naturally corroded

rebars of various corrosion level at critical cressction. (a) A1 and A2, 16mm skewed
bars, (b) B1 and B2, 16mm straight bars and (c) C1 andl@2ym skewed bars.
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6.3.1 Yield and ultimate strength

The change of yielding and ultimate strengths depend@tcogasingcorrosion levels
whicharepresented ifrigure 6.13andFigure 6.14. The yieldingand ultimate strengths
produceda reduced trend for considered corrosion levels at the avavergsion level,
and constant trend for tleeitical cross section. For both corrosion levelBigure 6.13

and Figure 6.4, the polynomicfit was used for type (B1l, B2) to obtamhigh
coeficient of correlation, where the linear function was used for type (Al, AR).
type (C1, C2) specimens, the linefir was also used which indicated the poor
coefficient valus, because dew tested specimens with high average corrosion levels.
With this limitation, most of the curgeshowedthat strengths are reducing with
increased average corrosion levels. On the other hand, several researchers
(Apostolopailos, 2007; Zhangt al, 2012; Fernandez, Bairan and Mari, 20aBp
observed the similar decreasing behavior of yielding and ultimate strewgths
increasedorrosion levels.

FromFigure 6.13(a) andFigure 6.}4(a), different intervalrange of average corrosion
levels are observed for several types of bars. The first range betv@énnbich is
applied for all types of bars following the linear function. In next range betw&8po7
with increased average corrosiondts, the strengths reduction remains unchanged for
the type (B1, B2) insteaaf type (Al, A2) the strengths reduced linearly. For the final
average corrosion level range betweenl®%, the yielding and ultimate strength
reduction was observed. This cadscabe seen in coefficient of determinatior?)(R
which are slightly higher faFigure 6.13(a) andFigure 6.14(a) for type (Al, A2). But
considered type (B1, B2) is corresponding in opposite waw Figure 6.13(b) and
Figure 6.14(b), the effect of corrsion level athecritical cross section oyielding and
ultimate strengttor the different type of rebars are considered. The total corrosion
intervatrange forthecritical cross section was betweed@%.
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Figure 6.13. The yielding strength effect on corrosion levels for different tyy
naturally corroded rebars. (a) corrosion level at average ci&sstion, (b) corrosic
level at critical crosssection.
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Figure 6.14: The ultimate strength effect on corrosion levels for different type
naturally corroded rebars. (a) corrosion level at average cesstion, (b)
corrosion level at critical crossection.

As it was mention in the chapter 2.3.1.1 and in equation, (8tfgss is a relation
between forckoad andhe area of the specimdfrom theanalyzed forceection 61.2,

the yield and ultimate foraserereducedinearly with increased corrosion lev&Vhen
comparing the reduction to the theoretical expectation, the corresponding result for the
average corrosion level was reducing more, where the CCS value reduced more or less
the sames expectedsge Figure 6.9. As discussed earlier, the reduction of the area
was concluded to reduce linearly with increased corrosion level. If the ratio of reduction
is the same for both force and area, a constant strength value will be received disregard
the corrosion level.

In theFigure 613(a) andFigure 6.14(akhereducing yield and ultimate strength when
considering average corrosion level can be explained by observifigtre 66(a).

The reduction of load is higher thathe reduction ofin area withthe increase of
corrosion. Due to this difference in reduction, the strength ratio will always be slightly
reduced. This reducing behavior was also observeaddmp Trueba, 2015

Further for the CCSection, a reduction was not noticasl for the average corrosion
level, instead the strength value stayed constaftiis can be explained kthe CCS
methodof measuring corrosion level is more realistic and more accurate than average
corrosion level (seFigure 66(b)), creating a force reduction close to the expected one.
The ratio between the force and the area is more or léks sdime magnitude and by

so resulting in a constant strength value as observed Fighee 613(b) andFigure
6.14b)

As concluded in section 6.1.2, loss of area atitical cross sectigra rapid change in

the section significantly change the stress in failure point. The amount of stress
concentration at critical cross sectionsialsodepend on change on the section, i.e.
depth ofthe pit.
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6.3.2 Modulus of elasticity

The effectdifferent corrosion levelen modulus of elasticity is presentedRigure
6.15. It can be seen that bo#lverage and critical corrosion leugb to 7% does not
have any effect on the modulus of elasticity (Segire 6.15.
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Figure 6.15: The modulus of elasticity effect on corrosion levels for different ty|
naturally corroded rebars. (a) corrosion level at averagesssection, (b) corrosior
level at critical crosssection.

The modulus of elasticity at average corrosion levels shangdher scatted value
seeFigure 6.5(a). Despite thisthe measured modulus of elasticity seems to be
reduced with the incesing corrosion levels. Howevénge scattexddata did not allow

to establish any trustworthy relationship with the average corrosion degree. These
results are in line with the resulté (Fernandez, Bairan and Mari, 2015)

Figure 6.5(b) displays the relationship between modulus of elasticity with corrosion
level atthecritical cross section. The modulus of ¢ieisy slightly decreased with the
increasing corrosion levels, but asHigure 6.14(a) the highly scatter data suppress
the possibility to correlatbetween corrosion level and modulus of elasticity.
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7 Conclusion

The aim of thighesiswas tostudythe mechanical properties of uncorroded reinforcing
bars and to describe apparent mechanical properties of corroded reinforcing bars and
by so increase the level of knowledgethis field An experimental program was set

up to teshtotal of 57 uncorrodedna naturally corroded reinforcement steel specimens
gathered from different sources. A method of cutting, cleaning and preparing the test
specimenss presentedIt was concluded thatandblasting cleaning method was the
most suited method to remove aletborrosion products from the test specimens and
generate a respectable base for further measuremnmeatsover when coating and
painting of the specimen is needéithe measurement of corrosion level was done
following two different methodsFirst the graumetric method measured the average
corrosion level whichrepresents more meaningful results for generalized corrosion
Second,3D scanningof the bars, which allows the description of the corrosion
distribution along the bar and consequently the attaibwfghe corrosion levehtthe

critical crosssection where the bar failed which in turnnsre related to pitting
corrosion.

Furthermore, monotonic teststo failure measured bymeans ofDigital Image
Correlation(DIC) technique were conducted for earlmentioned specimenghe DIC
systemusesa stochastigatternimprinted on the specimen surface by means of what it

is possible to follow theleformation of the specimen, providind application of load

by the tensioning machiné sequence of imagessults from the use of the DIC which

by comparison between the capture pattern between them allows the obtention of
different type of results. The pattern as it was observed, had a significant role in
providing trustworthy results, among others becaudbdf pattern has not enough
quality or it is damage during the tests no results can be captured.

The post processing of the results was carriedaatlit the softwareGOM Correlate
Professional 201 7A series ofligital extensometemwereused in combination witthe
measuredorce to obtainall the relevant resultsstrains, displacements and other
important valuesieeded to further acquire engineering and true sstegi curves. It

was observed tha@itigital Image Correlatio(DIC) provided accurate strain results from
45mm down to 1mm length of extensomettthe critical regiorfor this study

From theanalyzed results the following conclusion can be drawn:

1 The mechanical properties of the reinforcing steel barsteoveglyaffecied by
corrosion due to loss of cross sectional area in global and local cases for
naturally corroded specimens. Those factors cause degradation of the
mechanical propertidsy increasing corrosion levels.

1 In this study, the average and critical cross section (CCS) corrosion levels
ranged from €0% andfrom 0-40% respectively. Howevgethe observiaons
made for the different pameeters were not proportional to the measured
corrosion level.
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An importantreduction in the elongation was observed for all the specimens,
even thoughhte big scatter of the resulfgloreover, this reduction was more
acute in the intervalange 07% for the averaged corrosion leagld 618% for

the corrosion level at the criticaross section. This clearly indicates that the
variable is very sensible to small corrosion levels.

The yieldand ultimate load capacity for the tested rebars presented a linear
reduction for all types of specimens withe increase of corrosion levelhe

yield and ultimate load for average corrosion lesrewed the higher reduction
respect to the theoretical value. Furthermore, the yield and ultimate load that
utilize the corrosion level at CCS showed reduction that correspondent better to
the theoretal fit. It was also established that decrease of load strongly related
to loss of area, that was also reduced by increased of corrosion level.

A reduced trend for the yield strain with increased of both average and CCS
corrosion level was noticed. Theghest reluction occurred in theorrosion
interval range betweenr10%.The fracturestrain for the result analysshiowed

that the influence of corrosion level reduced this mechanical parameter severely
in the corrosion range of % for the averaged owsion level and 18% for

the corrosion level at the critical crosstsen.

Consideing the average corrosiotevel, the yielding and ultimate strengths
provided reduced mechanical properties with increased corrosion level. For the
averaged corrosioreVel with the interval of ®%, which was applied for all
type of bars followed a reduced linear function for yielding and ultimate
strength. The vyielding strength reduced slightly higher than ultimate strength
with the same increased average corrosioelleVheyielding and ultimate
strength at CCS corrosion level showed constant behaitiowas also
concluded that the ratio between the force and area was of high impddance
establishing the strengtiihe ratio between force and area resulted in a
reduction of strength due to the force reduced faster than thevéweausing
average cross sectiamd forthe CCSthe ratio between the forcadithe area

was more or less othe same magnitudand by so resulting in a constant
strength valueThis can beexplained by the method of a critical cross section
which is closer to reality than the average corrosion level.

The modulus of elasticity displayed the highly scatter data disregard of used
corrosion type. Because of tha trustworthy correlation could not be
established.

The findings presentenh this study showed thdioth corrosion method i.e.
average corrosion and critical corrosi@ffectedthe considerate mechanical
properties. It can be summarized that metbbaneasuring corrosion in the
critical cross was more realistic in its way of describing the behavior. This
information will lead to better understanding of the dabr forthe reinforced
concrete structures and how much they are affected by corrosibmerffoore,

this study can be used as a base for future studieés|so directly applicable

to the commercial engineering world.
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8 Further research

In this study, a method of testing, postprocessing and finally obtaining true and
engineering stresstraing aphs wer e established. For the
analyses were performed to obtain correlations between different relevant mechanical
properties and corrosion levels. A recommendation for future study is to further develop

Atr uetrusdtresaipmart o. Al so, it is suggested to
tested specimens to increase the reliability of the study and for generalization of the
findings.
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Appendix

Appendix A.1: All corroded rebars (Type Al, skewed)

Force versus displacement
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** Corrosion level at critical cross section (CCS).
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Forceversus engineering strain
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