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Lay Summary

The study investigated the combined effects of pitting corrosion and elevated temperatures on the low-
cycle fatigue and high-cycle fatigue behavior of constructional steels. Understanding these combined
effects is crucial for assessing the long-term durability and reliability of structures in aggressive
environments. The experimental investigation involved subjecting steel specimens to corrosion and
elevated temperatures. Subsequently, both low—cycle fatigue (LCF) and high—cycle fatigue (HCF) tests
were conducted to evaluate the resulting changes in the material's fatigue behavior.

One of the focuses of the study was to quantify the changes in surface roughness induced by pitting
corrosion and temperature variations. Surface parameters such as amplitude, spacing, and volume were
measured to ascertain their impact on the mechanical properties of the steel. Through this analysis, the
study was able to develop predictive models that establish correlations between surface topography
features and the severity of corrosion and temperature exposure. These models offer valuable insights
into how surface degradation progresses over time and its implications for fatigue failure. The study
also proposes a framework for estimating fatigue life based on surface topography features. This
framework provides engineers with a valuable tool for predicting the remaining useful life of steel
components in corrosive and high-temperature environments. In addition to surface characterization,
the study also investigates the microstructural changes occurring within the steel specimens subjected
to pitting corrosion and elevated temperatures.

The study also proposes a precise analytical expression for the stress concentration factor, which
accurately reflects the effect of corrosion penetration depth along the constructional steel bar's perimeter.
The experimental investigations revealed critical insights into the LCF behavior of corroded
constructional steel bars at elevated temperatures. The prediction models were developed to understand
LCF behavior under the influence of pitting corrosion and elevated temperature. These models
encompass various parameters and provide valuable tools for assessing structural integrity. The
experimental investigations into high-cycle fatigue behavior demonstrated a significant reduction in
fatigue life in constructional steel with multiple pit sites, correlating directly with the severity of
corrosion and applied stress levels. Fractographic analysis of fracture surfaces provided further insights
into the mechanisms governing crack initiation and propagation under the combined influence of
corrosion and temperature. These findings offer crucial insights for engineering applications and
structural integrity assessments, providing a foundation for developing effective strategies to mitigate

fatigue-related failures in corroded steel structures.
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Abstract

The structural integrity of reinforced cement concrete (RCC) and steel structures is highly dependent on
the fatigue performance of their constructional steel, especially in demanding environments like those
subject to chloride contamination or fire exposure. These structures are exposed to repeated cyclic
loading, including HCF induced by wind and traffic, and LCF arising from seismic activity or thermal
cycling. Importantly, the combined effect of both cyclic loading and corrosion significantly accelerates
material degradation, necessitating a comprehensive understanding of constructional steel fatigue
behavior under such combined stressors. Surface topography, characterized by features like roughness
and pits, significantly influences fatigue behavior. In this study, an accelerated corrosion technique was
employed to induce localized pitting in the specimens. Moreover, experimental investigations, including
microstructural examinations, str performed to quantify the surface roughness changes in reinforcing
bars exposed to pitting corrosion and elevated temperatures of upto 700 °C. Predictive models are
developed to relate these surface topographic parameters to the severity of corrosion and temperature
exposure. Leveraging these models, a framework is proposed for estimating the high—cycle fatigue life
of corroded reinforcing bars, providing valuable insights for structural health assessments and design
optimization. Further, study experimentally investigated the LCF behavior of reinforcing steel bar
subjected to pitting corrosion and elevated temperatures. LCF tests were conducted under stress—
controlled conditions with a maximum stress level of 0.7 f; and stress ratio of -1. Analysis of resulting
hysteresis loop revealed significant detrimental effects of both pitting corrosion and elevated
temperature on the LCF performance of the steel specimens. An analytical expression for the stress
concentration factor (SCF) based on the inverted Gaussian distribution of pitting corrosion penetration
depth along the reinforcing bar's perimeter has been proposed. In addition, LCF behavior of medium—
strength structural steel exposed to pitting corrosion and elevated temperatures was experimentally
investigated using a symmetrical triangular waveform. LCF tests have been conducted with strain
amplitudes of £0.6% , £0.8% and %1%, with a strain ratio of -1. LCF tests at varied strain amplitudes
revealed an expanding rhombus hysteresis with increasing temperature, accompanied by an 82% drop
in fatigue life at 700°C. Analysis of corroded and uncorroded specimens under these conditions showed
the influence of strain amplitude and temperature on cyclic life and energy dissipation. A Coffin-Manson
model successfully quantified strain amplitude effects, with temperature—dependent coefficients
predicted through an established power—law equation. Furthermore, the HCF tests on constructional
steels with single and multiple pit sites confirmed a decrease in fatigue life with increased corrosion and
stress levels. The developed fatigue S-Nr curve incorporating corrosion severity, offering valuable
insights into the development of pitting corrosion in constructional steel.

Keywords: Constructional steel; LCF; HCF; Pitting corrosion; High-Temperature; Roughness Parameters;
Microstructural investigation
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Chapter 1
Introduction

1.1 Background

Steel, an integral material in engineering, is characterized by its inherent versatility and
widespread application. Evolving from wrought iron and cast iron, steel exhibits exceptional
mechanical properties, including high elasticity, ductility, weldability, and malleability. Its
carbon content lies between wrought iron and cast iron. The most common types of steel used
in construction today are reinforcing steel bars, structural steel, plain carbon steel, mild steel,
etc. Notably, the hot-rolled, deformed high—strength bars are increasingly favored for concrete
reinforcement due to their economic advantage over traditional mild steel. Their growing
popularity has spurred numerous studies on their behavior within concrete members. Structural
steels, offering a broad range of steel shapes and forms, constitute the framework for buildings,
bridges, and other structures. While steel possesses remarkable properties, it's crucial to

acknowledge its vulnerability to fatigue (Sherman, 1975).

The fatigue phenomenon, recognized in the early 1800s with cracking in railroad bridge
components arises from repeated cyclic loading (Bokuvka et al., 2002). As construction has
progressed, so have instances of fatigue—related failures in various components. The coupled
action of cyclic stress and corrosive environments, manifesting as corrosion—fatigue,
significantly compromises the integrity of structural members. This combined phenomenon has
cardinally led to numerous catastrophic events, such as the sudden collapse of the Point Pleasant
Silver Bridge, claiming 46 lives. The investigations concluded that the phenomenon occurred
due to the failure induced by the corrosion—fatigue of the steel reinforcement bars constituting
the bridge (Bullard et al., 2012). The 2018 collapse of the Majerhat Bridge in Kolkata cannot be
attributed solely to individual occurrences of corrosion and fatigue. Instead, the combined action
of these two mechanisms likely played a significant role in the ultimate failure. The combined

phenomenon of corrosion—fatigue significantly accelerates steel degradation in RCC structures.

Pitting, acting as a stress raiser, promotes early—fatigue crack nucleation and growth. Cracks
further exacerbate chloride ingress, increasing the corrosion rate and the crack propagation
normal to the tensile stress (Otieno et al., 2010). This interdependent phenomenon drastically
reduces the fatigue life of structural components. Understanding the steel behavior under
corrosion—fatigue is crucial, as pitting reduces the local cross—section, amplifies the stress, and
weakens the mechanical properties of the steel. Examples include older RCC bridges with traffic
loads and seismic zones with high—stress reversals, both prone to premature rebar failure due to

the combined action of corrosion and fatigue. Under the combined influence of the
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corrosion—fatigue, the damage of the steel is dominated by the pitting corrosion rate during the
initial stage, however, with time, the fatigue crack rate increases and the pitting corrosion rate

decreases substantially (Liu et al., 2018).

Not only, the reinforcing steel but structural steel is also degraded due to the continuous
effect of the corrosion—fatigue phenomenon. Studies have shown that seawater can deteriorate
structural steel at a rate of 0.13 mm per year, with pit growth rates reaching ten times than the
critical value (Gaythwaite, 1981). Further, the fatigue strength can plummet by a factor of 23
in the marine environment (Vosikovsky & Tyson, 1986). Thus, it is important to study in detail
the behavior of constructional steels subjected due to the corrosion—fatigue behavior. It is well
established that surface topography significantly influences steel's mechanical and physical
properties (Jacobs et al., 2022). Parameters like surface roughness plays crucial role in various

applications, including friction and fatigue.

Several natural and anthropogenic disasters may also prove to be detrimental in the service
life of RCC structure once such crucial occurrence is fire generated from both natural and
anthropogenic sources. Moreover, the offshore structures can also succumb to fire disasters.
However, after the fire, a structure may not collapse, but nevertheless it is significant to evaluate
its performance during service. The structure after sustaining the fire may be subjected to cyclic
stress such as it may experience earthquake due to which LCF is induced. Therefore,
understanding the fatigue behaviour of steel after exposure to temperature is of great importance.
Unfortunately, research investigating the combined impact of pitting corrosion and elevated

temperatures on fatigue strength of steel is limited (Abar et al., 2015).

The present research highlights the critical need for in—depth research on the behavior of
constructional steel under the combined influence of pitting corrosion fatigue and elevated
temperatures. Such research holds immense potential for enhancing the safety and longevity of

our infrastructure, protecting lives and safeguarding investments.
1.2 Research objectives

The combined influence of pitting corrosion and elevated temperatures on the fatigue
behavior of constructional steels poses significant challenge for maintaining the structural
integrity and safety of buildings and infrastructure. Consequently, there has been a surge of
interest within the research community to investigate these combined effects of on
constructional steel. While previous research has focused on the uniform corrosion of steel bars
and evaluated their fatigue performance, limited studies have made an attempt to understand the
behavior of reinforcing steel bars exposed to elevated temperatures and pitting corrosion under
stress and strain—controlled loading conditions. Various researchers have developed predictive

equations to evaluate the fatigue performance of constructional steel subjected to fire focusing
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on the damage of the structural members affected by fatigue at elevated temperatures. Studies

on the microstructural investigations of fatigue crack initiation and propagation in non—corroded

steel bars have been conducted, but there is a lack of microstructural investigations of fatigue

crack initiation and growth in corroded steel bars under high temperatures. Additionally, the

fatigue behavior of construction steels with multiple pit sites remains unexplored. These

research gaps have motivated the need for a comprehensive experimental investigation into the

fatigue behavior of constructional steel, and based on the test results, predictive equations have

been proposed to consider the effect of pitting corrosion and elevated temperature exposure. The

objectives of the thesis have been presented as follows:

1.

1.3

To experimentally investigate the surface roughness characteristics of thermo—
mechanically treated (TMT) reinforcing steel bars subjected to pitting corrosion and

elevated temperature along with microstructural examinations.

To propose a comprehensive framework for estimating the fatigue life of reinforcing
steel bars, considering the combined influences of pitting corrosion and changes in

surface topography due to elevated temperatures.

To experimentally examine the LCF behavior of pitting—corroded high—strength
reinforcing steel bar under combined stress—controlled loading and elevated

temperatures.

To experimentally investigate the LCF behavior of structural steel subjected to pitting

corrosion and elevated temperature exposure under strain—controlled loading condition.

To experimentally investigate the HCF behavior of constructional steels subjected to

pitting corrosion at multiple sites under room temperature and elastic stress condition.
Research scope

The study employed an accelerated corrosion process that did not consider various
factors known to influence steel corrosion under natural exposure conditions, such as
water-binder ratio, cement composition, concrete cracks, oxygen presence, relative

humidity, and temperature.

The study focusses on short—term fatigue behavior and may not fully captures the long—
term durability or performance of constructional steel under prolonged exposure to

pitting corrosion and high temperatures.

The average SED approach might not fully account for all factors affecting fatigue

behavior, such as microstructural changes, residual stresses, and environmental effects.
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1.4 Research significance

The research presents a comprehensive investigation into the fatigue response of
constructional steel subjected to the effects of pitting corrosion and elevated temperatures. By
quantifying the changes in the surface roughness and the surface topographic feature parameters
of steel reinforcing bars exposed to these conditions, the study provides essential insights into
how surface characteristics influence fatigue behavior. The development of predictive models
relating surface topographic feature parameters with corrosion level severity and temperature
exposure establishes a robust framework for estimating the high cycle fatigue life of corroded
reinforcing bars. Additionally, utilizing the parameters, this study also presents prediction

models for a surface topographic feature variable in terms of SCF and defect size parameter.

Moreover, fatigue tests are conducted on both corroded and non—corroded high—strength
high—ductile reinforcing bars under elevated temperatures enable a detailed analysis of the
material's LCF strength under stress—controlled conditions. Based on experimental
observations, including fractographic analysis of fracture corroded specimen at elevated
temperature the study proposes a model for the distribution of pitting corrosion penetration
depth and derives an analytical expression for the SCF and compared with the finite element
(FE) analysis. Furthermore, through experimental investigations of LCF tests on corroded and
non-corroded structural steel under strain—controlled conditions, the study utilizes a fatigue
model to quantify the influence of strain amplitude on the number of cycles to failure.
Microstructural investigation and morphology of the fractured surface of corroded and as well
as corrosion—free structural steel specimens at different temperature exposures and at different
strain—controlled conditions has been carried out. The study furthermore, extends to HCF
behavior in constructional steel with multiple pit sites, by investigating the impact of corrosion
level and maximum stress levels on the fatigue properties of structural steel along with the
resulting macroscopic and microscopic morphological changes in structural steel specimens.

Overall, this research significantly advances our understanding of fatigue mechanisms in
constructional steel under combined influence of pitting corrosion and elevated temperature
exposure, contributing to the development of safer and more resilient infrastructure through

enhanced design, assessment, and maintenance methodologies.
1.5  Outline of the thesis

This thesis is presented in eight chapters. The first chapter provides the foundation for the
research, covering the background of fatigue behaviour of the constructional steel under the
combined effect of pitting corrosion and elevated temperature, objectives, research scope, and
its significance. Chapter 2 presents a comprehensive literature review on the combined effects

of corrosion and elevated temperature on the fatigue behavior of constructional steel, covering
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fundamental fatigue processes, electrochemical corrosion mechanisms, and the severe impact
of pitting corrosion on fatigue life. The study explores into the influence of temperature
exposure, particularly post—fire, on steel fatigue, highlighting a gap in the experimental studies.
Additionally, the review examines the critical role of surface characteristics of the constructional
steel, such as pitting—induced surface roughness, and its correlation with fatigue strength. By
summarizing these interconnected factors, the literature review underscores the importance of
understanding the complex interactions between corrosion, fatigue, elevated temperature, and
surface characteristics for ensuring the structural integrity and longevity of RCC and steel
structures. Finally, the chapter identifies and discusses the existing research gaps within the

current state—of—the—art.

Chapter 3 undertakes the experimental investigation to reveal the surface roughness
characteristics of thermo—mechanically treated reinforcing bar subjected to pitting corrosion and
elevated temperatures. The surface topography of the steel subsurface is seriously impacted by
the pitting corrosion and elevated temperature exposure. This study presents the results of
surface characteristics of the reinforcing bar exposed to pitting corrosion and elevated

temperature.

Chapter 4 presents the novel and comprehensive framework for estimating the fatigue life
of TMT reinforcing steel bars considering the combined action of pitting corrosion and elevated
temperature impacted surface topography has been presented. A combination of experimental
and numerical methods has been used in designing the framework. The framework is further

validated using experimental data available in the literature.

Chapter 5 experimentally investigates the LCF behavior of pitting—corroded high—strength
reinforcing steel bars at elevated temperatures. It proposes models for pitting corrosion and
stress concentration factor, conducts fatigue tests on corroded and uncorroded specimens. The
study utilizes average SED approach for fatigue life assessment of reinforcing steel bars and the

study also develops predictive equations for key fatigue parameters correlated with temperature.

Chapter 6 covers the combined effect of pitting corrosion and elevated temperature exposure
on the LCF behavior in structural steel. The study develops predictive models and evaluate the
key parameters for both corroded and uncorroded specimens. Additionally, a fatigue model
based on strain amplitude and cycles to failure quantifies the LCF response to these combined

stressors.

Chapter 7 deals with the investigation of the HCF behavior of constructional steel subjected
to single pitting corrosion as well as multiple pitting corrosion at room temperature under elastic
stress conditions. The study provides an essential basis for assessment of the HCF properties of

corroded constructional steel servicing in harsh environments such as chloride—contaminated.
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Chapter 8 concludes the research by presenting a concise summary of key findings and

conclusions. It also incorporates suggestions for future research work.



Chapter 2
Literature Review

2.1 Introduction

This chapter thoroughly review literature on the corrosion fatigue behavior of constructional
steel. The various stages of fatigue processes, including microscopic and macroscopic damage,
are comprehensively reviewed. Subsequently, the electrochemical corrosion process, involving
metal oxidation and reduction, is thoroughly examined. Corrosion, an electrochemical
phenomenon, involves the loss of electrons from metal atoms, resulting in positive charges
(oxidation). These liberated electrons then combine with nearby atoms or adjacent substances
(reduction). Under specific conditions, the transfer of electrons from the anodic region to the
cathodic region may accelerate. Corrosion is categorized based on conditions such as galvanic,
pitting, crevice, corrosion fatigue, and stress corrosion, or on the basis of electrochemical

processes.

Corrosion of constructional steel emerges as a significant cause for the degradation of
engineering structures. An estimated annual expenditure of approximately $40 billion,
constituting about 4% of the total economy, is allocated to the maintenance and repair of
corroding structures in India. Chloride—induced corrosion poses a critical threat to the residual
life and load—carrying capacity of RCC and steel structures. In corrosion fatigue scenarios,
pitting corrosion acts as a substantial stress raiser, giving rise to numerous fatigue cracks that
propagate across material grains. As these cracks grow, fatigue life diminishes due to

accelerated corrosion—fatigue conditions.

The fatigue properties of constructional steel after exposure to temperature are thoroughly
discussed further. The impact of fire on the service performance of structures, particularly those
utilizing structural steel, is a critical concern. Elevated temperatures during a fire event
significantly reduce the strength properties of steel. Although a post—fire steel structure may not
immediately collapse, accurately evaluating its remaining serviceability is crucial for ensuring
public safety and minimizing potential infrastructure failures. Limited studies have focused on
post—fire mechanical properties, limited experimental studies have been conducted to
comprehend the fatigue behavior of steel after exposure to temperature. A comprehensive
literature review is presented to examine the effects of temperature exposure on the mechanical
properties of steel, its impact on fatigue properties, and the influence of heating on

microstructure.

Pitting corrosion at elevated temperatures remarkably affects the surface characteristics of

steel, potentially reducing its mechanical performance, especially in terms of fatigue behavior.



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

The fatigue life of steel is heavily dependent on its surface characteristics, where fatigue cracks
typically initiate from geometric discontinuities or corrosion pits, controlled by cyclic
deformations higher than the average. Since fatigue failure generally initiates at the material
surface, it is essential to comprehend the effect of surface roughness characteristics on the
fatigue properties of steel. Focusing on the relationship between surface roughness and fatigue
strength, this review also explores the detailed effects of varying exposure temperatures on the

surface characteristics of steel.
2.2 Fatigue process

ASTM E-1823-21 defines fatigue as “the process of progressive localized permanent
structural change occurring in a component subjected to conditions that produce fluctuating
stresses and strains at some point or points and that may culminate in cracks or complete fracture
after a sufficient number of fluctuations”. Since fatigue has a detrimental effect on the material,

it is important to understand the mechanism and its associated effects.

There are different types of cyclic loading encountered. A schematic illustration of fatigue
loading has been depicted in Fig. 2.1. Reverse cyclic loading has been illustrated in Fig. 2.1 (a).
This type of loading is used in testing of material where maximum and minimum stresses are
equal in magnitude. The material is loaded first from zero stress to maximum positive stress and
then reverse loading start falling back to zero to maximum negative stress. After sufficient
cycles, microscopic crack will initiate first, the crack initiation starts from the discontinuities or
any kind of surface defect present. With the accumulation of further cycles, the cracks increase
in size until the complete separation of the material takes place. Other type of fluctuating stress
generally encountered is where the mean stress is applied on the top of minimum or maximum
stress. The minimum stress may not be equal to the maximum stress as shown in Fig. 2.1 (b).

The cyclic loading is composed of: (i) cyclic stress amplitude; and (ii) cyclic stress range. The

cyclic stress range is the difference between the maximum stress (Umx) and minimum stresses

(O'mirl ) present in the cycle given by Equation 2.1:

0,=0 . —Omi 2.1)

max min

The cyclic stress amplitude is half of stress range in a cycle:

S —  max min _ “r (22)

Mean stress is algebraic sum of minimum and the maximum stress present in the cycles

represented as:
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0, = max min (23)
2
Stress ratio is expressed as:
R = Zmin 2.4
O-max
@ - (b)

_____ N B

Fully reverse loading Tension-Tension with applied stress

Fig. 2.1 Typical loading cycles: (a) fully reverse loading; and (b) tension—tension loading.

Cyclic Crack Macro Crack Micro Crack Final
Slip Nucleation Growth Growth Failure
Crack Initiation Period Crack growth
Period

Fig. 2.2 Stages of fatigue failure (Campbell, 2012).

The different stages of fatigue crack growth, from initiation to final fracture, are illustrated
in Fig. 2.2 as follows: (i) Stage I involves the crack initiation period, characterized by the onset
of damage induced by cyclic loading, resulting in crack initiation and nucleation; (ii) Stage II
represents the crack propagation phase; and (iii) Stage III involves the sudden and complete

failure of the cross—section.

Crack initiation: Generally, the fatigue crack nucleates and propagates in the region where
the material contains any damage, corrosion pits, scratches or localized geometric
discontinuities. Fatigue crack initiation and propagation are primarily attributed to cyclic slip
mechanisms. Fatigue failure typically occurs at stress amplitudes significantly lower than the
material's yield strength. (Schijve, 2009). When the material is subjected to cyclic loading the
crack nucleates and tends to grow along the plane of maximum shear stress, leading to the
generation of persistent slip bands (PSB) (Lee, 2005). These slip bands are the results of fine
slip movements which are build up systematically and is of order of few nanometers. The

accumulated strains in the PSB are more than 100 times than the adjoining material. The
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backward and forward motion of the slip bands leads to extrusion and intrusion of the surface,
which ultimately, forms crack on the surface. Fig. 2.3 illustrates the formation of intrusion and
extrusion of the surface during crack initiation (Campbell, 2012). Initially, the crack propagates
parallel to the slip bands, approximately at a 45° angle to the maximum principal stress direction,
with a propagation rate typically less than 1 nanometer (nm) per cycle. As the crack length
increases sufficiently to develop a plastic zone at the crack tip, the crack plane changes its
orientation to become perpendicular to the principal stress, transitioning into Stage II crack, as

depicted in Fig. 2.4.

Extrusion

_Slip
Plane

:

Intrusion

Slip
\\ plang
\ W
Fig. 2.3 Formation of slip band and development of extrusions and intrusion subjected to
cyclic load (Campbell, 2012).

i

Crack propagation: When the stage I crack changes its direction Stage II crack growth
occurs and propagates normal to the principal stress. The plateaus are generally, normal to the
tensile stress as shown in Fig. 2.4 (Lee, 2005). Crack propagation often produces the striations
marks which are finely space parallel marks, generally formed perpendicular to the crack
propagation direction. Each striation mark is the result of a single cyclic stress, and the spacing
of these marks depends on the applied loading (Campbell, 2012). Two types of striation marks
are observed: ductile and brittle types (Pelloux, 1969). Ductile striation marks are generally
common type whereas; brittle type striations are generally the results of corrosion environment.
When the crack growth rate is more, the striation marks became rough and develop wavy
texture. Due to the development of the plastic zone at the crack tip secondary crack is developed.
As the secondary crack grow and propagates a combination of secondary striations are

developed and often difficult to distinguish from the combination of slip bands and slip lines

(Campbell, 2012).

The size of crack initiation can be evaluated using linear elastic fracture mechanics for

smooth specimen (Dowling et al., 1999) as :

a0=l(ﬁJ 2.5)
T

10
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where ¢, is the initial crack length (um), AK, is the threshold stress intensity factor (MPa m'?)

and S, is the fatigue strength of the material (MPa).

|

Direction of erack growth

Stage I (Origin) Stage II

AYYYYY YOV OV
\AAAAAN_ NP
1 Striation——

Plasic deformation

Fig. 2.4 The progression from stage I to stage II fatigue (Campbell, 2012).

'

Loading direction

Stage I Stage 11

\
Fig. 2.5 Development of stage I and stage II fatigue crack growth (Stephens et al., 2000).

Free surface

The fatigue crack initiates at the surface and propagates across numerous grains (Fig. 2.5), which
is controlled mainly by shear strain and shear stress and then the crack grows in the irregular
zigzag direction perpendicular to the loading direction controlled mainly by the maximum
tensile stress. Most of the fatigue crack grows across the boundaries of the crack i.e.
transcrystalline. However, some crack develop intercrystalline propagating along grain

boundaries and depends on the loading condition and material type (Stephens et al., 2000).
2.3 Fatigue life prediction model

2.3.1 Model for Fatigue crack nucleation life:

A dislocation model has been proposed by Tanaka and Mura (1981) to estimate the fatigue
crack initiation life. The development of plastic deformation inside the PSB is modeled by using
dislocation dipoles, which are layered systematically at the grain boundary. In the simplest form
of the model the fatigue crack initiation life (N ) is given as:

ci
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Nci = AVVt 2 (26)
(Ar—27,)

where Ar is the local shear stress range (MPa), W, is the accumulated strain energy in the
dislocation, and 7, is the frictional stress required to counteract the movement of dislocations.

Whereas, the function A depends on the initial crack type and the properties of the material

(Zhou et al., 1989).

2d_G crack nucleates along the grain boundary
4G
A=4———F— crack nucleates along PSB (2.7)
z(1-v)d,
4G(G+G;)l?
(—'2)’ crack nucleates along the inclusion iterface
G (l+d) a

G is the shear modulus of the material (MPa), G, is the shear modulus of the inclusion (MPa),
I is the length of the slip band (um), d; is semi—minor length of slip band area (um), v is
Poison’s ratio and «, is the initial size of fatigue crack (um). However, in the theory proposed

by Mura and Nakasone (1990) the friction shear stress is equal to half of the fatigue strength

o, , that is at stress range of less than 27, no fatigue crack nucleate. The relationship between

the stress amplitude S and Az is expressed as (Wang et al., 2001):
At = (ﬁj S (2.8)

Utilizing the Von—Mises yielding criteria, i.e. when the shear stress on the octahedral plane

is more than the octahedral shear strength 7, yielding occurs in a material:

7 =[£J /) 2.9)

3

where fy is the yield strength of the material (MPa).The frictional shear stress and the strain

energy accumulated is expressed as follow (Wang et al., 2001):

q:l(ﬁjaf:ﬁ (2.10)

2( 3
since, frictional shear stress is half of the fatigue limit at a specific stress ratio. The fracture
energy is obtained by:

_AK,

= @2.11)

12



Chapter 2. Literature Review

AK,, for ferrite—pearlite and martensitic steel is expressed as (Barsom, 1974):
AK, =7.03(1-0.85R) (2.12)

The fatigue crack initiation life is evaluated using the Equation 2.6-2.12 expressed as

(Wang et al., 2002):

9AK; G

S S (2.13)
2E(S-5.) a,

ci

2.3.2 Model for Fatigue crack propagation life:

Fatigue crack growth from initial crack size (ao) to critical crack size (ac) with respect to

cycles to failure are shown in Fig. 2.6.

In the region I, AK, , is at lower end of AK range and the crack growth rate is nil at

region I. AK is the stress intensity range which is expressed as (Campbell, 2012):

AK=AK, —AK (2.14)

In the region II, the rate of crack growth (da/dn) can be related to AK approximately

linearly in the log-log plot and lie in the range of 10° —10~ in./cycle (Bannantine et al., 1990).

Paris and Erdogan (1963) postulated that under fatigue loading conditions, the crack growth
rate remains stable within the Stage II regime. They proposed an equation known as the "Paris
equation," which follows a power—law relationship and is expressed as:

da_

L c(aK) (2.15)

where C and m are fatigue crack growth parameters which is related to the fatigue loading

condition, material variable, and temperature.

Region I Region IT Region III
no crack stable crack rapid crack
growth

Log (da/dn) —>

1
|
|
|
1
propogation : growth
|
1
|
|

da/dn = C(AK)™

Fig. 2.6 Crack propagation curve for fatigue propagation (Campbell, 2012)
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The Paris law can be used to evaluate the cycles to failure as

(Bannantine et al., 1990; Campbell, 2012):
AK=AK  -AK . =Yoo ~Nrwa-Yo, ~Nrma=Yo~Nra (2.16)

where Y depends on the geometry of the specimen, in case of large plate with a small crack at

edge loaded in tension Y =1.12. The Paris law is expressed as substituting AK into

Equation 2.15:

@=C(Yo;x/7za )m 2.17)
dn
da
dn=—-—— (2.18)
C(AK)
Integrating the above equation gives:
ne ag d
nt:j dnzf - (2.19)
) C(AK)

Substituting the value of AK and rearranging n, is expressed as:

ag ar

= f o1 __[_d_ (2.20)
A C(YUr\/ﬂ'a) Cz*" (o)) ) Y"a

However, the Paris equation doesn’t take into account the effect of R. In order to utilize the

stress ratio the above equation has been modified as (Forman et al., 1967):

ﬂ_ C(AK)m

i (1=R)K, —AK 2:21)

where K. is the fracture toughness of the material (MPa m'?). The final crack size needs to
be determined in the above equation. The material will ultimately fail when the applied stress
(o) exceeds some critical value (o.). Thus, at o, or o, there exists some critical value of
K which s called K, and it is the material ability to resist brittle fracture when crack is already

accommodated within it.
K.=Yo \ma, (2.22)

Therefore, from the above equation the final crack size can be expressed as

(Bannantine et al., 1990; Campbell, 2012; Lee, 2005):
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__ Kk (2.23)

- 2 2
Y o

max

as

In region II1, unstable crack growth rate can be observed due to the material approach toward

the fracture toughness. In many fractures analysis for material this region is ignored since,

failure due to overload occurs. The crack propagation life, (Ncp ) , in a material can be estimated

using the analytical solution of Paris law integral given as (Wang et al., 1999):

Ncp — _m SC + SC —~
CS™k"n? (m—l) CS™ k" ﬂz(m—lj
2 2

(2.24)

where q__ is defined as the critical crack size, a, is the final failure crack size, x,=0.5Jn and
i, =1 .Typically, the number of cycles required for crack growth from a, to a_ is significantly
higher than the cycles needed to advance from a_to a,. Consequently, N_ can be expressed

cp

as (Wang et al., 1999):

N,_= (2.25)

2.4  Corrosion process

ASTM G193-2022 describe corrosion as “the degradation of the material and its properties
generally a metal by involving chemical or electro—chemical reaction with its environment”.
Since, corrosion has detrimental effects on the material, it is necessary to know its mechanism
and its effect on the material. Generally, the extraction of metals from their ore requires
considerable amount of energy; however, with the passage of time the metal reacts with
atmosphere and tend to revert backs to its ground state. Metals such as steel has
thermodynamically instability and with time it reacts with the environment and tends to return
to its natural condition i.e. by forming iron oxide or rust this process involve release in energy,
known as corrosion. Corrosion involves the sum of two half reactions, anodic reaction and
cathodic reaction. The metal which is corroding undergoes oxidation (anodic reaction) i.e.
capable of generating electrons while, electron—consumption species undergoes the cathodic
reaction (reduction). The cathodic reaction is dependent on the pH near the surface of the steel
and also on oxygen availability (Hansson, 1984). In order to ensure charge balance, the rate of
consumption and production of electron must be same i.e. both oxidation and reduction must

occur at same time and rate. General anodic reaction is of form:
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Fe—Fe™ +2¢ (2.26)

The primary cathodic reaction that contributes to metal corrosion is typically expressed as:
%Oz +2e +H,0— 20H" (2.27)

Corrosion due to chloride ingression: One of the primary causes of the pitting corrosion of the
reinforcing steel bar in RCC members and structural steel is the presence of the chloride ions of
sufficient concentration. When enough concentration of chloride ions reaches the reinforcing
steel bar they causes breakdown of the passive film on the surface of the steel reinforcing bars
initially formed due to the presence of sufficient concentration of soluble sodium, calcium and
potassium oxides (Montemor et al., 2003). In the presence of water these oxides form
hydroxides which make a high alkaline environment. This high alkalinity environment creates
the passive layer around the surface of reinforcing bar (Elsener et al., 2003). Pitting corrosion is
a localized break down of the passive film form on the surface of the metals resulting in active
disintegration or dissolution of the metal (Frankel, 1998). The Chloride ions can infiltrate to the
concrete through various sources. These chloride ions interfere with the alkalinity of the porous
solution when diffused into concrete, thereby reducing the pH of the pore solution. The Chloride

ions intruding steel surface results in decomposition of the passive film and leads to the
formation of the soluble by—products i.e., ferrous chloride (Fe(l,). The ferrous chloride has the

tendency to get dissolve in the porous solution from the surrounding, liberating chloride ions in

order to cause more decomposition.
Fe’* +2Cl — FeCl, (2.28)

After the breakdown of passive layer, pits are formed and iron dissolves into the porous

solution leading to release of electrons.
Fe—>Fe™ +2¢ (2.29)
Ferrous ions (F€2+) positively charged present at the anode passes into the solution while

the negatively charged ions (26) reached to the cathode through porous solution. Hydroxyl ions

are formed by the absorption of water and oxygen to form cathodic reaction.
%Oz +2¢"+H,0— 20H" (2.30)

since, metals are not thermodynamically stable, and tend to get back to its natural form under
the normal atmospheric conditions i.e. hydroxyl or oxides by the release of the energy.

Therefore, the ferrous hydroxide is formed by the reaction of ferrous ions with hydroxyl ions.
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20H +Fe’” —Fe(OH), (2.31)

This is further converted to rust by oxidation.

4Fe(OH), +H,0+0, —>4Fe(OH), (2.32)
2Fe(OH), —»Fe,0,.H,0+2H,0 (2.33)

Corrosion of the reinforcing steel bar is one of the most common failures in RCC structures,
widely accepted as the main factor affecting their service life. The essential components required
for corrosion, including multiple metals with differing energy levels, an electrolytic solution,
and a metallic connection, are present in RCC structures. The reinforcing bars contain many
locations with various energy levels, and the pores of the concrete contain oxides that react with
water to form hydroxides, creating a protective alkaline environment with a pH greater than 12.5
(Tuutti, 1982). Pitting corrosion, characterized as an autocatalytic or self—catalytic reaction,
promotes further pit growth once initiated. Palsson and Mirza (2002) reported that as the
cross—sectional area of reinforcement diminishes to 50% due to pitting corrosion, the behavior
of the reinforcing bar transitions from ductile to brittle. Stewart (2004) and Stewart and
Al-Harthy (2008) identified pitting corrosion as causing a significant reduction in the structural
reliability of reinforced concrete elements compared to uniform corrosion. The high alkalinity
in the micropores of concrete allows the formation of a passive film on the surface of the rebars
(Poupard et al., 2006), with the reinforcing steel bar providing the necessary metallic connection
for the corrosion process. Darmawan and Stewart (2007) observed a shift from plastic to brittle
failure in steel reinforcement due to pitting corrosion, which is particularly notable in members
subjected to flexure, carrying potentially serious consequences. Detection of pitting corrosion
poses challenges as the formed products often cover the pits. Consequently, chloride—induced

corrosion is considered more severe than uniform corrosion.
2.5 Fatigue failure of constructional steel

RCC bridges, under increased traffic loads from economic expansion, become more
susceptible to fatigue damage. Sudden steel bar failures in RCC structures, marked by localized
concrete crack propagation, result from cyclic stress surpassing the fatigue limit, crucial in RCC
bridge failures. Investigating reinforcing bar fatigue under cyclic loading holds theoretical and
practical significance. Similarly, road networks, bridges, and offshore structures, facing cyclic
loading from operational loads, require assessment of steel bar HCF properties. For instance,
offshore structures endure over 107 cycles of stress reversal within a 30—year lifespan, while

highway bridges with a 50—year expectancy may experience traffic-induced stress reversals

exceeding 3x10° cycles (Tilly, 1979). Stress reversal’s, high frequency and low magnitude
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emphasize HCF's importance, especially in developing countries like India undertaking
extensive infrastructure projects. Investigating HCF is crucial to ensure the intended design
lifespan of these structures. Seismic events induce LCF loading in reinforcing steel, confirmed
by studies like Sheng and Gong's analysis of the Tangshan earthquake (Sheng and Gong, 1997).
Recognizing LCF's pivotal role in assessing seismic response, extensive research focuses on
characterizing the LCF properties of rebars and structural steels. Reinforced concrete buildings
are composite structures where brittle materials like concrete provide compressive support, and
steel rebar reinforces tensile capacity and managing high—strain cyclic loads during earthquakes.
The rebar acts as a resilient skeleton, redistributing seismic forces, and crucially, the entire
building's integrity relies on its ability to withstand fatigue—inducing seismic demands, allowing
for occupant evacuation time. Investigating the LCF behavior of rebar, indicating resilience
under repeated seismic loading, becomes a crucial step in validating and optimizing seismic
design for structural integrity and occupant safety. Paul et al. (2014) investigated the HCF and
LCF behavior of micro—alloyed (MA) and 500 steel grade TMT rebars. HCF tests were
conducted using a 100 kN servo-hydraulic testing machine with a test frequency of 30 Hz,
maintaining a constant stress ratio of 0.2. LCF tests were performed at a strain rate of 0.001/sec.
The stress range versus the number of cycles to failure was plotted for both type of steel
revealing that at higher stress levels, HCF strength curves for TMT and MA rebars closely
aligned, diverging at lower stress levels. MA rebar demonstrated significantly higher strength
at lower stress ranges. Throughout tested stress ranges, HCF strength consistently surpassed that
of TMT rebar. Stress amplitude versus the number of cycles curves for LCF with various strain
amplitudes showed minimal cyclic hardening for both rebars, similar to HCF. A comparison of
strain amplitude versus fatigue life indicated that, like HCF life, LCF life for MA rebar exceeded

those of TMT rebar. The difference in LCF life diminished as the strain amplitude increased.

Hawileh et al. (2010) conducted an experimental investigation to assess the LCF behavior
and characteristics of two distinct steel reinforcing bars: BS 460B and BS B500B. This study
experimentally evaluates the LCF resistance BS 460B and BS B500B reinforcing bars with
different values of strain ratios and propose models for prediction of their fatigue life based on
plastic—strain and total-strain amplitudes. Strain controlled fatigue test has been conducted at
room temperature. Steel samples, experiencing maximum strains within the range of 3% to 10%,
under varied strain ratios with values set at -1, -0.5, and 0. The LCF test reveals that the
hysteresis loops expand with increasing strain amplitude, resulting in a larger area under the
hysteresis loop and, consequently, greater energy dissipation. Additionally, it is observed that

the energy dissipation per loop (damping level) is higher for strain ratio of -1 compared to strain

ratio of -0.5 and strain ratio of 0. Moreover, the log—log curves are plotted between the total
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strain amplitude and the number of cycles to failure based on the Coffin—Manson equation,
expressed as:

& —-& "
5= M= (2N, ) (2.34)

where ¢ is the plastic-strain amplitude; &, and & are the maximum and minimum

ax p,min
plastic—strain £ is the fatigue ductility coefficient. 2 N, represents the number of reversals to
failure (~, is the number of cycles to failure) and « is an empirical constant known as the

fatigue ductility exponent. However, Koh and Stephens (1991) have modified Coffin—Manson

equation to relate the total strain amplitude with fatigue life, as expressed below:

& =B(2N;)" (2.35)

It has been observed that the § ranges between 0.207 and 0.602 while « ranges between

-0.54 and -0.74 for the study. With an increase in strain ratio from -0.5 to 0 at the same strain
amplitude, the number of cycles to failure rises for both BS 460B and BS B500B reinforcing
bar specimens. The proposed models exhibit higher accuracy in predicting fatigue life at high
strains (low number of cycles) compared to low strains (high number of cycles). The study also
reveals that at low total strain values (high number of cycles), the mean strain ratio significantly
impacts the material's fatigue life. The simpler empirical models Equation 2.34 and 2.35
demonstrate better predictive capabilities for the experimental data holding true for both steel
types and all investigated strain ratio values. Qian et al. (2010) experimentally investigated the
HCF and very—high—cycle fatigue (VHCF) properties of 40Cr structural steel. The Specimens
were smooth hour—glass—shaped with a minimum section diameter of 3 mm. The specimen
surfaces were mirror polished. The fatigue tests were conducted at a frequency of 52.5 Hz in
room temperature. The stress ratio was maintained at -1. The notched specimens were employed
in this study also have an hour—glass shape but feature a V-notch at the reduced section. The
fatigue S—Nr curves depicting the fatigue behavior of smooth and notched specimens reveals
that the fatigue failure occurred at a cycle of 7.1x10*, indicating the potential risk associated
with considering the conventional fatigue limit as the VHCF limit. In the case of smooth
specimens, the S—Nr curve exhibits a stepwise pattern. A consistently declining curve was

obtained for notched specimens. For a given fatigue life, the fatigue notch sensitivity factor ¢’

was calculated using the following equation:

g =kl (2.36)
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where k; is the ratio of fatigue strength for smooth specimens to the fatigue strength for notched

specimens. Fatigue tests on notched specimens revealed a continuously decreasing S—Nr curve.
Scanning electron microscopy (SEM) analysis, identifying multiple crack initiation sites
predominantly on the specimen surface, indicating that fatigue cracks primarily originate from
the surface under fatigue conditions. The fatigue life depends on the inclusion's depth d (pm),

and the study propose the following correlation between fatigue life and inclusion depth:

N, =1.96x10° d** (2.37)

2.6 Corrosion-Fatigue failure of constructional steel

Corrosion exerts a detrimental influence on the fatigue behavior of constructional steel used
in concrete and steel structures. Apostolopoulos and Papadopoulos (2007) have investigated
both the tensile and LCF behavior of corroded reinforcing steel bar of grade S400S. The
specimens for tensile and LCF tests were corroded using the salt spray method, utilizing 5 % of
Nacl solution and corroded for duration of 10, 20, 30, 45, 60 and 90 days respectively. The
corrosion damage has been measured using the gravimetric mass loss technique. LCF test were
performed at a constant low strain amplitude of 1% and it has been recorded that, there has
been sufficient reduction in number of cycles to failure with increases in mass loss percentage.
A 47% of reduction occurred at 3% mass loss. The total dissipated energy density, reflecting
earthquake-related energy absorption, decreased with higher corrosion levels. Evaluation of
maximum force (tensile and compressive) per fatigue cycle showed that the maximum tensile
force dropping from about 37 kN to approximately 32.5 kN after the initial 150 fatigue cycles
for uncorroded material, remaining stable until approaching failure. The crucial role of
reinforcing steel in withstanding tensile loads highlighted changes in anticipated displacements
and structural static design after initial fatigue cycles, particularly pronounced in the case of
corroded reinforcement. The maximum tensile force diminished to around 27.5 kN, remaining
relatively constant until the final stages before failure, which occurred at a significantly smaller
number of cycles. In the work performed by Apostolopoulos (2007) the LCF behavior of
reinforcing steel bar of grade S500s at constant strain amplitude of +1%, +2.5% and + 4% and
at frequency of 1 Hz under the impact of corrosion has been investigated. The specimens were
corroded, using accelerated corrosion method in salt spray environment. The corrosion damage
significantly influences the number of cycles to failure. With the increasing exposure time, a
consistent decrease in cycles to failure is observed. Notably, at a low strain levels of £1% , a
more substantial reduction in service life (50.3% for 90 days of accelerated salt spray corrosion)

is evident compared to £2.5% and £4% where the reduction stabilizes at less than 20%.
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The capacity to bear maximum loads diminishes under fatigue loading, with a more
pronounced reduction evident in corroded specimens. Consequently, in the context of aging
RCC structures located in seismically active regions, one should not anticipate a sustained
constant load—bearing capability beyond a certain service life. The LCF characteristics on TMT
rebar at room temperature has been conducted by Paul et al. (2014) on machined TMT bar
specimen under strain controlled at a strain rate of 107 /sec with strain amplitude of 0.3%,
0.5%, 0.75%, 1.0% and 1.5% and stress—controlled condition and 50 MPa /sec at constant stress
rate, with stress amplitude of 400 MPa, 450 MPa and 500 MPa. Notably, negligible cyclic
softening (reduction in stress amplitude with increasing cycles) occurs at higher strain
amplitudes (e.g., 1.5%, 1.0%). Conversely, distinct cyclic softening is observed at lower strain
amplitudes (e.g., 0.3%, 0.5%). Two key factors contribute to the TMT rebar's shorter fatigue
life: (a) stress concentration arising from the presence of transverse ribs; and (b) the presence of
tempered martensite on the outer surface. Fatigue life is closely linked to surface properties, and

the presence of martensite is believed to be detrimental to fatigue performance.

Nakamura and Suzumura (2013) conducted an experimental investigation into the impact
of corrosion on the fatigue strength of galvanized steel wires. The study subjected steel wires
with varying levels of corrosion to fatigue testing under both dry and wet conditions.
Measurements of surface roughness and pit depth were taken on corroded wires, revealing a
correlation between the level of corrosion and the size of pits. The deepest pits, measuring up
to 0.56 mm in depth, were concentrated in smaller areas, while shallower pits (<0.4 mm) were
more dispersed. Cyclic loading tests were conducted on wire specimens with artificial pits with
stress range of 400 MPa These results confirm the lowest fatigue strength for notched pits due
to stress concentration at the sharp edge. The SCF around pits were evaluated using strain gauges
and FE analysis. The analysis confirmed that higher stress concentration for sharper and shorter
triangular pits, whereas lower concentration for round pits. The study shows that deeper and
sharper corrosion pits significantly reduce the fatigue strength of bridge wires. The study
highlights the critical importance of early detection and mitigation strategies when corrosion

pits are still shallow.

Fernandez et al. (2015) conducted cyclic fatigue tests to evaluate the fatigue performance
of 10 mm and 12 mm reinforcing steel bars, investigating both corroded and uncorroded
conditions. The tests were carried out under stress—controlled loading. The specimens
exhibited a yield strength of 500 MPa. Pitting corrosion was induced using a direct current (DC)
power supply, and fatigue tests were conducted at a frequency of 15 Hz with stress ranges of
150 MPa, 200 MPa, and 300 MPa. The results indicated that ultimate and yield stress were
highly dependent on corrosion levels, and mechanical properties decreased with increasing

corrosion degree. The study emphasized that the greater influence of pit depth compared to pit
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length on the fatigue behavior of steel. Higher corrosion degrees lead to a significant reduction
in fatigue life, with number of cycles to failure decreasing rapidly as corrosion levels increased.
Overall, a negative exponential adjustment accurately captured the decline in fatigue life of
corroded specimens compared to uncorroded specimen. An attenuation rate was observed as
stress levels decreased, highlighting a consistent behavior across all the specimens regardless of
the applied stress range. The study concluded that steel reinforcement corrosion has a limited
impact on fatigue life at very low corrosion degrees, but a substantial reduction becomes evident

as corrosion intensifies.

A surface defect model has been proposed by Chen et al. (2018) to estimate the fatigue life
of corroded reinforcing steel bar. The smooth standard specimen utilized in this study is derived
from lathe—processed hot—rolled ribbed steel bars having yield strength of 455 MPa with a 20
mm diameter. The original steel bar's outer layer is removed. HCF test has been performed on
corroded specimen under stress—controlled loading at stress ratio of 0.1 with a frequency of 20
Hz. The maximum stress levels are set to be 0.5 f;, 0.6 f;, 0.7 f; and 0.8 f;. Accelerated corrosion
method using the impressed current, has been adopted as the pre—corrosion technique in this
study. The corrosion degree has been evaluated on the basis of minimum cross section in the
corroded pit section rather than on the mass loss percentage of the specimen and is evaluated

using Equation 2.38:

Na=1—A 14 (2.38)

where 77, is the maximum corrosion degree, 4 is the minimum cross—sectional area at the
pit location and 4, is the initial cross—sectional area of the rebar. The cross—section geometry

of the corroded pit has been measured using a high resolution 3—dimensional laser technique.
The study established relationship on the basis of surface defect crack evaluated under HCF
condition with maximum corrosion degree and the aspect ratio of the corrosion pit i.e. the ratio
of depth and width of the corroded pit. The total fatigue life has been determined using Equation
2.24 and the equivalent defect size has been evaluated further, organize into two categories
based on the observed crack initiation mode (single—and multi—crack initiation cases). The least
square method is employed in order to establish the relation between the surface defect size with
maximum corrosion degree and the aspect ratio of the corroded pit. The equivalent surface
defect model has been expressed by Equation 2.39:
19.067,.. — 12.40(19(‘1nax / w) —20.72 single-crackinitiations

Ina, = (2.39)
25.48n,...—3.97 (p;“le / w)— 22.50 multi-crackinitiations
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The fatigue behaviour of high—strength steel Q460D and QS550E under corrosion has been
experimentally investigated by (Liu et al., 2021). An electrochemical accelerated method has
been utilized. Corrosion level has been determined using the mass loss percentage as:

(mO —m, )

g =) 100 (2.40)
m

where 4 is the designed mass loss percentage, m, is the initial mass of the specimen and m,

is the mass of the corroded specimens. A 3D laser scanner (accuracy 29 pm) characterized the
corrosion morphology. Fatigue testing was conducted on electro—hydraulic servo fatigue testing
equipment with a stress ratio of 0.1 was used for all cycles. Load—controlled tests were
conducted using a sinusoidal loading curve with 8 Hz frequency for Q460D and 6 Hz for Q550E
and six stress levels are designed based on the maximum stress levels ranged from 0.42 to 0.7
times the ultimate strength of the non—corroded steels. Upon specimen failure, the cyclic load
value, failure cycle, and fracture details were recorded. The study employed a power exponential

S — N; to model the fatigue failure process in corroded specimens. This equation N, to S on
a double logarithmic scale, forming a linear relationship with slope (n) and intercept (B) is

expressed as:

log N =B—nlog$ (241)

The following Equation 2.42 for Q460D steel and Equation 2.43 for Q550E steel has been
proposed in the study to estimate the fatigue life of the test specimens based on the maximum

cross—sectional loss ratio and the fatigue stress amplitude.

log N, =0.1261 41 +22.692 — (0.0638 11, +7.9959)log S (2.42)
log N, =0.1261 41 +22.692 — (0.0638 11 +7.9959)log S (2.43)

where g lies in the range of 0 to 48%.

2.7  Effect of temperature exposure on properties of steel

Fire poses a significant risk to building structures, impacting their safety. While RCC
structures are generally less susceptible to progressive collapses due to concrete protection on
steel rebars, overall material and structural performance can degrade after exposure to the fire
conditions. The degradation of steel rebar mechanical properties is a crucial factor. Experimental
investigations was conducted by Raj et al. (2016) to analyse the effects of elevated temperatures

and exposure durations on the mechanical and metallographic properties of TMT bars.

23



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

Specimens, extracted from 25 mm diameter Fe500 steel bars conforming to IS 1786:2008
standards. The steel bars were subjected to heat treatment with two main parameters: peak
temperature and soaking period. Heating was done in an electric furnace, with temperatures
ranging from 250 °C to 950 °C and soaking periods from 10 to 240 minutes. A thermocouple
ensured precise temperature control within £4°C. After heating, specimens cooled in ambient
air, with rapid initial cooling to around 200 °C within 20 minutes, followed by a slower
cooldown to room temperature in about an hour. Though direct heating was used, real-world
scenarios in reinforced concrete structures may differ due to factors like cover concrete
protection or fire extinguishing materials. The test procedure involved evaluating mechanical
properties and microstructure. Mechanical properties like yield stress and ultimate tensile
strength were tested using a universal testing machine. Microstructural examination utilized an
optical microscope and hardness of the steel specimens was measured using a standard Vickers
microhardness test on polished surfaces. The study found that TMT bars experienced significant
damage above 500 °C, with potential yield strength, ultimate strength and elongation ratio losses
of up to 50% and 30%, respectively. Elongation at failure increased by 66% with higher peak
temperatures. Microstructural changes were observed, including tempered martensite at 250 °C
and spheroidization of cementite at 500 °C. Heating upto 750 °C eliminated the outer martensitic
rim, transforming the cross—section into ferrite and austenite. Exposure to 950 °C resulted in a

uniform ferrite—pearlite microstructure, coarser than the structure exposed to 750 °C.

The effects of elevated temperatures on reinforcing steel properties has been experimentally
investigated by Tariq and Bhargava (2021). Super ductile TMT rebars (8 mm to 20 mm) with a
yield strength of 540 N/mm? and minimum ductility of 18% underwent accelerated corrosion to
achieve precise mass loss. Subsequently, specimens were heated to various temperatures
exposure (250 °C, 550 °C, 800 °C, and 950 °C), reaching steady—state before cooling for tensile
testing to failure. The study shows a slower, steady decline in mechanical properties between
250 °C and 550 °C, followed by a rapid drop in the temperature range of 550 °C-950 °C. The
reduction in yield strength and ultimate strength is primarily influenced by corrosion at moderate
temperatures (25 °C —550 °C) and elevated temperatures (550 °C-950 °C). The findings
emphasize the deterioration of mechanical properties due to corrosion—temperature
combinations affecting critical parameters such as yield strength, ultimate tensile strength,
modulus of elasticity, and elongation at failure in rebars. Stress—strain behavior changes are
attributed to combined macro and microstructure damage. Corrosion—induced deterioration is
followed by temperature—induced microstructure alterations. Exposure to temperatures above
600 °C triggers changes in microstructure, including coarser spheroidal particles and alterations
in ferrite distribution. TMT bars' residual mechanical behavior is significantly influenced by the

grain size and distribution of ferrite across the cross—section. The tensile strength tends to
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decrease with an increase in ferrite grain size. Changes in key mechanical properties result from
alterations in the martensitic, bainite transition zone, and ferrite—pearlite core followed by
variations in grain size and dislocation density due to exposure to elevated temperatures. When
subjected to marine conditions, steel undergoes continuous corrosion. The proliferation of
offshore structures for transporting and storing combustible oil and gas reserves poses a risk of
leakage, leading to potential explosions or fires. Aging offshore steel structures, when exposed
to fire, can result in catastrophic accidents. A study by Ren et al. (2020) examined the
mechanical characteristics of corroded marine steel after temperature exposure. Corrosion was
induced using a salt spray technique with durations ranging from 0 to 384 hours. The steel's
elastic modulus, ultimate tensile strength, and yield strength decreased with increasing corrosion
duration. The steel's residual strength at 900 °C was only 20-50% compared to that at 500 °C.
Fracture morphology analysis of the corroded specimen exposed to high temperatures revealed
larger and deeper dimples, indicating substantial plastic deformation. The microstructures of the
specimens exposed to 500°C reveal a banded structure. These bands consist of alternating white

and black regions corresponding to concentrated areas of ferrite and pearlite, respectively.
2.8 High—temperature fatigue behavior of constructional steel

Fires pose a common threat to both RCC and steel structures, with temperature variations
influenced by factors like combustible type, ventilation, fire duration, and structural member
location, resulting in significant temperature uncertainty. Constructional steel in structures may
experience temperatures exceeding 800 °C (Kodur et al., 2004). Assessing the post—fire
mechanical performance of steel bars is crucial to determine whether a structure, surviving a
fire without collapsing, can safely continue in service, requires maintenance, or should be
demolished (Wang et al., 2015). Additionally, structures that withstand fires may encounter
subsequent challenges, including potential earthquakes during future service. In seismic events,
both structural and reinforcing steels face cyclic loads, particularly LCF. Thus, a comprehensive
understanding of the post—fire fatigue properties of constructional steel is vital for evaluating
the fatigue resistance of structures. In an experimental investigated on the LCF behavior of Q690
high—strength structural steel at elevated temperatures heating up to 900 °C followed by room
temperature cooling conducted by Hua et al. (2022). LCF tests at room temperature featured
varied strain amplitudes of 0.8%, 1.0%, 1.5%, and 2.0%, with a constant fatigue strain ratio of
0.1. A triangular wave pattern with a consistent strain rate of 0.01 strain/s and a constant fatigue
strain ratio of -1 was followed in the study. The hysteresis curves displayed effective energy
dissipation, with exposure temperatures up to 700 °C minimally affecting the hysteretic curve.
However, in the temperature range of 700 °C to 900 °C, increasing exposure temperature
gradually reduced specimen strength, resulting in a fuller hysteretic curve due to increased

plastic strain. Stress and strain coefficients illustrated distinct stages of initial softening
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(hardening), stable behavior, and final softening. The study investigates the influence of
exposure temperature and fatigue strain amplitude on the stress—strain behavior of post—fire
Q690 steel subjected to LCF loading. A selected fatigue model quantifies the correlation

between ¢, and N,, revealing a decrease in N, with increasing &, and is expressed using

Equation 2.44 as:

&,=B(2N;)" (2.44)

where ¢, is the total strain amplitude. The negative relation between ¢, and N, was observed,
indicating that the impact of exposure temperature on the ¢, vs. N, can be effectively quantified

using Equation 2.44. The ultra—low cycle fatigue (ULCF) tests on Q690 high—strength structural
steel conducted by Hua et al. (2022), employing strain ratios of —1 and three fatigue strain
amplitudes (3%, 4%, and 5%). Fire effects were simulated using an electric furnace with a
heating rate of 15 °C/min in the temperature range of (600 °C— 900 °C). A 20—-minute constant
temperature stage post—heating ensured uniform specimen temperature distribution, followed
by room temperature cooling. Metallographic analysis revealed structural changes, such as the
transition from flake to granular pearlite at temperatures above 600 °C. The fatigue test recorded
load and deformation, enabling the calculation of stress and strain. Hysteresis curves at various

temperatures and ¢, exhibited a shuttle shape, indicating good energy dissipation. Stable

hysteresis curves, representing 50% fatigue life, showed minor shape changes with exposure

temperature. Structural changes after cooling from 600 °C increased dislocation resistance,

extending fatigue life. Total energy dissipation density (WT) values mirrored N, trends.

Prediction formulas expressed by Equations 2.45 and 2.46 effectively quantified the exposure

temperature's impact on N, and W,.. Coefficients were determined by numerical fitting,

demonstrating that N, and W, decrease with rising exposure temperatures. The predicted

results aligned well with test data, supporting the formulas' effectiveness in predicting the ULCF

performance of Q690 HSS after exposure to elevated temperatures.

Nyp=(at’ +bt+c)Ny,s  600°C<t<900°C (2.45)

Wo=(dt’ +ef + fr+g)W,  600°C<t<900°C (2.46)

where a, b, ¢, d, e, fand g are the fitting parameters and is summarized in Table 2.1.
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Table 2.1 Fitting parameters (Hua et al. 2022).

£, a b c d e f g
(%)

3 22x10°  —43x107 3.04 - -3.0x10° -3.3x10° 0.219
4 -6.7x10° 8.0x10°  -1.18 —8.0x10™° -1.7x10* -0.12 29.58
5 - 3x107° 2678 - - -0.003 2.54

2.9 Surface roughness characteristics

ISO 4287 (1996) defines surface as a partition that separates an entity from the surrounding
medium. A surface can be treated as the transformation region from one state of material to
another whereas; topography refers to the physical characteristics to describe the surface. The
surface topography analysis is concerned primarily with description of surface with respect to
its features. The understanding of the surface geometry can be used to establish the performance
of the material or components during its service life. The methodology by which surface
description can be achieved is the characterization. The surface therefore, refers to the boundary
and the topography refers to the surface description. Various techniques of characterization can

be used to describe the surface such as geometric, statistical visual (Mainsah et al., 2001).
2.9.1. Analysis of surface roughness:

Surface texture is the random or repetitive deviation from the geometrically perfect surface
that forms a three—dimensional surface topography. Surface texture comprises of: (i) waviness
or (macroroughness); (ii) roughness includes nano—and microroughness; (iii) flaws; and (iv) lay
(Bhushan, 2013). The shortest wavelength or the highest frequency component of concern on a
surface represents the surface roughness (Mainsah et al., 2001). The formation of nano
roughness and microroughness involves the deviation in the surface due to short wavelength
and this include the features that are inherent to the production process. The presence of nano
roughness and microroughness is characterized by the formation of dale or valleys, which are
also the local minima and the hills or asperities which is local maxima. The hills and valleys are
of varying spacing and amplitudes. The asperities in the surface profile refer to the peak in two
dimensions, whereas summits in three dimensions in surface map (Bhushan, 2013). All surfaces
are treated as rough. It is initial-point from where wear, friction, and other surface aspects has
been emerged (Whitehouse and Archard, 1970). Waviness is characterized by the surface
fluctuations of long wavelength or lower frequency and is referred as macroroughness.
Waviness results due to the material deflection, heat treatment or vibration. If the spacing of the

irregularities is greater than the sampling length of roughness it is referred to as waviness. Flaws
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are the unexpected, unwanted and unintentional interference in the surface texture. Whereas, lay

is used to describe the direction of the prevailing surface pattern (Bhushan, 2013).
2.9.2 Techniques for Surface profile measurement:

Measurement of surface profile can be achieved by measuring the line over the surface and

defining that line as a function of height mathematically, with z(x) as the lateral displacement.

Cartesian coordinate system is utilized for measurement where, x axis is the direction of line,
and z axis lies in the direction outward from the material to the surrounding medium. The various

techniques for the surface profile measurements have been described below:

Stylus method: Contact-type stylus instrument is the most popular and widely used
instrument to evaluate two—dimensional surface roughness measurement. The profile
measurement from the contact type stylus instrument is achieved by moving the stylus in
traverse direction across the surface along the evaluation length. ISO 21920-2:2021 defines the
evaluation length as the length along the x axis used for characterization of geometrical features
with in the limited—scale profile. The evaluation length should be of sufficient length such that
the surface roughness can be well represented statistically also it shouldn’t be long enough such
that waviness is also included as roughness (Whitehouse, 2002). The movement of the stylus
traversing is detected by the instrument detector. The signal is recoded by amplifying and then
converting it digitally. In the past, it was assume that only some significant information can be
evaluated such as average roughness or root mean square of the profile (Peklenik, 1967) ,
However, slope distribution, height distribution, power spectral distribution are also possible
using contact stylus instrument in more digital and analogue technique as reported by
Whitehouse and Archard, (1970). The contact-type method has advantage as: it is easy to
operate, in situation where sample is covered with oil and dirt or in case of dark environment
such that it is difficult for non—contact profiler to take measurement in such case the contact
type stylus instrument is the best choice. However, certain disadvantage can’t be neglected as it
is difficult for the contact-type stylus to exactly detect the correct shape of the irregularities
(peaks or valleys) if the width is less than the tip radius. Other disadvantages are the gradual
tear and wear of the stylus after certain usage time and may leave scratches on the sample to be

measurc.

Interferometry: The optical instrument which utilizes the principle of interference of light
is referred as interferometer (Steel, 1985). The optical interferometer compares the location of
two points in space between the measured and the reference path of light. The optical
interferometer consists of a beam splitter, a light source, a detector, a test surface and a reference
surface. A sinusoidal phase modulating interferometer has been proposed by Ge and Kobayashi

(2006) which is real time measurement of surface profile characterization. The instrument
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consists of an electric system and an optical interferometer, first the light rays are collimated by
the lens and the light rays are splitted into two interference beams by the beam splitter. One
beam serves as the reference beam which is reflected by piezoelectric transducer attached to the
modulate phases while, the other beam served as the measurement beam reflected by an object.
The interference of the two beams creates an interference signal which is imaged on a
high—speed image sensor. After processing the signal and demodulation of phase signal the
surface profile as well as the distribution phase of surface measured can be obtained. The
advantage of interferometry is the high vertical resolution which can go to 0.lnm. The
interferometry covers a larger portion with a high resolution which can go to 0.1nm vertically.
The disadvantage is that the material to be measure should be of good reflectivity and the

instrument is sensitive to vibration and therefore should be placed on vibration—absorbing table.
2.9.3 Surface roughness parameters:

Roughness parameters are widely divided into: amplitude, spacing volume and hybrid
related parameters. The height parameter and the spacing parameters are the prevailing
parameters since these features are more related to the functional parameters. Most of the surface
finish parameters in the 1970, relate only the height parameters and not the spacing information
in the profile (Whitehouse, 2002). Surface roughness assessment typically involves measuring
profile curves and extracting relevant characteristics and quantities. These extracted features
serve as criteria for evaluating the surface's texture. Standards EN ISO 4287 and EN ISO 5436
previously defined parameters and values for quantifying surface roughness. However, these
standards have been replaced by the series of newer standards: ISO 21920-1, ISO 219202, and
ISO 21920-3.

2.9.3.1 Amplitude parameters:
Arithmetic mean height (R, ): It is the most extensively used roughness parameter and it is

the absolute average deviation of the surface points from the mean line over the evaluation

length /, (mm). The evaluation length has been explained in the previous section. Consider
z(x) which is measured from the mean line then R, is expressed as per Equation 2.47
(ISO 21920-2:2021). From the definition of R, it is not possible to describe whether the

prevailing deviation are valleys or peaks.
R =—| |z(x) dx (2.47)

Root mean square height (R ): It represents the standard deviation of the surface height

distribution about the mean line. This parameter is more sensitive than R, to large deviation

29



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

with respect to the mean line (Gadelmawla et al., 2002). R, is expressed using Equation 2.48

as (ISO 21920-2:2021):

(2.48)

Maximum peak height (R)) : As per (ISO 21920-2:2021), it is defined as the maximum
height of the asperity from the mean line.

Maximum valley depth (RV) : As per (ISO 21920-2:2021), it is defined as the maximum
depth of the lowest valley from the mean line.

R,and R, has important application from tribological point of view, as damage of the

surface may be done by few height of asperities whereas, the valleys influence the fluid retention

and flow (Bhushan, 2013).

Total height (R,) : It is evaluated by summing the deepest valley to the highest peak of the

surface topographic profile. It is expressed as (ISO 21920-2:2021):

R, :max(z(x))—min(z(x)) (2.49)

xeX xeX

Ten—point height (R, ) : It represents the summation of five—point pit depth and five—point

peak height. The five—point pit depth is defined as the arithmetic mean of five highest pit depths
whereas; five—point peak height is the arithmetic mean of five largest peak heights.

Mathematically it is defined as (ISO 21920-2:2021):
R]Oz :}3513 + RSV (250)

Many other parameters have also been evaluated in the past such as (R3Z) which is the

distance between the third highest peak height and the third lowest pit depth. Mean of the third
point height: which is the average of five third point height. This parameter is extensively used

in Japan (Gadelmawla et al., 2002; Whitehouse, 2002) expressed as:
1 5
R, =< (ZRMJ (2.51)
i=1

Mean of maximum height (R‘m) : It is the average of all deepest valley to the highest peak

heights within the sampling length. It is expressed as:
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1 n
_;(; Rﬁj (2.52)

The reason for adopting the average values is to reduce the effect of unwanted or
unrepresentative valleys or peaks which occurs occasionally that may give incorrect vale when

adopted singly.

Skewness and kurtosis: The skewness (RSk ) is related to the degree of the symmetry of the

waveform, whereas kurtosis is related to the sharpness or bluntness of the surface profile
(Whitehouse, 2002). Skewness of the profile refers to the third central moment of amplitude
probability density function. (Gadelmawla et al., 2002). The skewness is sensitive to the
occurrence of peak heights and deeper pits. The profile has zero skewness if same amount of
peaks and valleys are present. A positive skewness represents the profile with high peaks and
low valleys with respect to mean line and a negative skewness is represented by the high valleys
or deep pit and low peaks above the mean line. The skewness depends whether the bulk of
material of the sample is concentrated more i.e. above the mean line or below the mean line

(Gadelmawla et al., 2002). Mathematically, skewness is expressed as (ISO 21920-2:2021):

le

R L
l 2 (2.53)

sk 3
R,

Nl’_‘

[

Kurtosis (Rku) is the fourth central moment of amplitude probability density function. A

value of kurtosis is < 3 the kurtosis distribution is said to be platykurtoic and represent few
valleys and few maximum peaks i.e. almost equal distribution of heights. A value of kurtosis is
> 3 the kurtosis distribution is said to be leptokurtoic if the profile has many high peaks and

low valleys. Mathematically, kurtosis is represented as:

le

{ (2.54)

Autocorrelation function and power spectral density function: The concept of autocorrelation

1
ku R_

q

o‘\‘lr—‘

function (ACF) and power spectral density function (PSD) are based on random process theory
(Mainsah et al., 2001). ACF and PSD require implementation of the Fourier transforms. The
collection of infinite number of random variables correspond to a random process, for a specific
xand y, if z (x, y) is defined as a random variable then the accumulation of all random variable
constitutes random process. Surface topography often constitutes the real random process. The

auto correlation function treated as a random process can be expressed as (Mainsah et al., 2001):
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R (x,y;‘rx,ry) =M[(z(x,y)—mz (x,y))(z(x+ T.,y+ r},)—mz (x,y)>:| (2.55)

where s [ ] represent the ensemble average and m, (x, y) is the ensemble mean, m,_ (x, y) is

given by the following equation as:

400 +00

m, (x,y)zM[(z(x,y)) ]:J f z (u,v) D, (u,v;x,y) dudv (2.56)

—00  —00

2.9.3.2 Spatial parameters:

Spatial parameters describe the texture of a pit surface, such as randomness and

homogeneity. The most commonly used spatial parameters are autocorrelation length (Ral) and

dominant wavelength (/Im) . The autocorrelation function (f A(F) is used to find the correlation
of a profile with a shifted (by ¢ ) version of itself. The autocorrelation function returns a value

between —1 and +1, with a value of 0 denoting no correlation and a value of +1 representing

perfect correlation. The function f,. is given as (ISO 21920-2:2021):

(2.57)

where z is the arithmetic mean of the profile Z(X) over the evaluation length / .

I,={xeR|max(0,—z,) <x <min(L, [, —1,)} .

€

t,| <, is the spatial shift.

The power spectral density function (f PSD) can be used to analyze the random nature of the

pit surface topography. A pit surface topography comprises of sequences of sine waves with

varying amplitude and frequency and f,, represent a measure of amplitude of each of the

harmonic component for a given frequency and direction. f,, is derived mathematically by

squaring the Fourier transform of the pit surface profile Z(x) of evaluation length /, . It is given

as (ISO 21920-2:2021):
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fesn (P)= (2.58)

2.9.3.3 Spacing parameters:

The spacing parameters are used to evaluate the horizontal feature of the surface deviation.
These parameters are evaluated corresponding to the profile element. A profile element
represents the valleys and peaks adjacent to each other in the surface profile. The spacing
parameters are evaluated with respect to the profile element. A profile element represents peak
and valley adjacent to each other in pit topography. A typical representation of profile elements

distribution is shown in Fig. 2.7, where X; and Z; represent spacing and height of the i *
profile element, respectively. The spacing parameters include: mean profile element spacing

(Rsm) , maximum profile element spacing (Rm) , standard deviation of profile element spacings
(Rm) mean profile element height (Rc) maximum profile element height (ch) standard

sm (mm),

deviation of profile element heights (ch ) , and peak count parameter (RpC ) . While R
R . (mm), and Rsmq (mm) represent the mean, maximum, and standard deviation of profile

element spacings, X,, R, (um),R, (um), and R, (um) represent the mean, maximum, and

standard deviation of profile element heights, Z, . Finally, R, (um) is referred to as the peak

count parameter, which is the number of mean spacings of profile elements per unit length. The

following spacing parameters are expressed as per (ISO 21920-2:2021):

Mean profile element spacing: It is the mean of the profile element spacing X expressed

as:

R, =X, (2.59)

Mo izl

Maximum profile element spacing: It is the maximum of the profile element spacing X,

expressed as:

R, = max X (2.60)

Standard deviation of profile element spacings: It refers to the standard deviation of the

profile element spacing X, expressed as:

33



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

n, =142

=
Rsmq = \/ Z (Xs,[ - Rsm )2 anpe >1 (260)
i=1

Mean profile element height: It is the mean value of profile element height Z,, calculated

as:

R, = —.Z Z, (2.62)

Maximum profile element height: It refers to the maximum value of the profile element

height Z, , calculated as:

R, = max Z; (2.63)

(23 .
i=l,..., e

Standard deviation of profile element heights: It refers to the standard deviation of the

profile element height Z, expressed as:

—1%

pe

-
Ry = \/ PO CIES SELNS (2.64)
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Fig. 2.7 Representation of profile elements distribution as per (ISO 21920-2:2021).

Peak count parameter: It is the mean spacing of profile element per unit length evaluated as:

r - L (2.65)

Where 1, is the total number of profile elements, and L represents the default evaluation

length (taken as 1 mm).
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2.9.3.4 Volume parameters:

Volume parameters are classified as functional parameters within the discipline of surface
tribology. They assist in examining the surface characteristics of mechanical components
concerning frictional wear resistance and fluid retention capacity. However, in the present
investigation, these parameters are used to describe the volumetric distribution of metal on the
pit surface. The volume parameters are assessed using the Abbott—Firestone curve, commonly
known as a material ratio curve. It is a plot that depicts metal ratio distribution from the highest
hill to the lowest dale on the corrosion pit profile (Whitehouse, 2002). A typical curve is shown

in Fig. 2.8. It identifies four different regions, each designating a volume parameter, namely hill

material volume (Rvmp) , core material Volume(Rm) , core void Volume(RNC) , and dale void

Volume(RW) . For a particular height range and material ratio p, R, measures the metal

volume in pit peaks. It is expressed as (ISO 21920-2:2021):

Ry (P)=Ron (P) (2.6)
where
&m(P)=Kj (R (r) =R, (p)) dr (2.67)

R..(p) is the material volume at a given p and has a unit of mm*mm? and K (ml/m?) is a

factor used for unit conversion. The hill material volume is assessed for a value of p equal to

10% in line with (ISO 21920-2:2021).

L— |
-
=—
]
———
—
L
—
—_—
Height

I
Valley
Ry

10%

Areal material ratio 80%

Fig. 2.8 Illustration of volume parameters.

The volume parameter, R __, calculates the change in volume of the metal in pit between

vme

two material ratios, p and . Note that the default value of r is 80% (ISO 21920-2:2021).

R .. 1s given by (ISO 21920-2:2021):

Rvmc(p,r)zRvm(r)—Rvm(p), p<r (2.68)
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The core void volume parameter, R, represents the change in void volume between the

material ratios p and 7. It is given as (ISO 21920-2:2021):

RNC(p,r):RW(r)—RW(r),pSF (2.69)

where

1

R.(p)=K J (Ry, (p)- R, (1)) dr (2.70)

P

R, (r) (mm?’/mm?) is the volume of voids at r .

Finally, R, refers to the void volume in the pit surface for a given r . Note that the value of r

is taken as 80%. R given as (ISO 21920-2:2021):

VvV

va(r)zRW (r) (2.71)
2.9.4 Effect of surface roughness on fatigue strength of steel:

Failure due to fatigue originates at the surface of material. The surface condition thus
becomes one of prevailing factor influencing material fatigue strength. It became necessary to
relate the total fatigue life of the component under different roughness condition. Generally, an
increase in surface roughness leads to increase in coefficient of friction and decrease in the
fatigue performance of the material (Taylor, 1988). Bayoumi and Abdellatif (1995) have studied
the influence of roughness parameters on the fatigue life of aluminum alloy. The study
thoroughly investigated the role of surface finish on fatigue life of the component. The study
reveal that amplitude parameters have a very strong influence on the fatigue endurance strength.
The fatigue endurance strength reduces as the height parameters of the surface roughness profile

are increased. The Percentage increase in the parameters of R, , R, R, and R, will lead to an
increase in the specimen vulnerability to the initiation of micro cracks and also affect the
propagation of crack. The ratio of fatigue crack initiation life N, and crack propagation life
N, is affected severely with increase in R, values. The ratios lie between 0.8 to 0.97. The

fatigue endurance stresses are related to the roughness parameters given by equation below:

R Y R Y
o, =248.42—45.2( 2“) +20.3[7"] (2.72)

R Y R Y
o, =252.30—57.7(TPJ +29.3(7Pj (2.73)
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o, =252.80—63.5(§j+35.2(§j (2.74)
15 15

From, Equation 2.72-2.74 it can be seen that the endurance stress is related to the surface
roughness parameters. In an experimental investigation conducted on the effect of surface
roughness on LCF life of SS 304 heated at 593 °C by Maiya and Busch (1975) the specimens
were heated and then soaked prior to LCF test The LCF test were conducted at strain—controlled
loading condition and it has been observed that with increase in surface roughness the number
of cycles for crack initiation severely decreases. The effect of surface roughness on number of
cycles to crack initiation has been expressed using Equation 2.75. The study reported that the
surface roughness might have an effect to crack propagation in the early growth stage, however,
the effect is not considered significant. The relation between the crack initiation life and surface

roughness is expressed as:

N, (R)=1012R™** (2.75)

Surface roughness serves as small notch, and the increases in the surface roughness causes
enhancement of stress concentration which leads to premature initiation of crack and decrease
in the fatigue strength of the material. The surface roughness causes the crack initiation at stress
level much lower than yield strength of the material. From the SEM examination crack are
always initiated at the base of the scratch marks (Itoga et al., 2003). The predicted fatigue limit
of the specimen has been related to the equivalent defect size by the following equation proposed

by Murakami and Endo (1994) as :

_143(HY+120)[(1-R)/ 2]

O-PsW 176
(1 Jarea, )

(2.76)

where O, is the predicted fatigue limit of the specimen in (MPa). area, (um), is the
equivalent defect size, projected on the principal area. HV is the Vickers hardness of the

specimen (kgf/mmz) and y depends on hardness value which is equal to y=0.226+HV x10™*

However, Murakami (1997) has used the + area, parameter to the periodic surface notch for

simulating the surface roughness and proposed evaluation method for +/area, periodic notches.

The stress intensity factor (SIF), for periodic surface crack is given as:

K. =YoNra (2.77)
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where a is the depth of the notch (um), the depth and pitch of the notch has a strong influence

on the SIF, i.e. SIF decreases due to the interference between the cracks, the maximum value of

SIF along the surface of crack as a function of /area, parameter is given as (Murakami, 2002)

K,=0.650,/7+/area, (2.78)

Using the Equation 2.77 and 2.88, +/area, which is equivalent defect size can be obtained

by equating to the equivalent value of +/area, for periodic crack expressed as:

Jarea, =(Y1065)" xa (2.79)

Murakami (2002) has plotted the variation between the +/@ea, /2b and the parameter a/2b
where, a is the depth of the notch (um), 254 is the pitch of the notch (um) and it has been found

that at a /2b=0.195, area, reaches a maximum value and for most of the value of a/2b,

Jareay is almost constant. In order to estimate the equivalent defect size +/area, the following

model has been proposed:

2 3
\ redy :2'97(£)_3.51(£j _9,74(£j , for £.<0.195 (2.80)
2 2 2 2 2

a
,  for —>0.195 .
% (2.81)

Since the surface topography, is very irregular and uneven, it can be considered as a series

of surface notches, where the depth of notch a is equivalent to R, and 2b equivalentto R, in

Equation 2.80 and 2.81.
2.9.5 Effect of pitting corrosion on surface roughness of steel:

The effect of surface roughness on the artificially corroded structural steel has been
investigated by Qin et al.(2016) along with its effect on macro mechanical properties on steel.
The surface topographic features have been studied using 3—dimensional surface topography.
The surface topographic features were examined using three—dimensional surface topography
analysis. Observations from surface topography revealed that during the initial stage of
corrosion, only a portion of the test sample exhibited severe corrosion. However, as the exposure
time to corrosion increased, larger and deeper pits were formed. In the former stage of corrosion,

pits develop further along with secondary pits and corrosion turning into more uniform. The
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surface topographic results reveal that with increase in corrosion percentage from 1.5 % to 18
% the arithmetic mean height and root mean square height increase by a factor of 4.5 and 4.0
respectively. The above results shows that the corrosion percentage has strong influence on
roughness parameters. Similarly, surface characteristics on the corroded structural steel has been
studied by Xia et al. (2021) using salt spray accelerated corrosion technique and the corrosion
duration has been takes as 30, 70, 110,150, 250, 310, 370, and 440 days. Surface topographic
parameters have been evaluated using a non—contact type 3—d optical profiler. The study
observed that initial stage of corrosion is characterized by the pitting corrosion and with the
duration of corrosion, deeper pits along with bulges appeared on the surface of steel which
further expands and more corrosion products get layered making the surface rougher. In an
investigation carried out by Jia et al. (2021) on the surface topographic feature parameters based
on ISO 25178-2:2012 in high strength steel, the steel specimens were artificially corroded. ...
3—dimensional surface roughness parameters have been evaluated. The ratio of mass loss of the
specimen has been calculated and linear model has been proposed in order to relate it with the

roughness parameters as:
Sp =A+Bu, (2.82)

where S, is the roughness parameters. 4 and B are the fitting parameters. The results reveal

that the corroded specimens resulted in rougher surface and with increase in mass loss due to
corrosion the height parameter has been risen up. As the mass loss ratio increases from 1.89 %
to 13 % the total height difference of the corroded surface increase from 117.89 um to
247.90 um. The study also evaluates the stress concentration factor using FEM models by
evaluating the ratio of maximum von misses stress to the control stress. The SCF has found to
be increased with the corrosion duration i.e. at 1.0 from uncorroded state of the specimen to 1.15

at corrosion duration of 160 days.

The effect of atmospheric corrosion on surface roughness of the carbon steel has been
experimentally conducted by Surnam and Oleti (2018). It has been observed that the average
corrosion loss increases with the exposure time following a bilogarithmic trend. The value of
R, increases with the corrosion loss due to the effect of the surface degradation of steel
specimen. The surface becomes more of an irregular and with bumpy characteristics. At the
starting of the corrosion process the corrosion attack is more of a localized form with the
formation of some inordinately high valleys and peaks but with the passage of time the surface
is covered with rust and becomes more porous. Further corrosion progresses inside theses pores

and the surface profile develops more of a Gaussian type. Regarding the spacing parameters,

the corrosion loss has less effect on Ry, , but as the pit size increases with the corrosion loss the
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peak counts reduce due to the formation of new small pits along with the growing pits with
exposure time. Increasing in the pit size leads to increase in the roughness volume parameter
i.e. core void volume also increases as the exposure to corrosion is increased. Thus, duration of

corrosion exposures has a strong influence on the surface characteristics of the material.
2.9.6 Effect of temperature exposure on surface characteristics of steel:

Under the exposure of elevated temperature, i.e., where the steel is subjected to fire the
surface characteristics of the steel surface are affected significantly by the oxidation process.
As, we have seen in the previous section that at an exposure temperature of 500 °C or more the
steel undergoes considerable microstructural changes. Several studies in the past have studied
the effect of exposure temperature on the surface roughness of steel. For instance, Jo et al. (2017)
have explore the effect of temperature (10-200 hrs.) on surface roughness of steel. The SEM
studies reveal the presence of oxide layer on the surface of steel with exposure temperature of

300 °C for 10 h, which is composed mainly of magnetite layer (Fe,0,). However, with increase

in exposure temperature of about of 600 °C for 5 h the surface of the steel is covered with thicker

oxide layer which is composed of thick inner wustite layer (FeO) and thicker outer magnetite

layer. The formation of oxide layer due to thermal exposure results in increase in surface

roughness parameter i.e. the value of R, increases from 0.011 pum at room temperature to 0.6

pm at 600 °C for 5 h temperature duration. Kumar et al. (2010) has investigated the effect of
surface roughness parameters on thermal exposure of Ti6AlrV alloy at temperature greater than
500 °C and compared with the untreated specimen. The study reveals that due to the presence

of oxide layer the value of R, , R, and R, increases from 0.15 pm, 0.80 pm and 0.19 pm for

untreated specimen to 0.60 um, 4.05 pm and 0.750 um for specimen exposed to 800 °C This
increase is attributed to the accelerated outward growth of the oxide layer with rising
temperature and exposure duration. The growth mechanism of this oxide layer, characterized by
its porous and stratified structure, further contributes to the increase in surface roughness
parameters. Omidbakhsh et al.(2013) conducted experimental studies on Ti—4Al-2V alloy.
Surface roughness of the heat—treated specimen was measured using a mechanical profiler. It

has been observed that at a temperature of (450 °C —600 °C) the value of R, don’t change
considerable, However, at a temperature 700 °C for exposure duration of 1 h, R, value increases

linearly from 0.02 pm for untreated specimen to 0.13 um because of the presence of thick oxide
scale comprises of considerable amount of cracks along with multilayers covered all over the
specimen. The skewness of the specimen changes from positive to negative in temperature range
of (450 °C —600 °C) signifying the profile valleys are covered with oxides, However, at exposure
temperature of 700 °C for of 1 h duration the condition is reverse skewness changes to negative

due to rough morphology with irregular oxide scales. Significant changes in kurtosis from higher
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value to about three or lesser have been recorded which signifies that surface morphology
changes from spiky to bumpy one. This observation, suggested that the temperature exposure

resulted in change in surface morphology and causes increase in average roughness.

2.10 Fatigue life models

2.10.1 Stress based fatigue life model:

The stress—life (S—Nr) method is based on the Wohler (or S—Ny) curve, which plots the
alternating stress applied to a material against the number of cycles it can withstand before

failure. S—Nr data is typically presented on a log—log plot, with the mean of the data points

represented by the S—N; line. Some materials exhibit an endurance limit or fatigue limit (Sc),

below which the material exhibits infinite life. The fatigue ratio is defined as the ratio of the

endurance limit to the ultimate strength of a given material ( fu) . Most steels have a fatigue

ratio of 0.5. The relationship between endurance limit and ultimate strength can be expressed as

S, =0.5f, (Bannantine et al., 1990).

In the absence of specific fatigue data for a particular material, an estimation of the S—N
curve can be made. One approach involves assuming the alternating stress level (Siooo)
corresponding to a lifespan of 1000 cycles is 90% of the ultimate tensile strength. Connecting
this point with the estimated fatigue limit on a log—log plot defines the estimated S—Nr design
line as illustrated in Fig. 2.9. Alternatively, a power—law relationship can be used to model the

S—Nr curve for steel. This can be expressed as (Bannantine et al., 1990):
S=10"N; (2.83)

Where the exponents, a and b of the S—N; curve are determined as:

1 S
b=—~log10—*2
3 2 S, (2.84)
2
a= 10g10@ (2.85)

e

The equation that expresses fatigue life in relation to alternating stress is expressed as follows:

N,=10"5"  (for10® <N, <10°) (2.86)

When the estimates for Sigo0 and Se are made

S0 = 0.9, andS, = 0.5f, (2.87)

The S—Nt curve is expressed as (Bannantine et al., 1990):
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S =1.62fN*® (2.88)

Sio00 = 0%,
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Fig. 2.9 Log—log plot of the generalized S—Nr curve for wrought steel
(Bannantine et al., 1990).

2.10.2 Strain based fatigue life model:

Monotonic stress—strain curves have been conventionally used to determine design
parameters for limiting stresses in engineering structures and components under static loading.
Similarly, fatigue curves, representing the material's behavior under repeated loading, are
crucial for assessing the durability of structures and components under cyclic loading
conditions. When a material experiences cyclic inelastic loading, its response takes the form of

a hysteresis loop, as illustrated in Fig. 2.10. The total width of the loop represents the total strain

range (Ag ) , while the total height corresponds to the total stress range (AO') can be expressed

as (Bannantine et al., 1990):
Ae ==2 (2.89)

where Ag, is the strain amplitude and the stress amplitude can be expressed as:

Sz%" (2.90)

The total strain which is the sum of elastic and plastic range can be expressed as:

A

Using the Hooke’s law Equation 2.91 can be expressed as:

As_Ao Ag

2.92
2 2 2 (292)

Basquin, (1910) established a critical observation regarding fatigue behavior as the stress—

life data could be represented linearly on a log—log scale. This finding, known as the Basquin
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equation, provides a convenient method for engineers to analyse fatigue strength. Specifically,
by utilizing the true stress amplitude, which accounts for material hardening during cyclic
loading, the relationship between applied stress and fatigue life can be expressed as a linear

equation in the log—log domain (Bannantine et al., 1990):

A;ﬂ o, (2N, Y (2.93)

where (A;ﬂ j is the true stress amplitude, o, is the fatigue strength coefficient and ) is the

fatigue strength coefficient.

However, (Coffin Jr, 1954) and (Manson, 1953) observed that the plastic strain life data
could be linearized on log—log coordinates, and the relationship between plastic strain and
fatigue life can be expressed by a power law function as follows:

A;P =B(2N,)" (2.94)

Using the Equation 2.92 and 2.94 the total strain can be expressed as:

Ae A .
78=72+ B(2N,) (2.95)

Ac

Fig. 2.10 A typical hysteresis loop (Bannantine et al., 1990).
Using the Equation 2.93 the total strain can also be expressed as (Bannantine et al., 1990):

A _o; (2Nf)y N

REY: B(2N,) (2.96)

Equation 2.96 is the basis of strain life method and is term as the Strain—life relation.
2.10.3 Energy based fatigue life model:

Energy based fatigue life model: The energy—based approach proposes that component

failure occurs when the energy generated per cycle reaches a critical threshold. This approach
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can be divided into two components: elastic strain energy density (AW.) and plastic strain energy
density (AW,). While AW. is a valuable indicator for HCF damage, for the LCF loading scenario
considered here, AW, is widely accepted as the primary representation of the component's
damage behavior (Lee et al., 2008). Generally, the Ramberg—Osgood equation (Ramberg and

Osgood, 1943) is used to model the material's stress—strain curve given by the expression as:

i

— A A

W= A, +As, =—+2| =2 (2.97)
2 2K

where, K is the cyclic strength coefficient and 7 is the cyclic strain hardening exponent. The

plastic strain energy density can be calculated by integrating the stress—strain curve over the

plastic strain range. This is mathematically represented by Equation 2.98 as (Morrow, 1965):

Ag
Wp:j AadAf::Zj AodAs—Aohs (2.98)
0

Using the Equation 2.97 and 2.98 can be expressed as (Morrow, 1965):

_ -7 -7, (Ac)"
VVp :—_Aﬂgp 22—_A0(—_j (299)
I1+n 1+n 2K
The elastic strain energy density ( _e) can be expressed as:
1 -7, (Ac)"
We:— Aoh\e-2—Ao| — 2.100
2( 1+7 (21() J (2.100)
The total strain energy density (I/I_/t) can be expressed as:
_ _  _—  AoA
A A 2.101)
1+n 2

VI_/‘ exhibits a power—law relationship with the number of cycles to failure. This relationship is

similar to the Coffin-Manson equation commonly used in LCF analysis and can be expressed
as (Halford, 1966):

w=c'(N,)" (2.102)

where the total strain energy density (W[) is referred as the fatigue toughness. C' is the fatigue

toughness coefficient and m'is the fatigue toughness exponent. The value of C" and m' can be

estimated by fitting the model to the experimental data using a least—squares method.
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There is a positive correlation between total strain energy density and number of cycles to

failure. This behavior can be attributed to the increased total energy required to initiate and

propagate cracks at lower total strain amplitude. This, in turn, leads to lower plastic strain

amplitude (Callaghan et al., 2010). Notably, lower VI_/p implies less energy being absorbed by

microstructural defects like dislocations, slip bands, and inclusions, which typically facilitate

crack initiation and growth.

2.11 Major conclusions from existing research

ii.

iil.

1v.

Numerous studies in the past have predominantly focused on the assessment of fatigue
performance in steel bars subjected to uniform corrosion. Uniform corrosion uniformly
affects the entire surface area of the bar, leading to a gradual reduction in
cross—sectional area. In contrast, pitting corrosion induces localized attack, resulting in
the formation of deeper and narrower cavities, which can significantly affect the
structural integrity of the material.

The fatigue performance of corroded steel bars exhibits a notable decrease in fatigue
life with increasing levels of corrosion. This decline can be attributed to the formation
of pits and cracks caused by corrosion, which act as stress concentrators. These
localized areas of high stress promote crack initiation and propagation under cyclic
loading conditions, ultimately reducing the fatigue life of the material.

While microstructural investigations of fatigue crack initiation and propagation in steel
bars have been extensively studied for non—corroded specimens, limited attention has
been given to for corroded steel bars. This gap in research hinders a comprehensive
understanding of the mechanisms underlying fatigue failure in corroded steel.

The combined impact of pitting corrosion and temperature exposure may substantially
affect the surface topographical characteristics of steel, Consequently, these features
can have a substantial impact on the fatigue performance of the steel. However, there is
there is a scarcity of studies examining the combined effects of pitting corrosion and
temperature on surface topography. Notably, parameters such as arithmetic mean
height, total height, and ten—point height of surface topographic features exhibit strong
correlations with fatigue stress concentration factors.

Elevated temperatures influence the mechanical properties of steel bars. Experimental
studies show significant reductions in yield and ultimate strength beyond critical
thresholds. Microstructural changes like tempered martensite and cementite
spheroidization contribute to this degradation. After exposure to fire conditions,
constructional steel experiences changes in stress and strain properties under cyclic

loading. Studies, shows reduced fatigue life under cyclic loading at elevated
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Vi.

Vii.

temperatures. Predictive formulas have been developed to quantify the impact of
exposure temperature on fatigue life accurately.

Limited studies have explored the behavior of reinforcing steel bars and structural steel
under LCF loading conditions in the presence of pitting corrosion and elevated
temperatures. Understanding the interaction between these factors is crucial for
developing the fatigue life prediction model for the constructional steel.

The stress—based model offers a basic fatigue life estimation based on stress levels but
lacks accuracy for materials without an endurance limit or under complex loading. In
contrast, the strain—based model provides more precise predictions, especially for
low—cycle fatigue, but requires material-specific constants. Meanwhile, the
energy—based model assesses cumulative energy absorption per cycle, offering valuable
insights into crack behavior, particularly useful for low—cycle fatigue and complex

loading scenarios.

2.12 Need for further research

Based on the literature review conducted many scopes of addressing several research gaps

present in the existing literature have been recognized.

1l

iil.

The impact of elevated temperatures on the fatigue performance of pitting—corroded
constructional steel is substantial; however, there exists a notable research gap regarding
the fatigue behavior of constructional steels under the combined influence of pitting
corrosion and elevated temperatures. This lack of understanding poses a significant
challenge for ensuring the long—term safety and serviceability of large—scale
infrastructure exposed to harsh environments.

The literature review reveals the substantial influence of both pitting corrosion and
temperature on the surface topology of the steel, potentially affecting its fatigue
performance. Consequently, it is necessary to investigate the combined impacts of
pitting corrosion and temperature exposure on steel bar surface topography and fatigue
performance. Experimental investigation to quantify changes in surface roughness
parameters and their correlation with fatigue stress concentration factors.

Current research on fatigue life estimation of steel bars often neglects the combined
influence of pitting corrosion severity and elevated temperature. This omission limits
the accuracy and applicability of existing models. To address this gap, a comprehensive
framework is needed that incorporates the synergistic effects of both corrosion and
temperature on fatigue behavior. This framework should explicitly consider the impact

of surface topographic features parameters.
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1v.

V1.

Vil.

The fatigue damage growth of structural steel is significantly affected by the elevated
temperatures. Predictive equations have been developed for evaluating the fatigue
performance of constructional steel subjected to fire. Limited studies in the past have
made attempts to understand the LCF behavior of constructional exposed to elevated
temperature and pitting corrosion under stress and strain—controlled loading conditions.
Studies have extensively examined the microstructural aspects of fatigue crack initiation
and propagation in non—corroded steel bars. However, there remains a significant gap
in systematic and dedicated investigations addressing these phenomena in corroded
steel bars exposed to high temperatures.

To accurately predict fatigue life in corroded steel at elevated temperatures, refinement
of existing models is essential. For the strain—based approach, it is imperative to
quantify the effects of corrosion and temperature—dependent material properties.
Additionally, employing the energy—based approach provides valuable insights into
fatigue damage accumulation by considering both elastic and plastic strain energy
densities. This approach offers a comprehensive understanding of fatigue damage
accumulation in corroded steel bars subjected to elevated temperatures.

The fatigue behavior of construction steels with multiple pit sites remains largely
unexplored. Investigating how the presence of multiple pits influences fatigue
performance is essential for assessing the structural integrity and durability of steel

components in corrosive environments.

These research gaps motivated for comprehensive experimental investigation on the fatigue

behavior of constructional steel and on the basis of test results predictive equations are proposed

to consider the effect of pitting corrosion and elevated temperature exposure.
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Chapter 3
Surface topography of high—ductile TMT steel bar subjected to
pitting corrosion and high temperature

3.1 Introduction

Concrete reinforcement using hot-rolled deformed high—strength bars is becoming more
common due to its economic advantage over conventional mild steel reinforcing bars. Their
increased usage has prompted many researchers to investigate their behavior in concrete
members. Accordingly, since poor fatigue properties have been a significant disadvantage of
high—strength steels, the research on the fatigue performance of high—strength reinforcing bars
has garnered much attention. Fatigue starts when the applied load is high enough to cause plastic
deformation at the highest stress location in the bar and damage accumulates on repeated cyclic
application of the load eventually leading to the formation of a crack. The crack lengthens on

continuation of cyclic loads until the stress on the bar is high enough to cause its sudden fracture.

Corrosion of steel rebars is a serious problem that affects the structural performance of RCC
structures. Pitting corrosion, a form of highly localized loss of cross—sectional area, is of
particular concern as this provides sites for fatigue crack initiation and has been observed to be
responsible for the nucleation of fatigue—induced cracks in various steels. Numerous structures
such as offshore platforms, bridges, chimneys, bunkers, silos, and towers constructed close to
the marine environment or exposed to de—icing salts experience corrosion and cyclic stress and
are therefore highly susceptible to fatigue damage accumulation. Consequently, their failure is
governed by the fatigue failure of the reinforcing bars in the majority of cases. During cyclic
loading, corroded pits act as stress raisers, increasing the surface stress level, similar to notches
on the metal surface. From this perspective, fatigue is a surface—sensitive process, and the

metal's ability to withstand cyclic loading depends on its surface roughness.

The corroded surface morphology and microstructure of steel could be critically impacted
in the situations of elevated temperature or direct fire exposure. Considerable changes in the
microstructure such as appearance of carbide particles are seen in specimens heated to 500 °C
or higher. At temperatures between 600 °C and 700 °C, hematite—-dominated oxide scales form
in various locations on steel surface and are noticeably thinner. Moreover, at 600 °C, the scale
is rather thick where it is still in touch with the iron, but it is very thin where that contact has
been lost. The formation of cracks and localized stress concentrations can also be attributed to
the volume increase caused by the magnetite to hematite transition. The impacted surface
topography could drastically reduce the structural performance of the steel bars, specifically
concerning its fatigue behaviour. This study undertakes experimental investigations, including

microstructural examinations, to explore the surface roughness characteristics of TMT
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reinforcing bars subjected to pitting corrosion and elevated temperature. Based on the analysis
of results, this study discusses potential strategies for mitigating the adverse effects of pitting
corrosion and elevated temperature on surface roughness. Further, the practical implications of

the study are also presented.

3.2 Experimental procedure

3.2.1 Material selection and specimen design:

The steel specimens used in this study are prepared from the hot-rolled high—strength,
deformed TMT ductile reinforcing bar of grade Fe 500D commercially available, confirming to
IS 1786:2008. The chemical composition of steel and its mechanical properties as such received
from the manufacturer are given in Tables 3.1 and 3.2, respectively. As in the Table 3.1, CEQ
refers to Carbon Equivalent, which is used to assess the weldability of the steel. IS 1786:2008
recommends a CEQ value below 0.53% and 0.42% for steel with and without micro—alloy/low
alloys for improved weldability. The outer ribbed layer of steel is removed by lathe processing

and is polished to achieve a bright mirror—finish surface.

Table 3.1 Material chemical composition.

Chemical C S P Mn Fe CEQ
composition

Specimen  0.2% 0.020% 0.033% 0.88% 98.86% 0.34%

Table 3.2 Mechanical properties of Fe 500D steel rebar.

Yield Tensile Tensile Elongation Youngs
strength strength strength/Yield (%) modulus
(MPa) (MPa) strength (MPa)

560 645 1.15 22 2.1x10°

Note that the outer ribbed layer of steel, which is composed of longitudinal and transverse
ribs, exhibits non—uniform surface roughness. In the current study, the outer ribbed layer of the
steel has been removed to achieve a uniform surface roughness. Final specimens are 10 mm
diameter and 100 mm long. A total of 15 such specimens are prepared and subjected to pitting

corrosion.
3.2.2  Corrosion protocol:

The surface roughness parameters are determined on 30 accelerated corrosion pits. The
impressed current technique is used for inducing pitting corrosion in the specimen. There are a

total of 15 specimens, each measuring 100 mm in length, 10 mm in diameter, and featuring two

50



Chapter 3. Surface topography of high—ductile TMT steel bar subjected to pitting corrosion and high
temperature

pit sites spaced 50 mm apart. The following steps are adopted for conducting the test as shown
in Fig. 3.1 (a) and (b): (i) two polyethylene—insulated electrical wires are connected to each end
of the specimen; (ii) with the exception of two marked pit locations, each having a diameter of
5 mm, the entire sample surface is wrapped with insulating tape; (iii) a hot melt glue is used to
seal the wire's ends firmly; (iv) in a tray filled with 5% NaCl solution, the specimen (functioning
as an anode) and stainless steel (working as a cathode) are fully immersed; and (v) each
specimen is subjected to electrochemical accelerated corrosion using an external DC power
source with a constant impressed current of 0.5 A for three different time intervals —10, 20, and
30 min. After corrosion is complete, the sample is removed from the pan and thoroughly cleaned

with deionized water.

Cireular pits

Fig. 3.1 Experimental setup: (a) preparation of specimen; and (b) accelerated corrosion.

In accordance with ISO 8407:2021, the sample is placed for 10 min in a chemical solution
containing 500 ml of hydrochloric acid, 500 ml of water, and 3.5 g of hexamethylenetetramine
to remove the corrosion products formed at the pit sites during the corrosion process. Following
a washing with water and ethanol (99% pure alcohol by weight), the specimen is dried fully
before being stored in a desiccator. Note that, the accuracy of the corrosion protocol to
replicate real-world conditions was ensured through rigorous methods. This includes
using corrosive agents that closely match the chemical composition and aggressiveness
of real-world environments, precise control over environmental variables such as
temperature, humidity, and oxygen concentration to emulate actual conditions, and

conducting extensive exposure tests to assess corrosion kinetics.
3.2.3 Temperature exposure:

In order to examine the effect of temperature on surface roughness parameters, the corroded
specimens are exposed to high temperatures as shown in Fig. 3.2. Twenty—four of the thirty
corroded pits are heated in a muffle furnace at a rate of 10 °C/min to various target temperatures
(i.e., 400 °C, 500 °C, 600 °C, and 700 °C). In order to achieve uniform heating, the specimens

with pits were soaked for 20 min inside the furnace after reaching target temperatures.
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Note that, numerous studies have used similar target temperatures on steel in order to simulate
fire exposure scenarios (Ren et al., 2020; Sk et al., 2017; Tariq & Bhargava, 2021). Specimens
are then allowed to cool down to room temperature inside the furnace. The samples are then
removed from the furnace and mechanically cleaned with an ultrasonic cleaner having a 2—liter
tank capacity, operating at 70 W and operating at a frequency of 40 kHz. The samples are placed
individually in the ultrasonic basket and then agitated ultrasonically in the ethanol for 10 min at
room temperature. Finally, all the samples are thoroughly dried and kept in a desiccator for

further analysis.

Fig. 3.2 Elevated temperature exposure.
3.2.4 3D corrosion surface morphology:

The corrosion pit depth, length and width of specimens are measured at room temperature
using a high-resolution three—dimensional (3D) laser scanner. The specimen's entire surface
geometry is captured throughout the scanning process with a scan density of 5 million points
per scan at an accuracy of 10 um and with the field of view fixed at 100 mm. The 3D light
scanner collects and processes millions of data points in the X, y, and z dimensions to produce a
point cloud — a precise virtual representation of the whole specimen geometry. The point clouds
are then further processed, allowing the creation of the side view by aligning each point with
the central axis of the rebar specimen. To generate cross—sectional images, planes transverse to
the longitudinal axis are inserted. By following this process, specimens’ geometry including pits
are recreated. Fig. 3.3 (a)—+(d) shows a specimen and its 3D image reconstructed from a 3D laser

scan.

52



Chapter 3. Surface topography of high—ductile TMT steel bar subjected to pitting corrosion and high
temperature

The dimensions of the corrosion pits, exposure temperatures and corrosion time measured
for all specimens (i.e. SP1-SP15) are summarized in Table 3.3. As observed, for a given
temperature, the pit depth increases with corrosion time by four—fold for 20 min; but only by
five—fold for 30 min. This indicates that corrosion intensity decreases with time. Such behaviour
results from the development of corrosion products, which reduce the diffusion of iron ions
away from the surface of steel rebar. Additionally, the anode to cathode area ratio is reduced
(Vu & Stewart, 2000). This observation is consistent with Galvele's hypothesis, which asserts
that the product of corrosion intensity and pit depth is constant. Thus, as pit depth increases,
corrosion intensity decreases (Galvele, 1981). As shown in Table 3.3, the pit depths do not show
appreciable changes with rising temperatures for a given corrosion time. Further, the length and

width of pits show marginal deviation from their original intended dimension of 5 mm.

(@)

5.073
5.655

0.84—

Fig. 3.3 Typical corroded pit: a) original cleaned specimen; (b) 3D laser scan image;
(¢) corroded pit geometry (unit: mm); and (d) corroded pit length. (unit: mm).

The critical cross-sectional area loss (77), particularly for examining corrosion fatigue

behavior, is one of the most frequently used parameters to quantify the severity of pitting

corrosion. It is expressed as:
N =(1—4,/4,)x100% (3.1

where A and A, represent the specimen’s minimum and nominal cross—sectional areas (mm?),
respectively. The values of 77,; for various combinations of corrosion time and temperature are

also provided in Table 3.3. As it can be observed, 77,;values fall within 5% for 10 min of

exposure, are higher than 5% but less than 10% for 20 min of corrosion, and exceed 10% for 30

min of corrosion time.
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Table 3.3 Result summary of corrosion pit geometry.
Specimen Temperature  Corrosion Pit geometry from 3d laser scanning
°O) time
(min)
Depth Width Length N
(mm) (mm) (mm) (%)

SP1 PIT1 25 10 0.193 5.105 5.183 2.609
SP1 PIT2 25 10 0.208 5.340 5.353 2.763
SP2 PIT1 400 10 0.221 5.134 5.571 3.245
SP2 PIT2 400 10 0.265 5.132 5.009 3.112
SP3 PIT1 500 10 0.300 6.444 6.556 3.848
SP3 PIT2 500 10 0.421 5.297 6.409 3.900
SP4 PIT1 600 10 0.619 7.204 5.383 4.237
SP4 PIT2 600 10 0.620 5.334 5.788 4.137
SP5 PIT1 700 10 0.692 5.223 6.918 4.554
SP5 PIT2 700 10 0.692 5.540 5.71 4.494
SP6_PIT1 25 20 0.724 5.195 5.582 6.865
SP6 PIT2 25 20 0.796 5.270 5.796 6.558
SP7 PIT1 400 20 0.812 5.350 5.785 7.181
SP7 PIT2 400 20 0.837 6.649 5513 7.234
SP8 PIT1 500 20 0.842 6.034 5.073 7.772
SP8 PIT2 500 20 0.844 5.655 5.317 7.603
SP9 PIT1 600 20 0.922 5.181 6.015 8.434
SP9 PIT2 600 20 0.923 5.184 6.33 8.484
SP10_PIT1 700 20 0.939 6.293 5.753 8.876
SP10 _PIT2 700 20 0.973 5.721 6.05 8.803
SP11_PIT1 25 30 0.969 5.224 6.509 10.065
SP11_PIT2 25 30 0.987 5.157 5.465 10.669
SP12 PIT1 400 30 1.043 8.062 5.714 10.865
SP12 PIT2 400 30 1.131 6.229 5.298 11.641
SP13 PIT1 500 30 1.141 6.253 5.162 11.234
SP13 PIT2 500 30 1.258 6.947 5.394 11.857
SP14 PIT1 600 30 1.263 5.246 5.968 11.995
SP14 PIT2 600 30 1.348 6.707 5.803 12.547
SP15 PIT1 700 30 1.459 6.709 5.135 13.184
SP15 PIT2 700 30 1.581 6.579 5.590 13.609

54



Chapter 3. Surface topography of high—ductile TMT steel bar subjected to pitting corrosion and high
temperature

Accordingly, these ranges can be categorized into the three pitting corrosion levels: mild,
moderate, and severe It is emphasized here that the three corrosion durations used in the
experiment are not random but preferentially selected to achieve the desired three corrosion

levels.
3.3 Surface roughness parameters

The 3D surface analyses of all specimens were performed using a non—contact 3D optical
profiler (Model: BRUKER Contour GT-K) as shown in Fig. 3.4. The profiler utilizes white light
interferometry to evaluate surface geometry. Employing a laser beam of 1 um diameter, the
specimens are scanned using a lens having 5X magnification and 25 mm back scan length. The
specimens are positioned on a moveable platform with corroded pit facing profiler light source.
Corrosion pits and normal surfaces are scanned each three times in longitudinal and transverse
directions: once along the center and once on each side equidistant from the center. The 2D
roughness parameters are independently computed from the obtained data of each scan and then

the average value of each parameter is calculated.

Fig. 3.4 Non—contact 3D optical profiler.

3.3.1 Amplitude Parameters:

The surface topography is best characterized by the amplitude parameters. They are used to
measure the surface deviations' vertical characteristics. Fig. 3.5 (a)~(h) shows the general
surface topography of a pit. As can be observed, a typical profile consists of a random

distribution of pit/surface peaks and valley points as shown in Fig. 3.6.
3.3.1.1 Arithmetic mean height (Ra) :

It measures average absolute deviation of the pit/surface points from the mean line over a

sampling length. R, (um) is expressed using Equation 2.47 given in section (2.9.3.1). Fig. 3.7
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shows the variation of R, with corrosion time and temperature. At room temperature, a

significant difference in R, values between corroded and uncorroded samples is seen,

increasing upto ten times. When temperature rise is taken into account, this difference grows

even more, upto a factor of 12.6. It can also be seen that for a given corrosion time and in
reference to room temperature, R, increases as the temperature rises. There is a substantial rise
in R, values by factors of upto 1.3, 1.2, 1.4, and 1.9, respectively, for uncorroded specimens,
10 min—, 20 min—, and 30 min—exposed pits. Additionally, at a given temperature, it is seen that
R, increases by a factor of upto 1.8 as corrosion time increases in the case of corroded samples.
In general, an increase in corrosion duration results in a rise of valleys and peaks. It is important

to note here that raising R, shortens the metal's fatigue.
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Fig. 3.5 Surface topography of corroded pits.
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Fig. 3.6 Surface roughness amplitude parameters.
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Fig. 3.7 Variation of R, with corrosion time and temperature.

3.3.1.2 Root mean square height (Rq ) :

This variable represents root mean square deviation of a pit/surface points about a mean
line. Since the random profiles have both positive and negative values, this parameter has more
relevance. It is a dispersion parameter for characterizing R, and comparable to standard
deviation of heights. It is expressed by Equation 2.48 given in section (2.9.3.1). The variation

in R, (um) with temperature and corrosion time is shown in Fig. 3.8. With corrosion time, R,
values at a given temperature rise by a minimum of 11% to a maximum of upto 58%. While the
values of Rq likewise rise with temperature at a given corrosion time, but by a minimum and
maximum factor of 2.4 and 16.2, respectively. These drastic changes in R, indicate an increase

in surface topology unevenness brought about first by the corrosion process itself and followed
by the heat treatment. During the process of pitting corrosion, after pit nucleation, pit growth
occurs due to considerable differences in constantly changing surface areas between the two
differently reacting surface regions. Whereas, due to the linear kinetics of oxidation, surface

roughness significantly increases on increasing temperature.
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Fig. 3.8 Variation of R, with corrosion time and temperature.

3.3.1.3 Total height (R):

The total height parameter is calculated by adding the highest peak value to the deepest
valley value of a pit/surface topographic profile. It is expressed by Equation 2.49 given in
section (2.9.3.1). Fig. 3.9 shows the distributions of R, (um) with corrosion duration and
temperature. For uncorroded samples, an increase in temperature from 25 °C to 700 °C causes
an increase in R, value by 57%, from 6.29 um to 9.87 um. However, for a given corrosion time,
R, increases nearly double from 25 °C to 700 °C for corroded samples. In contrast, continuous
corrosion exposures at a given temperature cause increase in R, by at least 8% and as much as
49%. While at a constant temperature, prolonged corrosion exposures cause increase in R, of

at least 8% and as much as 49%. These trends indicate a significant surface topography change

due to corrosion and oxidation during pitting and heat treatment.
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Fig. 3.9 Distribution of R, with corrosion time and temperature.

3.3.1.5 Maximum peak heigh (Rp) and maximum valley depth (Rv) :

The maximum peak height and maximum valley depth has been explained in section

(2.9.3.1). Fig. 3.10 (a) illustrates the variations in R, (um) with corrosion duration and
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temperature. In the case of uncorroded samples, elevating the temperature from 25 °C to 700 °C
results in a 56% increase in R value, ranging from 2.97 pym to 4.64 um. Conversely, for
corroded samples, a constant corrosion duration leads to an approximately 2.5—fold increase in
R, from 25 °C to 700 °C. Moreover, continuous corrosion exposure at a fixed temperature

results in increase in R, from 12% to 64%. Simultaneously, with the progression of corrosion

duration, R, values at a constant temperature exhibit a minimum increase of 21% and a

maximum increase of up to 58% (Fig. 3.10 (b)). Additionally, for a given temperature, R,
experiences a rise of at least 10% and up to 58% as corrosion time extends from 10 minutes to
30 minutes. These trends indicate a significant surface topography change due to corrosion and

oxidation during pitting and heat treatment.
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Fig. 3.10 Variation of maximum peak height and maximum valley depth with corrosion time
and temperature: (a) R ; and (b) R,.

3.3.1.5 Skewness (Rsk) and Kurtosis (Rku) :

Skewness is a measure of the (a)symmetry of pit/surface topography relative to the profile's
mean line. This metric is sensitive to the sporadic occurrence of high peaks or deep valleys. A

profile with equal number of hills and dales have zero skewness (Gadelmawla et al., 2002). R

is expressed by Equation 2.53 given in section (2.9.3.1).

The Kurtosis of a pit/surface topography is the fourth central moment of the profile density
function, measured within the evaluation length. This parameter provides information about the
"spiky" characteristics of a profile. The distribution curve is referred to be platykurtic if R <3
and has a limited number of high hills and low dales. The distribution curve is referred to be
leptokurtic and features a significant number of high peaks and low valleys if R >3

(Gadelmawla et al., 2002). R, is given by Equation 2.54 in section (2.9.3.1). Fig. 3.11 displays

the variation in R, as a function of corrosion time and temperature. Not only does the R
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value rises 2.75—-fold between 25 °C and 600 °C in the absence of corrosion, but it also becomes
negative at 700 °C. With increasing temperatures for a given corrosion period, R, exhibits
increasingly negative values; eventually, for a 30 min exposure, all values are negative. Similar
trends can be seen in longer corrosion duration at a constant temperature. Positive values of R
imply bulk metal distribution below the mean line, whereas negative values indicate bulk
distribution of metal above it. According to Fig. 3.11, the metal tends to accumulate more above
the mean line with either increasing corrosion time at a constant temperature or increasing

temperature at a set exposure period.
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Fig. 3.11 Variation of R, with corrosion time and temperature.

Further, Fig. 3.12 depicts the relation of R, with temperature and corrosion period. The
values of R, for corrosion—free samples increase by 16% as the temperature rises from 25 °C

to 700 °C. For corroded samples: (i) for a set temperature, R, increases at least 2% and upto
10% with rise in corrosion time from 10 min to 30 min and (ii) for a given corrosion time, trends
indicate upto twofold rise in R, with increase in temperature from 25 °C to 700 °C. In general,
rising R, implies that the pit surface will get spikier while falling R, indicates that the surface

topography will become bumpier. Since all data in Fig. 3.11 show rising trends, pitting corrosion
and heat treatment results in pit surface spiking.
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Fig. 3.12 Relation of R,, with corrosion time and temperature.
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The negative skewness of the measured profile, as shown in Fig. 3.11, indicates a
predominance of valleys on the surface. A symmetrical height distribution would result in a
skewness value of zero. In this case, the negative skewness signifies a distribution with a greater
number of valleys compared to peaks. Additionally, the negative value suggests that most of the
sample's material lies above the mean line. This trend of increasing negative skewness further
supports the dominance of valleys over peaks. The observed negative skewness can be attributed
to the repeated scaling and cracking of oxide layers, a phenomenon typical within the linear
kinetics regime. These scaling and cracking processes create surface defects in the material.
These defects significantly influence the surface profile, leading to the negative skewness value.

In contrast, the rising R, value in Fig. 3.12 suggests the surface becoming increasingly spikier.

Since all data points in Fig. 3.12 exhibit a rising trend, it can be concluded that both pitting
corrosion and heat treatment contribute to the spikier nature of the pit surface. This implies that
the thermal oxidation treatments likely modified the surface morphology, resulting in a spikier
profile. The results are consistent with the findings reported in the literature (Jia et al., 2021;

Omidbakhsh, Ebrahimi, & Sojka, 2013).
3.3.2 Spacing parameters:

The spacing parameters are used to access surface deviations in the horizontal
characteristics of the pit topography. These parameters give essential information about the
surface changes in the pit occurring during corrosion and heat treatment. The spacing parameters

are evaluated with respect to the profile element. The spacing parameters include: mean profile

element spacing (Rsm) , maximum profile element spacing (RSmX ) , standard deviation of profile
element spacings (Rsmq ) , mean profile element height (ch), maximum profile element height
(RCX), standard deviation of profile element heights (ch), and peak count parameter (Rpc).

While R, (mm), R (mm), and R (mm) represent the mean, maximum, and standard

smq

deviation of profile element spacings, X, R, (um), R, (um), and R, (pm) represent the
mean, maximum, and standard deviation of profile element heights, Z, . Finally, R, (um) is

referred to as the peak count parameter, which is the number of mean spacings of profile
elements per unit length. The spacing parameters are expressed using Equations 2.59-2.65 given
in section (2.9.3.3). Table 3.4 outline the results of spacing parameters evaluated based on the
experiment. In Table 3.4, UC1-UCS5 represent uncorroded specimens. For comparison purposes,
different specimens serve as controls depending on the control parameter namely, corrosion
duration or temperature. Two types of control specimens are used: (i) uncorroded specimens

serve as controls for corroded specimens, and (ii) for a given corrosion duration, specimens
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corroded at room temperature acts as controls. This study compares uncorroded and corroded
specimens, as well as compare corroded specimens within and across multiple sets. It can be

observed that the rise in temperature of uncorroded specimens from 25 °C to 700 °C result in:

(i) an increase in R_, R and Rsmq by 25%, 48%, and 91%, respectively, (ii) 5—, 10—, and

sm 2 smx 2

7—fold risesin R_, R

cp > Thex 0

and R, respectively, and (iii) a decrease of R, values by 25%. This

indicates that the spacing parameters on the steel surface, except R, increases under heat

treatment. In the case of corroded specimens, for a set corrosion time, upto 3.6—, 4.93—,

5.78—,2.27—, 2.18—, and 2.50—fold increase in R__, R R_,R

sm smx 2 cp ? (O

and R, , respectively, are
observed for temperature rise from 25 °C to 700 °C. Additionally, R decreases by upto 3.5-

fold. Further, for a given temperature, R_, R R_,R

o> B> Reys R, and R, values are found to rise
by upto 1.35—, 1.50—, 2—, 1.4—, 1.45—, and 1.5—fold, respectively, for an increase in corrosion

period from 10 min to 30 min. However, R decreases by upto 35%. Thus, with regard to

corroded specimens, between the two variables, namely temperature and corrosion duration, the

former seems to influence the spacing parameter values more than the latter.

The pitting corrosion—essentially an electrochemical process—progresses by forming
electrodes represented by peaks acting as anodes and valleys serving as cathodes (Kandeil &
Mourad, 1989). When the electrodes are in close proximity, even a few microns apart, the

microcell corrosion process takes precedence (Andrade, 2018). Therefore, microcell corrosion

in pits might result in continually changing hills and dales, which would cause R, and R,

values to increase over time as the corrosion progresses. Further, observe that the simultaneous

decrease in R indicates a decline in the number of valleys resulting from pit growth. It is

C

important to note that substantial variations in spacing parameters value, such as those found
here, might significantly affect the steel's fatigue performance. While corrosion duration may
lower fatigue endurance stress, temperature rise makes the material more vulnerable to early

micro—crack initiation and propagation, resulting in premature fatigue failure. Amongst various
spacing parameters, R has been widely used to assess the influence of surface characteristics
on the fatigue strength of metals. By assuming surface roughness as a long crack, a Jareay
parameter model has been proposed to relate surface topographic parameters with fatigue
strength In this study, this model is used to evaluate the equivalent defect size (mm), Jareay ,

by considering periodic surface notches on the metal as artificial surface roughness having a

depth of @ and a pitch of 2b. Where a represents the vertical distance between root and peak
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while 2b is the horizontal distance of peak—peak. The model is given as by Equation 2.80 and
2.81 in section (2.9.4).

Table 3.4 Values of profile element based parameters.

Specimen Tempera—  Corrosion Parameters based on profile elements
ture time
(°C) (min)

R, R, R, R, R, R, R,
(mm) (mm) (mm) (mm) (Mm) (mm) (mm)

UCl1 25 - 0.016 0.043 0.011 1.056 1.09 0.51 62.5
uc2 400 - 0.016 0.048 0.015 1914 222 0.85 61.72
ucCs3 500 - 0.017 0.052 0.017 2955 3.15 1.42 58.82
uc4 600 - 0.018 0.061 0.019 4.072 723 2.72 55.55
ucCs 700 - 0.020 0.064 0.021 5.231 10.65 3.59 50.00
SP1 25 10 0.022 0.071 0.0256 28.05 56.04 10.95 4545
SP2 400 10 0.028 0.095 0.0314 36.34 6635 14342 35.71
SP3 500 10 0.037 0.147 0.0574 4345 8557 16.84  27.02
SP4 600 10 0.048 0.200 0.0815 51.80 100.86 19.65  20.83
SP5 700 10 0.077 0328 0.1388 63.95 122.67 25.64 12.98
SP6 25 20 0.025 0.081 0.0258 3331 64.02 1239  40.00
SP7 400 20 0.033 0.123 0.0372 40.81 84.40 1637  30.30
SP8 500 20 0.040 0.169 0.0583 51.67 102.35 20.38 25.0
SP9 600 20 0.053 0.286 0.0839 5824 123.17 25.25 18.86
SP10 700 20 0.079 0388 0.0151 69.84 138.68 30.80 12.65
SP11 25 30 0.027 0.087 0.0287 39.03 73.79 15.68  37.03
SP12 400 30 0.034 0.143 0.0416 48.62 9636 2043  29.41
SP13 500 30 0.046 0204 0.0693 5891 115.10 2574  21.73
SP14 600 30 0.065 0301 0.1043 66.86 129.07 29.79 15.38
SP15 700 30 0.099 0429 0.1659 81.18 144.34 39.27 10.10

The pit surface topography is very uneven; hence, it can be considered as a series of surface

notches with an equivalent of a represented by R, and an equivalent of 2b denoted by R .

Calculating +arear is thus possible by replacing R, and R, for a and 2b in Equations 2.80

and 2.81. Fig. 3.13 illustrates the variation of +arear with temperature and corrosion time. A

25% increase in the varear is seen when temperature increases from 25 °C to 700 °C for

corrosion—free samples. However, in the case of corroded samples: (i) for a given corrosion

time, upto a3.6—fold rise in v areay is seen for a temperature increase of 25 °C—700 °C, and (ii)
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for a given temperature, varear increases by a maximum factor of 1.35 with the corrosion

duration. Therefore, it can be concluded that the equivalent defect size of a pit topography

increases with the corrosion period and heat treatment.
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Fig. 3.13 Variation of v arear with corrosion period and temperature.

3.3.3 Spatial parameters:

Spatial parameters describe the texture of a pit surface, such as randomness and
homogeneity. The most commonly used spatial parameters are autocorrelation length (R, ) and
dominant wavelength (4, ). The autocorrelation function ( /) is used to find the correlation
of a profile with a shifted (by ¢, ) version of itself. The autocorrelation function returns a value

between —1 and +1, with a value of 0 denoting no correlation and a value of +1 representing

perfect correlation. The function f,. is expressed by Equation 2.57 given in section (2.9.3.2).
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Fig. 3.14 Illustration of autocorrelation function.
A typical f, is shown in Fig. 3.14. It has been evaluated for a temperature of 700 °C and
a corrosion duration of 30 min. As expected, the largest value of f,.; is observed at the center
(for a zero shift). The autocorrelation length (mm), R, refers to the distance at which f,q;

decays quickly to a specified threshold value s (0<s<1)in any direction. Typical threshold
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values are 1/e (natural logarithm), 0.1 or zero (Muralikrishnan & Raja, 2008). For all practical
purposes the value of s can be taken as 0.2 (21920-3:2021, 2021). R, is explained in section
(2.7.3.2).

The relation of R, with temperature and corrosion duration is illustrated in Fig. 3.15. For
uncorroded samples, a 25 °C-700 °C temperature increase results in a 2.5—fold increase in R .

This indicates that the oxidation reaction during heat treatment, in general, would lead to rise in

R values. Comparing corroded and uncorroded samples at room temperature shows that R

rises by 4.5—fold at 10 min exposure but by 9.5—fold at 30 min of corrosion. This implies that

the pitting corrosion process would result in a rise of R values. Further, for corroded samples,
(i) R, values at a given temperature increase by a factor of upto 2.3 with an increase in corrosion
duration of 10 min—30 min, and (ii) at a constant corrosion time, R, values increase by upto
fivefold with a temperature increase of 25 °C-700 °C. In general, a greater value of R implies
that low spatial frequency dominates the surface, while a lower value of R suggests that high
spatial frequency dominates the surface (Muralikrishnan & Raja, 2008). In addition, R, may be

used to determine the number of peaks that exceed a specific height in a given profile. A profile

with alower R value has a greater likelihood of having a peak than one with a higher R value

(Zhang & Sundararajan, 2005). Consequently, based on the data shown in Fig. 3.15, it can be

inferred that rising values of R for various combinations of corrosion time and temperature

imply a considerable reduction in number of peaks on the pit surface due to pitting corrosion

and heat treatment.
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Fig. 3.15 Relation of R with temperature and corrosion period.

The power spectral density function ( f},SD) can be used to analyze the random nature of the

pit surface topography. A pit surface topography comprises of sequences of sine waves with

varying amplitude and frequency and f,, represents a measure of amplitude of each of the
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harmonic component for a given frequency and direction. f,g, is derived mathematically by
squaring the Fourier transform of the pit surface profile z(x) of evaluation length expressed by

Equation 2.58 given in section (2.9.3.2).

A fpsp is illustrated in Fig. 3.16 for a temperature of 700 °C and a corrosion duration of 30
min. As may be seen, a pit's surface topography is dominated by low—frequency waves,
indicating that waves with long wavelengths are more prevalent than those with short
wavelengths. Furthermore, the figure displays a monotonic downward trend in general, but with

more randomized micro geometrical features. The power spectral density of a given pit surface

profile has a dominating spatial frequency, @, , and a dominant wavelength (mm), A__ .

max *

Fig. 3.17 depicts the variation of A, with corrosion time and temperature. In uncorroded

samples, when the temperature goes up from 25 °C to 700 °C, A__ rises by 65%. Comparing

both corroded and uncorroded samples at room temperature shows that corroded specimens have

2.6-foldrise in A4_, after 10 min and a 4—fold rise after 30 min. For corroded samples: (i) at a

X

constant corrosion time, A_,_ grows up to 3.1-fold with an increase in temperature from 25 °C
to 700 °C; and (ii) at a fixed temperature, 4 __ increases upto 60% with an increase in corrosion
duration from 10 min to 30 min. Note that dominant spatial frequency @, has an inverse

relation with A, . In practice, surfaces often exhibit a greater spectrum of roughness

characteristics, including dominating wavelength roughness patterns that border on waviness

(Pfefferkorn et al., 2014). Thus, decreasing @, indicates the widening of peaks and valleys

X

on the pit surface.
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Fig. 3.16 Illustration of power spectral density function.
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Fig. 3.17 Variation of A___ with corrosion time and temperature.

3.3.4 Volume parameters:

Volume parameters are classified as functional parameters within the discipline of surface
tribology. They assist in examining the surface characteristics of mechanical components
concerning frictional wear resistance and fluid retention capacity. However, in the present
investigation, these parameters are used to describe the volumetric distribution of metal on the
pit surface. The volume parameters are assessed using the Abbott—Firestone curve, commonly
known as a material ratio curve. It is a plot that depicts metal ratio distribution from the highest
hill to the lowest dale on the corrosion pit profile (Whitehouse, 2002) as explained in section

(2.9.3.4). Fig. 3.18 (a) shows the variation of R, = with corrosion time and temperature. For the

uncorroded samples, a rise of 90% in R, values are seen between 25 °C and 700 °C. This

behaviour indicates an increase in hill volume with heat treatment caused by metal oxidation.

At room temperature, R, = increases by 50% as corrosion time changes from 10 min to 30 min.

This indicates that pitting corrosion causes an increase in R, . In addition, upto 79% increase

vmp

in R, has been observed for different combinations of temperature and exposure duration.

Thus, it can be inferred that the quantity of metal prone to potential pitting at a specific material

ratio increases with corrosion level and temperature.

The volume parameter, R, calculates the change in volume of the metal in pit between

two material ratios, p and 7 . Fig. 3.18 (b) illustrates the relationship of R with temperature

IC
and three corrosion levels. For corrosion—free samples, a rise in temperature from 25 °C to 700

°C results in a 45% increase in R,

. values. Moreover, for a specified corrosion duration,

increase in temperature causes a threefold rise in R . Further, for a given temperature,
extended corrosion exposure causes R . values to rise by a maximum of 1.8 times. Note that

R, refers to the quantity of material available for resisting a given load after the removal of
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a temperature shift from 25 °C to 700 °C results in an upto threefold

>

. In general, the R, measure represents the volume of the metal's core that is

vve

metal surface layers by pitting. In this regard, it can be concluded that the metal available to

The core void volume parameter, R, represents the change in void volume between the
material ratios p and r . Fig. 3.18 (c) depicts the distribution of R, with corrosion time and
R . for uncorroded samples. In the case of corroded specimens: (i) at a constant temperature
R, rises by a factor of up to 1.8 when corrosion time increases from 10 min to 30 min, and
valleys formed during corrosion and heat treatment are becoming deeper. The conclusion is that
a rise in corrosion level and temperature increases R, which causes an increase in dale

temperature. As shown, a rise in temperature from 25 °C to 700 °C causes a 70% increase in
still present after the surface has worn away by pitting. Therefore, a rise in R, indicates that

Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
resist mechanical load decreases for varied pitting corrosion levels and temperatures.

Temperature
volume due to metal consumption in the pit.
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Finally, R refers to the void volume in the pit surface for a given r. Fig. 3.18 (d)

Fig. 3.18 Variation of volume parameters with corrosion duration and temperature: (a) R, ;
illustrates the variation of R, with temperature and corrosion period. A rise in temperature
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from 25 °C to 700 °C results in a 1.7-fold increase in R values for uncorroded samples.

Corroded samples exhibit upto a twofold rise in R, values for a given temperature as corrosion

time increases from 10 min to 30 min. For a given corrosion duration, an increase in temperature
from 25 °C to 700 °C results in a 3.5—fold increase in R, values. Note that R represents the

void volume available in the pits to accommodate the corrosion products. Thus, it can be
concluded that extended corrosion exposure and heat treatment would potentially increase the

void volume of dale on the pit surface.
3.4 Microstructure investigation

Microstructure investigations are carried out on all specimens using optical and scanning
electron microscopes to investigate the pit surface topography further. Following the standard
metallographic procedure, the microstructural features of the samples are studied under an
inverted optical microscope (Model: Olympus GX 53 series) as shown in Fig. 3.19. The
procedure entails cutting the samples, hot mounting them on polymeric material, and polishing
them using an automated grinding—polishing machine (Make: METCO) with emery paper
grades ranging from P120 to P2000. After every polishing stage, the specimens are rinsed in
ethanol solution. Further, to improve the surface quality, the samples are polished using a 1 mm
diamond paste placed on a polishing cloth while the machine wheel gently spins. Lastly, the
specimens are etched in a solution containing 2 ml nitric acid in 98 ml ethanol. The etched

samples are then examined using an optical microscope.

The microstructural features of the steel specimens observed using the optical microscope
are shown in Figs. 3.20 (a)—(f). As seen in Fig. 3.20 (a) and Fig. 3.20 (b), samples exposed at
room temperature exhibit polygonal and non—polygonal structures of ferrite and pearlite in white
and black contrasts, respectively. Equiaxed grains of ferrite and a small quantity of pearlite are
observed in the microstructure. In addition, some of the ferritic grain boundaries have thin
cementite films. The specimen heated to 400 °C displays a slightly more fine—grained ferrite
(Fig. 3.20 (c)). Note that the change in microstructure with temperature is attributed to the
solubility of carbon in ferrite. The weight fraction of carbon soluble in ferrite increases from
0.002% at 400 °C to 0.0175% at 700 °C. The iron—carbon phase diagram illustrates that no phase
change is conceivable for heat treatments up to 500 °C (Samuels, 1999). However, considerable

microstructure changes are seen in specimens heated to 500 °C or higher.

The carbide particles become more noticeable on specimens when heated to 500 °C or above
(Figs. 3.20 (d)—(f)). Fine carbide particles are formed at about 500 °C from the excess carbon
rejected from the supersaturated solid solution of martensite. At a temperature of around

600 °C, the martensitic structure gets progressively coarsened by continuous removal of carbon
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from the matrix of martensite and coarsening of the carbide particles. Hence at 600 °C, the ferrite
matrix had a large number of non—homogeneously distributed carbide particles (Sk et al., 2017).
The transformation of pearlite into austenite takes place in specimens subjected to 700 °C.
Consequently, at high temperature, part of the pearlite is transformed into austenite, and as the

ferrite cools, a large number of black particles appear in and around it (Qian et al., 2019).

Fig. 3.20 Optical micrographs: (a) and (b) 25 °C; (c) 400 °C; (d) 500 °C; (e) 600 °C; and
(f) 700 °C.

The presence of small carbide particles dispersed across the surface, filling the

interstices between larger carbide particles. Conversely, the larger carbide particles tend to settle
beneath the steel surface due to their inability to occupy the recesses within the pit surface.

However, the heat treatments affect the role of carbides in initiating fatigue cracks. Carbides,
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being hard and brittle, act as stress concentrators under repeated stress. When stress concentrates
around a carbide, it's more likely for a crack to start there. The heat treatment produced coarse
and fewer carbides, potentially promoting earlier crack initiation due to the higher stress

concentration (Korade et al., 2020a).

To examine the microstructure characteristics of pit surface, further investigations have
been conducted using (Model: JEOL JSM—6010LV) SEM and energy dispersive X-ray
spectrometry (EDS). Figs. 3.21 (a)—(e) depicts the fractographic images of uncorroded
specimens. The solid square marking on the fractographic images represents the region analysed
using EDS. At room temperature, polygonal ferrite and lamellar pearlite having axis of
approximately the same length were observed. In addition, degenerated pearlite and a small
fraction of bainite were also present. At higher temperatures, specifically 500 °C and above,
cementite lamellas and films in the pearlite and upper bainite zones fragmented into smaller
particles, whereas highly tempered martensite disintegrated into ferrite and carbide
(Sketal.,2017). The particles spheroidize owing to carbon diffusion and curvature effect, where
the interface near sub boundary in cementite lamella with a sizeable local curvature and
surrounding ferrite causes a fast carbon dissolution leading to a local lamella division
(Novikov & Afanasyev, 1978). At a temperature exposure of 500 °C—600 °C, the carbide

particles are heterogeneously dispersed.

At high temperatures, the cementite lamellas inside it undergo a transformation. These
lamellas first break down into smaller particles, a process called fragmentation. Then, these
smaller particles transform into a more energetically favorable, spherical shape through a
process called spheroidization. This transformation is driven by the diffusion of carbon atoms,
with the goal of minimizing the total energy in the system. This transformation of cementite
lamellas has a significant impact on the steel's properties. Originally, the lamellas act like pins
that restrict the growth of ferrite grains. However, fragmentation and spheroidization weaken
this pinning effect, allowing the ferrite grains to grow larger at high reheating temperatures
(Sk et al., 2017). Additionally, the fragmentation and spheroidization lead to a more uniform

distribution of the smaller, spherical carbide particles within the steel.
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Fig. 3.21 Fractographic images of uncorroded specimens: (a) 25 °C; (b) 400 °C; (c) 500 °C;
(d) 600 °C; and (e) 700 °C.

The pearlitic and bainitic regions have more granular carbides than the ferrite regions.
Moreover, ferrite grains and ferritic laths increased owing to the spheroidization and coarsening
of fine carbides effects at 600 °C—700 °C. Additionally, the density of granular carbide particles
decreased but became coarser at 700 °C. The EDS spectrum of the corrosion—free samples are
shown in Fig. 3.22. A notable change in carbon and iron were observed with increasing
temperature. The carbon and iron rise and fall by 21— and 2—fold, respectively, with increase in

temperature of 25 °C-700 °C, while the oxygen depletes by 2.1-fold.
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Fig. 3.22 EDS of uncorroded specimen.

The fractographic images of corroded samples for various combinations of corrosion
durations and temperatures are illustrated in Figs. 3.23 (a)—(0). All images reveal that the surface
features are altered to varying degrees—mild, moderate, and severe-by the electrochemical
corrosion process and heat treatment. Surface features of various types manifested as a
consequence of chemical reactions between the steel specimen and the 5 wt.% NaCl solution.
Oxidation and reduction are typically the two half reactions that make up corrosion given by the

following equation as (Nandi et al., 2016; Revie & Uhlig, 2008):

Fe —2¢~ — Fe**

(3.2)
2H,0 +2¢ —H, T +20H"

The additional reaction is,

Fe +20H —> Fe(OH),

(3.3)
4Fe(OH), + 0, — 2Fe,0, + 4H,0

In the presence of an alkaline medium, 20H~ forms a stable passive film on the steel
surface to protect it. However, this passive film breaks down in chloride—contaminated
environments as a result of chlorine adsorption and simultaneous O, deportation from the
passive film. Iron dissolution, an anodic reaction, is well defined in terms of charge transfer

controlled kinetics. The cathodic reaction, oxygen reduction on iron, is well defined in terms of

combination of mass—and charge—transfer controlled kinetics (Caceres et al., 2009).

At room temperature (Figs. 3.23 (a)—(c)), increasing corrosion time causes progressively
bigger pits to emerge. Smaller pits are seen at 10 min exposure and the appearance of identifiable

larger pits as dark black spots on the 30 min sample indicates a considerably greater pit depth.
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As iron oxide builds up on the surface, pits of varying cross—sections such as circular, elliptical,
and irregular shapes continue to form. The observed overall steel surface damage may be
attributed to the fact that iron oxide could partly dissolve and permeate the produced iron
carbonate. Wide, localized corrosion characteristics were seen as a result of the attack. In
addition, the ingress of oxygen into the bulk solution could have also exacerbated the damage

to the steel surface.

The fractographic images of corroded and heat—treated specimens are demonstrated in the

Figs. 3.23 (d)~(o). During heat treatment, magnetite (Fe304) is oxidized, transforming to
hematite (a—Fe,0,) at temperatures over 300 °C. Under these conditions, magnetite oxidizes

through a topotactic reaction that keeps the original crystal morphology constant. One
distinguishing aspect of this transformation is effect of magnetite crystal size on the nature of

the corrosion products in crystals smaller than 300 nm, intermediate maghemite (y-Fe,0;) form

transforming to hematite at temperatures exceeding 500 °C. Large crystals (>300 nm) bypass
maghemite formation and undergo a direct transformation to hematite. Moreover, since oxygen
is absorbed during the reaction, the density of starting material decreases and the weight of

sample increases (Cornell & Schwertmann, 2003):
4Fe,0, + 0, — 6Fe,0, 3.4

Following heat treatment, the pitting corroded surface displays various surface
characteristics (Figs. 3.23 (d)—(0)). This could be caused by the uneven thickness development
of hematite and magnetite—based oxide scales during heating. At 600 °C—700 °C, hematite—
dominated oxide scales occur at various locations and are significantly thinner. Additionally at
600 °C, in regions where the scale remains in contact with the iron, it is rather thick, but in
locations where the scale—iron contact has been lost, it is extremely thin (Chen & Yeun, 2003).
Figs. 3.23 (d)—(o) also reveals the existence of microcracks, which are found to widen as the
temperature rises. Beginning at the grain boundaries of magnetite, microcracks spread into

wustite grains. The presence of voids and void coalescence in wustite grains adjacent to the
Fe,0,/FeO interface may facilitate crack propagation. Initiation of cracks and localized stress

concentration may also be attributed to the volume increase caused by the transition of magnetite

into hematite as reported by (Kim, 2003).
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Fig. 3.23 Fractographic images of corroded pits: (a) 25 °C, 10 min; (b) 25 °C, 20 min;
(c) 25 °C, 30 min; (d) 400 °C, 10 min; (e) 400 °C, 20 min; (f) 400 °C, 30 min;
(g) 500 °C, 10 min; (h) 500 °C, 20 min; (i) 500 °C, 30 min; (j) 600 °C, 10 min;
(k) 600 °C, 20 min; (1) 600 °C, 30 min; (m) 700 °C, 10 min; (n) 700 °C, 20 min;
and (o) 700 °C, 10 min.
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Fig. 3.24 EDS of corroded pits: (a) 10 min; (b) 20 min; and (c¢) 30 min.

The EDS patterns of corroded samples exposed to various combinations of corrosion
duration and temperature are shown in Figs. 3.24 (a)—(c). As can be seen, the concentrations of
three elements, namely carbon (C), oxygen (O), and iron (Fe), undergo significant changes.
Compared with uncorroded specimens, corroded samples had typical minimum and maximum
carbon reductions of 1.2— and 2.2—fold, oxygen reduction of 2.5—fold, and oxygen rise of upto

3—fold, respectively. In the case of corroded samples: (i) for a set temperature, carbon and
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oxygen decrease by upto 2—fold and 3.5—fold, respectively, with increase in corrosion time while
oxygen rise by upto 3—fold; (ii) for a set corrosion time, increasing temperature from 25 °C to
700 °C reduces carbon and oxygen by upto 15— and 3—fold, respectively, and increases iron by
upto 2.5—fold. Note that carbon oxidation is lower than that of iron oxidation. This may be
attributed to insolubility of carbon in adherent and coherent scale forms. The ejected carbon
from faster iron oxidation must either stay at the scale—steel contact or infiltrate into the steel,
enriching the surface layer of the steel substrate (Plumensi et al., 1969). The microstructural
features described in this section are closely related to the significant changes in pit surface
roughness parameters discussed in Section 3.3. The surface area and particle size of iron oxides

affect the condition of the pit surface.

For instance, faster growth rates at low temperatures may form poorly ordered crystals with a
surface area of several hundred m?g". In contrast, slower formation rates at higher temperatures
can develop crystals with a small surface area. The surface area of magnetite varies from 4 m?g-
!'to 100 m?g™!, whereas hematites generated at 500 °C to 600 °C have a larger surface area of
upto 200 m?g! (Cornell & Schwertmann, 2003). Carbides of various sizes and shapes have also
been seen in the present investigation from fractographic images. Fine carbides with enhanced
density fill the space between coarse carbides and reduce surface roughness. Due to their size,
larger carbides cannot fill holes or valleys, increasing their surface roughness. The increased
surface roughness indicates an uneven or rough surface that mimics valleys or pits and
potentially serves as crack nucleation sites (Korade et al., 2020b). Regardless of whether the
carbide particles were initially cracked or uncracked, it can be considered equivalent to a small
defect. In general, the initial fracture propagation starts from large carbides on the sub—surface.
It spreads to the surface and interior of the samples creating surface spalling, secondary cracks,

and internal cracks (Garrison, 1986; Wu et al., 2022).

Based on the obtained results, the potential strategies for mitigating the adverse effects of
pitting corrosion and elevated temperature on surface roughness and the practical implications
are presented herein. Several surface treatment methods have been employed to prevent/prolong
corrosion of reinforcing bar. Higher levels of corrosion and longer exposure durations are
associated with increased surface roughness. Corrosion causes steel to become more
hydrophilic, which is correlated with an increase in surface roughness. Anticorrosive coatings
can be employed as protective measures to prevent corrosion on metal surfaces. These coatings,
particularly hydrophobic ones, have the ability to repel saline solutions and hinder the corrosion
process. Epoxy and epoxy resin—based surface coatings have been found to effectively prevent
corrosion in reinforcing bars (e.g. (Sharma et al., 2022; Swamy & Tanikawa, 1993)). Surface
mechanical strengthening techniques are commonly employed to enhance the fatigue resistance

of metallic materials through modifications to the microstructure of the surface. Ball-burnishing
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and shot peening are commonly employed surface treatments for enhancing the performance of
structural components made from high—strength steels. These treatments aim to improve fatigue
and corrosion fatigue properties (Mhaede, 2012; Prevéy & Cammett, 2004). Recently, ultrasonic
surface rolling processing at nano—, micro—, and macro—scale are employing ultrasonic energy
rather than force as the primary means to treat the surface of a sample, distinguishing it from
traditional rolling methods are used (Cao et al., 2010; Zhao et al., 2019). It's important to note
that the choice of mitigation strategies depends on factors such as the application, environmental
conditions, and materials used. A comprehensive approach that integrates multiple strategies is
often the most effective in mitigating the adverse impacts of pitting corrosion and elevated

temperature on surface roughness. The practical implications of the findings are:

i.  Pitting corrosion and elevated temperature drastically change the surface
characteristics of the reinforcing bar. These changes determine to a large extent, the
mechanical and physical properties of the bar, such as adhesion, fatigue, friction,
oxidation, wear, etc.

ii.  The surface characteristics of steel are strongly correlated with its residual capacity.
Thus, based on the data obtained, it is possible to achieve realistic artificial
mimicking of surface profiles for varying degrees of pitting corrosion and
temperature. This facilitates performance prediction of existing steel elements.

iii.  In seismic engineering applications, stable cyclic ductility is necessary for the
dissipation of seismic energy. The ductility performance of corroded steel depends
on its surface characteristics. The presence of an uneven surface on corroded steel
leads to stress concentration, which, when subjected to loading conditions, causes

early yield and ultimately premature failure of the corroded steel member.
3.5 Conclusions

This work performed experimental investigations including microstructural examinations to
explore the surface roughness properties of thermo—mechanically treated rebars subjected to
pitting corrosion and elevated temperatures. The following conclusions are drawn from this

study:

i.  The amplitude parameters R,, R, R, R, and R, showed a significant rise with

increased corrosion exposure duration and elevated temperature. An increase in
corrosion duration results in a rise of valleys and peaks. Further, the metal tends to
continue to accumulate above the mean line either with increasing corrosion time at

constant temperature or with increasing temperature at a fixed exposure time.
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1l

ii.

iv.

The spacing parameters R, R, , R R., R, R, ,and R showed considerable

smx ? smq ? cx 2
changes with extended corrosion and increasing temperature. The equivalent defect
size of a pit topography increased with corrosion period and temperature.

The spatial parameters R, and 4, demonstrated significant variations with
temperature and corrosion level. Rising values of R, for various combinations of

corrosion time and temperature imply a considerable reduction in number of peaks
on the pit surface.
R R

The volume parameters R and R, varied considerably with

npe Dyme s Ryes
corrosion duration and exposure temperature. The quantity of metal prone to
potential pitting at a specific material ratio increased with corrosion level and
temperature. Further, quantity of metal available to resist mechanical load decreased
with pitting corrosion levels and temperature exposures.

Considerable microstructural changes are seen in specimens heated to 500 °C or
higher. Specifically, the density of granular carbide particles decreased but became
coarser at 700 °C. In general, the initial fracture propagation could begin from the

large carbides present on the steel sub—surface.
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Chapter 4
Fatigue life estimation of TMT rebar exposed to pitting corrosion and
elevated temperature impacted surface topography

4.1 Introduction

High—strength deformed reinforcing bars are extensively utilized in reinforced concrete for
their superior structural strength and economic advantages. Despite these benefits, the
reinforcing has shown shortcomings in fatigue resistance, prompting thorough investigation.
Fatigue initiation, occurring when applied loads exceed the plastic deformation threshold,
leads to gradual damage accumulation and crack formation. Surface topography plays a
pivotal role in steel's mechanical behavior, especially under cyclic loading, and pitting
corrosion emerges as a significant factor altering topography, initiating fatigue—induced cracks

through localized metal loss.

Elevated temperatures, a consequence of fire incidents in transportation structures, further
exacerbate the impact on topography. Microstructural changes at 500 °C or higher and the
formation of thinner hematized oxide layers at 600—700 °C contribute to cracking and
localized stress concentrations. The combined effects of pitting corrosion and temperature
exposure significantly alter the surface features of steel, subsequently influencing its fatigue
performance. Surprisingly, there is a dearth of comprehensive studies examining these
combined effects on topographical features. Critical surface topographic parameters, including
arithmetic mean height and total height, exhibit a strong correlation with the fatigue stress
concentration factor. Additionally, the defect size parameter in the high—cycle fatigue life
model, strongly influenced by pitting corrosion, lacks existing models relating to affected

parameters.

This study aims to bridge these gaps by conducting experiments, including microstructural
examinations. Employing multiple linear regression methods, the research seeks to develop
models that comprehensively relate surface topographic feature parameters (such as arithmetic
mean height, total height, ten—point height, and profile mean spacing) to the combined effects
of pitting corrosion and elevated temperature. Furthermore, MLR models will be developed
for a surface topographic feature variable in stress concentration factor and the defect size
parameter. The main objective is to propose a comprehensive framework for estimating the
high—cycle fatigue life, incorporating these models. Validation involves comparing the
estimated fatigue life, incorporating these models, with experimental data sourced from the
existing literature, contributing valuable insights to the understanding of steel's performance

under complex conditions.
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4.2 Corrosion—fatigue life
The total fatigue life (Nf) comprises crack initiation life (Nci) and crack propagation life
(N):
Ny =N, +N, 4.1

N, can be evaluated based on the dislocation dipole accumulation model

C1

(Tanaka & Mura, 1981, 1982) expressed as:

9Aky G
The variable Ak, is expressed as:
AK, =7.03(1-0.85R) (4.3)
S, can be expressed as:
&:Qﬁ%ﬁiﬁ (4.4)

t

where f, represents ultimate tensile strength of steel (MPa) and k, is SCF and is computed

as:
k=1+1F (4.5)
o
where
E:&G&J (4.6)
Rl 0z

where F, (um) signifies the effect of surface topography waviness on roughness depends

on roughness parameters. (Arola & Ramulu, 2016), n is stress state factor (=2 for uniform
tension (Arola & Williams, 2002)), which takes into account material dependencies such as

microstructure, heterogeneity etc., and p is profile valley radius (mm). A schematic
representation of surface topographic feature parameters is shown in Fig. 4.1. The analytic

solution of Paris law integral gives fatigue crack propagation life, N, can be expressed as:
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N, = e (4.7)
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Fig. 4.1 A schematic of surface topographic feature parameters.

where x =0.57 is geometry constant, a,, represents critical crack size, C and m are the

fatigue crack growth parameters listed in Table 4.1. According to Equation 4.1, total fatigue

life can be expressed as:

IAK2 G ao[%j

= +
2E(S-5.) a, gn Kmﬂz(m_lj
2

f

(4.8)

Table 4.1 Fatigue crack growth properties (Barsom & Rolfe, 1999; Stephens et al., 2000).

C m K

3.6x1071° 3 0.8862

Assuming surface roughness to be a long crack, a .jarea, model relating surface
topographic feature parameters with fatigue strength has been proposed in (Murakami, 2002).
In the current study, this model is employed to determine the equivalent defect size, +/area,

This model is given by Equation 2.80 and 2.81 as explained in section (2.9.4).

4.3 Experimental procedure
4.3.1 Material and samples preparation:

The steel samples used in this study are made from commercially available hot-rolled
high—-strength, deformed TMT reinforcement bars of grade Fe 500D confirming to IS
1786:2008. The outer ribbed steel layer is removed by lathe machining and smoothened to
achieve a highly polished finish. The finished samples are 10 mm in diameter and 100 mm in
length. A total of 15 such samples are prepared and exposed to pitting corrosion and high
temperatures. Accelerated corrosion technique is employed for inducing pitting corrosion in

samples. Each sample has two pit sites that are 50 mm apart. The entire surface of the sample
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is wrapped with an insulating tape except for the two marked pits, each with a diameter of 5
mm (Fig. 4.2 (a)). A hot melt glue is used to seal the ends of the wire tightly. The sample,
acting as the anode and the stainless steel as and the stainless steel acting, as the cathode are
completely immersed in a tray filled with 5% NaCl solution (Fig. 4.2 (b)). Further, samples are
subjected to electrochemically accelerated corrosion using an external direct current source
with a constant current of 0.5 A for three different time intervals of 10—, 20— and 30— min. To
examine the effect of temperature on surface topography, corroded samples are heated to
different target temperatures of 400 °C, 500 °C, 600 °C, and 700 °C in a muffle furnace at 10
°C/min. The target temperatures are selected to represent real fire exposure conditions. For a
uniform temperature distribution, the samples were soaked in the muffle furnace at target
temperatures for 20 minutes before cooling. Further, all samples are then stored in a desiccator

for subsequent investigation.

Stainless steel bar
W/ i
-
mmm V2

Steel bar sample

S

Circular pits

V/"f:"('. TCe

Fig. 4.2 Experiment: (a) sample preparation; and (b) accelerated corrosion setup.

A high-resolution three—dimensional (3D) laser scanner is used to measure the corrosion
pit dimensions such as length (l) , depth, and width (w) . During the scanning process,
complete geometry of the pit is captured with a scan density of 5 million points per scan with
an accuracy of 10 um at a fixed field of view of 100 mm. Following this process, pit geometry
is recreated. Figs. 4.3 (a—c) shows pit geometry obtained from accelerated corrosion along
with its image recreated by 3D laser scanning. Critical cross—sectional area loss which is often
employed criteria to assess the severity of pitting corrosion, while evaluating corrosion—

fatigue behaviour. The critical cross—sectional area loss can be estimated as:

N = (1= 4,/ 4,)x100% (4.9)

where 4, and A, represent sample’s nominal and minimum cross—sectional area (mm?). The

severity of pitting corrosion has been categorized into three levels: mild, moderate, and severe,

based on the range of 7, values. For instance, 7., less than 5% is categorized as mild,
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whereas 77, between 5% and 10% and higher than 10% are categorized as moderate and

severe, respectively. Thus, in this study, the three corrosion durations (i.e., 10—, 20—, and

30-min) are selected to achieve the three levels of corrosion severity.

5890~
() f
., 1
/,4./7///// 72 1 622
/ \ 0.910-)

N ;
010— 7 S10_P2

measured pit

Fig. 4.3 Corroded pit: (a) sample; (b) 3D laser scan image; and (c) geometry
(unit: mm).

4.3.2  Pitting corrosion:

Pitting corrosion is a form of localized corrosion in which the reinforcing bar experience a
significant loss of cross—sectional area in localized regions. The result summary of corrosion

pit geometry for various combinations of corrosion duration and exposure temperatures
obtained from 3D laser scanning are given in Table 4.2. In Table 4.2, pi™* (mm) denotes

maximum corrosion penetration depth, which quantifies loss of steel section and is time—

variant. Further, w (mm) and / (mm) represent width and length of a corrosion pit. As seen in
Table 4.2, the values p;™ vary significantly with corrosion time and temperature. At room
temperature, an 83% increase in p; . is observed when corrosion duration increases from 10
to 30 min. Further, 20 min exposure rises p; = value by 50% compared to 10 min. However,
compared to 20 min exposure, 30 min exposure raises p; = by only 23%. This implies rate of

corrosion is decreasing over time.

The effects of high temperatures on corrosion pits can also be observed from Table 4.2.
When compared to corroded samples exposed at room temperature for similar durations, an

increase in temperature from 400 °C to 700 °C results in 25%, 42%, and 45% increases in

Py values for 10—, 20—, and 30-min exposures, respectively. At a given temperature, an

increase in corrosion time causes a 71% increase in py" values. In addition, at a given

corrosion time, an increase in temperature between 400 °C and 700 °C causes a 21% increase
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in pi™ values among samples subjected to high temperatures. Overall, it can be observed that

Py increases significantly with rising temperatures. This is attributed to oxidation,

reduction, and thermal decomposition reactions that occurs at high temperatures in dense layer
of corrosion products and in remaining uncorroded part of the steel (Chitty et al., 2005). The
dense layer of corrosion products is majorly composed of derived minerals of oxides such as

goethite (a-FeOOH), akageneite (B—FeOOH), and lepidocrocite (y-FeOOH). At higher

temperatures, the thermal decomposition of these minerals leads to an expansion of
micropores into increased cylindrical spherical mesopores and macropores (Naono &
Fujiwara, 1980). The uncorroded part of the steel in the corroded pit undergoes different
degrees of oxidation resulting in the formation of oxide scales primarily composed of

magnetite (Fe,0,) and hematite (Fe,0,) layers that are brittle in nature. Further, separation of

oxide layers from the base metal results in the formation of craters of voids and deep cracks

(Sneha, 2016). Thus, it can be stated that the combined effects of oxidation, reduction, and

thermal decomposition reactions may lead to increase in p; with rising temperatures.

The values of 7,; for all samples are also given in Table 4.2. It can be observed that 7,

values ranging 3.02—4.89, 7.38-9.99, and 11.11-14.77 are obtained for 10—, 20—, and 30—min

exposures, respectively. Thus, based on 7, values, the severity of pitting corrosion can be
classified into three levels: mild (7, <5%), moderate (5% <7, <%10), and severe. Table 4.2
shows that when compared to samples corroded at room temperature and having similar
exposure period, a rise in temperature from 400 °C to 700 °C leads to an increase in 77,; values

upto 55%, which is significant.

The findings of 3D laser scanning of corrosion pits reveal p, values vary at each position

along length and breadth. The distribution trend of p, along the circumference of the bar,

specifically about p;™, is of great interest to the researchers because it can assist in
quantifying the maximum reduction in cross—sectional area of the steel, which is the parameter
most commonly used to evaluate the deterioration of its structural strength due to corrosion.
Hence, data points concerning distributions of p, about p;* along entire circumference of

the steel bar are extracted from 3D scans. Amongst the various forms of mathematical
equations employed to fit the data points, such as Gaussian, linear, elliptical, and semi—
elliptical, a flipped Gaussian function of the following form is found to be more appropriate to

describe p, distribution along the circumference of the steel bar:
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W

pd:il/lz\/ﬁ

where v, v,, and y; are curve fitting parameters and & is the angle subtended between

center of the bar and a point located along its circumference (radians).
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Fig. 4.4 Experimental data and trends based on flipped Gaussian model.

The fitting parameters y,, y,, and y, signify different features of p, distribution. That
is, y, correlates to the non—uniformity in p,, y, to the spread of p; along the circumference

of the steel bar, and y, to the polar angle at which p; becomes equal to p;** . Note that

proposed Equation 4.10 is similar to that reported in (Muthulingam, 2019); but, differs in two
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important aspects: (i) while Equation 4.10 is a three—parameter model, but the one presented in
(Muthulingam, 2019) is a two—parameter model, for /,, which accounts for the polar angle at
which py equals p;™, is introduced here and (ii) Equation 4.10 is proposed here for pitting
corrosion, while the equation suggested in (Muthulingam, 2019) represents a type of non—
uniform corrosion in which p; is completely or partly distributed along the steel bar

circumference. In this regard, model suggested in this study is new, according to the authors'

best knowledge.

A comparison between the experimental values of p;™ along with trendlines based on the

proposed flipped Gaussian equation is shown in Figs. 4.4 (a)—(f). Further, estimated values of
curve fitting parameters are given in Table 4.3. As observed, minimum and maximum R-—
Square values obtained are 0.9310 and 0.9937, respectively, with 94% of samples having R—

Square values greater than 0.95. This implies proposed flipped Gaussian model best represents

the distribution of p,; along the bar circumference.

Table 4.3 shows that at a given temperature, increasing the corrosion level from mild to

moderate increases i, by a factor of upto 2.6, whereas moderate to severe increases y, by a

factor of upto 1.6 only. This suggests that degree of non—uniformity reduces as corrosion
progresses. In addition, Table 4.3 indicates that for a given corrosion level, a rise in

temperature from 25 °C to 700 °C causes y, values to increase by a factor of 1.57, 1.44, and
1.39 for mild, moderate, and severe corrosion, respectively. Concerning y,, for a given
temperature, a rise in corrosion level from mild to severe leads to an increase in y, by a factor
of upto 1.73. Additionally, for a given corrosion level, increase in temperature from 25 °C to

700 °C results in an increase in y, by a factor of 1.20. Based on these observations, it could

be stated that temperature has a greater impact on the spread parameter |, than corrosion

levels. Further, it can also be observed from Table 4.3 that p;™ locations range between 0.96

n and 1.08 =, which are proximal to .
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Table 4.2 Result summary of corrosion pit geometry from 3D laser scanning.

Sample Temperature  Corrosion Pit geometry from 3D laser
(°C) time scanning
(min)

e " l Mexi

oy ™™ ) 30

S1 Pl 25 10 0.77 5.90 542 3.02
S1 P2 25 10 0.76 5.78 5.75 3.22
S2 Pl 25 20 1.15 6.59 5.78 7.38
S2 P2 25 20 1.14 6.53 5.80 7.38
S3 Pl 25 30 1.42 6.65 5.92 11.11
S3 P2 25 30 1.39 6.56 5.99 11.94
S4 P1 400 10 0.8 5.90 5.68 3.57
S4 P2 400 10 0.81 5.96 5.73 3.62
S5 Pl 400 20 1.22 6.75 6.01 8.07
S5 P2 400 20 1.21 6.69 5.83 8.07
S6 Pl 400 30 1.49 6.78 6.11 11.92
S6 P2 400 30 1.43 6.33 5.89 11.92
S7 P1 500 10 0.86 5.99 6.87 4.28
S7 P2 500 10 0.87 6.05 6.59 4.13
S8 P1 500 20 1.27 6.68 5.72 8.71
S8 P2 500 20 1.28 6.73 591 8.69
S9 P1 500 30 1.6 6.45 591 11.92
S9 P2 500 30 1.61 6.79 5.90 12.53
S10 P1 600 10 0.89 5.80 6.08 4.51
S10 P2 600 10 0.91 5.89 6.22 4.46
S11 Pl 600 20 1.44 6.55 6.22 9.16
S11 P2 600 20 1.45 6.60 6.52 9.16
S12 P1 600 30 1.7 6.30 5.92 13.15
S12 P2 600 30 1.68 6.26 6.01 13.55
S13 Pl 700 10 0.95 5.40 6.99 4.89
S13 P2 700 10 0.96 5.35 6.87 4.77
S14 Pl 700 20 1.61 6.42 5.99 9.99
S14 P2 700 20 1.65 6.58 6.22 9.99
S15 P1 700 30 1.99 6.30 6.11 14.77
S15 P2 700 30 2.09 6.41 6.23 14.77
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Table 4.3 Curve fitting parameters of flipped Gaussian model.

Sample v, L ¥ R—square
S1 Pl 0.515 0.257 3.224 0.973
S1 P2 0.540 0.358 3.155 0.974
S2 Pl 1.283 0.452 3.163 0.987
S2 P2 1.350 0.429 3.128 0.994
S3 P1 2.028 0.502 3.146 0.981
S3 P2 2.176 0.548 3.143 0.981
S4 P1 0.603 0.331 3.186 0.957
S4 P2 0.615 0.412 3.137 0.940
S5 Pl 1.558 0.473 3.204 0.989
S5 P2 1.582 0.405 3.126 0.984
S6 P1 2.180 0.701 3.412 0.931
S6 P2 2.217 0.558 3.193 0.968
S7_P1 0.724 0.365 3.250 0.974
S7_P2 0.701 0.300 3.121 0.975
S8 P1 1.429 0.467 3.169 0.976
S8 P2 1.474 0.467 3.148 0.976
S9 Pl 2.388 0.590 3.125 0.960
SO P2 2.335 0.560 3.202 0.967
S10 P1 0.751 0.344 3.218 0.958
S10_P2 0.757 0.364 3.132 0.961
S11 Pl 1.628 0.448 3.174 0.985
S11 P2 1.657 0.408 3.152 0.976
S12 P1 2.433 0.552 3.232 0.970
S12 P2 2.476 0.575 3.285 0.962
S13 Pl 0.842 0.344 3.152 0.960
S13_P2 0.823 0.330 3.221 0.952
S14 P1 1.862 0.426 3.145 0.985
S14 P2 1.953 0.517 3.122 0.964
S15 PI 2.843 0.555 3.351 0.956
S15_P2 3.015 0.584 3.020 0.968

4.3.3  Surface topography:

The 3D surface topographies of all corrosion pits are evaluated employing a non—contact

3D optical profiler (Model: BRUKER Contour GT-K). Using white light interferometry, the

90



Chapter 4. Fatigue life estimation of TMT rebar exposed to pitting corrosion and elevated temperature
impacted surface topography

profiler evaluates surface geometry. The pits are scanned using a lens with a magnification of
5X, a back scan length of 25 mm and a laser beam of 1 um diameter. The samples are held in
position on a moveable platform illuminated by a profiler light pointing into the pit. Corrosion
pits are scanned three times each in longitudinal and transverse directions: once along the
center and once on each side equidistant from the center. Figs. 4.5 (a—h) shows surface
topography of corrosion pits measured by the 3D profiler for different combinations of

corrosion duration and temperature.
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Fig. 4.5 3D surface topography of corroded pits.

The following observations can be made from the figures: (i) corroded surfaces have a

random distribution of peaks (typically in red contrast) and valleys (typically in blue contrast),
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thus exhibiting pitting characteristics, (ii) in general, the concentration of peak and valley
change significantly with temperature and corrosion duration, and (iii) for a given temperature,

pitting becomes deeper like needles and wider with increasing corrosion duration.

SEM and EDS is used to investigate microstructural features of corrosion pit surfaces.
SEM images of corroded samples for different combination of corrosion levels and
temperatures are shown in Figs. 4.6 (a)—(0). All images demonstrate electrochemical corrosion
process and temperature exposure affects pit surface characteristics to varying degrees.
Figs. 4.6(a)—(c) show SEM images from samples corroded at room temperature. It can be
observed that increase in corrosion level from mild to severe leads to appearance of larger and
deeper corrosion pits. Moreover, small microcracks and corrosion voids can be seen under
mild exposure conditions, while globular clusters of corrosion products along with deeper pits

appear as dark black spots on moderate and severe exposure samples.

A dense layer of corrosion products primarily composed of a—FeOOH, —-FeOOH, and
y—FeOOH is formed. In most cases, corrosion pit originates from the metal's surface at
multiples sites and propagates over time. Once pit formation reaches a stable state, it develops
localized corrosion products at its mouth, which then spread and cover the pit completely
(Melchers, 2020). After pit reaches a particular depth and enters the propagation phase,
oxygen concentration cells begin to develop, with the pit's interior functioning as an anode and
its exterior as a cathode. It is important to note that pit growth follows the autocatalytic
process since it continues to grow itself (Wranglen, 1974).SEM images of pitting corroded and
high temperature exposed samples are shown in Figs. 4.6 (d)—(o). Observe that corroded
surface exhibits different surface characteristics. This could be due to non—homogeneous

formation and growth of Fe,O,— and Fe,O,-based oxide scales during temperature exposure.
A two-layer oxide scale consisting of Fe,O, (inner layer) and Fe,O, (outer layer) exists in
the temperature range of 200 °C-570 °C. However, at temperatures above 570 °C, an
additional oxide, namely wiistite (FeO) exists due to increased oxidation of iron. Further,

Figs. 4.6 (d)—(o0) also show presence of larger voids at higher temperatures. This might be the
result of iron ions diffusing outward. At elevated temperatures, outward diffusion of iron ions

inhibits the formation of FeO and Fe,O, whereas the inward diffusion of iron irons inhibits
the formation of Fe,O, (Chang & Wei, 1989; Krzyzanowski et al., 2010). Thus, the former

process might result in the formation of larger voids as visible in SEM images.

SEM images Figs. 4.6(d)—(0)) show the presence of microcracks that progressively widen

with increasing temperature. The microcracks originate at the inter grain boundaries of Fe,O,
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and progresses into FeO grain boundaries. Further propagation of microcracks is assisted by

the presence of voids and voids coalescence in FeO grains adjacent to Fe,0, /FeO interface.

Note that crack initiation and stress concentration at local scale may also be attributable to

the volume increase caused by Fe,O, to Fe,O, transition (Kim, 2003). Further, as shown in

Figs.4 6(d)—(o) also show the presence of slit shaped micropores. This could be attributed to
the transformation reactions occurring in the corrosion products at elevated temperatures.

Thermal decomposition of —FeOOH produces slit-shaped micropores with average pore

sizes ranging 1.1 and 1.3 nm between 200 °C and 400 °C, but at 500 °C produces irregular
macropores with average pore sizes more than 15 nm. Additionally, thermal decomposition

causes structural changes in y—FeOOH , which also leads to the formation of slit shaped

micropores having a size 0.9 nm width (Naono et al., 1982; Naono & Nakai, 1989).

The size and surface area of iron oxides have a significant impact on pit surface
conditions. Figs. 4.6 (d—o0)) show the presence of carbide particles of varying size and shape.
In general, images show small carbide particles that are widely spread and occupy the space
between larger carbide particles. Large carbide particles, however, settle at the steel sub—
surface because they are unable to fill the valleys in the pit surface. Large carbide particles are
equivalent to surface defects and thus serve as potential sites for fatigue crack nucleation and
propagation (Korade et al., 2020). Further, the temperature also influences the growth rate of
iron oxides. The slower and faster growth rates of iron oxides, respectively, lead to the
formation of poorly ordered crystals with a large surface area and well-formed crystals with a

smaller surface area (Cornell & Schwertmann, 2003).

The EDS spectrums of corrosion pits obtained for different combinations of corrosion
level and high temperature are depicted in Figs. 4.7 (a—). As noted, the concentrations of
carbon (C), oxygen (O), and iron (Fe) exhibit significant changes with respect to both
parameters. For a given corrosion level, when the temperature rises from 400 °C to 700 °C,
C and O increase by a factor of upto 10.7 and 2.9, respectively, while Fe decreases by a factor
of upto 5.2. Further, for a given temperature, when the corrosion level changes from mild to
severe, C and O increase by a factor of upto 2.1 and 1.6, respectively, while Fe decreases by a
factor of upto 2.8. Thus, in comparison to the change in corrosion levels, exposure to high
temperatures has a considerable effect on the concentrations of C, O, and Fe. It can be
observed oxidation of C is lower than the oxidation of Fe. This is due to carbon's insolubility
in adherent and coherent scale forms. The carbon ejected by quicker iron oxidation must either
remain at the scale—steel interface or permeate the steel, thus enriching the surface layer of the

steel substrate (Plumensi et al., 1969).
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Fig. 4.6 SEM images of pitting corroded samples: (a) S1_P1; (b) S4 P1; (c) S7_PI;
(d) S10_P1; (e) S13_P1; (f) S2_P1;(g) S5 _P1; (h) S8 P1; (i) S11_PI1; (j) S14 _PI;
(k) S3_P1; (1) S6_P1; (m) S9_P1; (n) S12_P1; and (o) S15_P1.
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Fig. 4.7 EDS spectrum of corroded pits: (a) 10 min; (b) 20 min; and (c) 30 min.

4.4 Prediction models

The pit surface topographic feature parameters are independently evaluated from 3D
optical profiler data and their average values are summarized in Table 4.4. Note that each
value in the Table 4.4 is estimated from the average of six 3D profile scans performed on each
corrosion pit surface. In this section, prediction models for surface topographic parameters,
namely R , R, R,,,,and R are developed. In addition, prediction model for F, and a, are
also developed. In this study, multiple linear regression (MLR) method is employed for

developing the prediction models.

MLR is a simplest and most widely used statistical technique to relate a set of two or more
variables. The relationship between two or more independent/explanatory variables and
dependent/response variable can be modelled by fitting a linear equation of the following form

to the data (Andrews, 1974):
Y={X}T{,B}+ ole} =B +x B+ %0, +...+x.f, +ole} (4.11)

. . T
where Y is the dependent variable, {X } =(1,x1,x2, ...... xk) represents a column vector of
explanatory variables, {8}=(8,.A,,......5, ) represents a row vector of unknown regression

coefficients, o is an unknown scale parameter, {e} represents the residual and x denotes the

number of explanatory variables. Amongst others, MLR approach is based on three key
assumptions: (i) normal distribution of the residuals, (ii) homoscedasticity, and (iii) absence of

autocorrelation between the residuals.
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Table 4.4 Values of surface topographic feature parameters.

Sample Average values of surface topographic feature parameters

R, R, R, R, F,

(1m) (um) (nm) (1m) (1m)
S1 P1 16.28 94.72 84.40 24.34 18.27
S1 P2 16.38 94.38 84.75 24.04 18.31
S2 P1 19.39 109.47 95.38 37.62 22.25
S2 P2 19.53 109.54 96.17 37.50 22.43
S3 Pl 24.80 126.41 111.64 49.52 28.08
S3 P2 24.82 126.35 112.10 48.97 28.09
S4 Pl 16.88 98.62 89.53 25.57 18.60
S4 P2 17.02 98.83 89.78 25.44 18.74
S5 _P1 19.92 112.03 98.37 39.41 22.69
S5 P2 19.96 112.88 98.61 39.55 22.84
S6 P1 25.61 129.97 117.11 54.33 28.42
S6 P2 25.68 130.14 117.09 54.41 28.54
S7 Pl 20.15 118.25 106.21 27.31 22.44
S7 P2 20.14 117.39 108.58 27.54 21.77
S8 P1 23.77 137.36 121.91 41.60 26.78
S8 P2 24.15 136.92 127.67 41.54 25.98
S9 P1 29.79 168.10 140.79 59.36 35.57
S9 P2 30.05 168.66 142.11 58.99 35.67
S10_P1 2421 142.17 130.39 30.32 26.40
S10 P2 24.03 141.93 128.07 30.42 26.63
S11 P1 28.72 167.22 145.27 45.67 33.02
S11 P2 28.28 165.82 142.27 45.44 32.96
S12 P1 35.26 192.31 168.75 64.03 40.18
S12 P2 35.11 191.87 170.83 64.17 39.44
S13 P1 28.12 165.42 147.17 33.87 31.61
S13 P2 28.02 164.27 147.24 34.06 31.27
S14 P1 33.41 184.52 167.02 49.26 36.91
S14 P2 33.70 185.77 167.93 49.23 37.28
S15 P1 45.27 211.23 201.18 69.82 47.53
S15 P2 45.34 210.88 199.23 69.91 47.99
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A violation of these assumptions, particularly homoscedasticity, means prediction model
could become inefficient, rendering the hypothesis testing procedure dubious. The presence of
the heteroscedasticity indicates variance of the residual conditional on the explanatory
variables is not a constant. One approach to removing heteroscedasticity in the residual is to
transform the dependent and/or explanatory variables through algebraic transformations
(Gujarati, 2022). Further, MLR method estimates regression coefficients of statistical
significance through backward elimination based on confidence interval bounds, backward
elimination based on the correlation coefficient, forward selection based on the sum of square

errors, or combinations of explanatory variables (Pires et al., 2008).

In the current study, R,, R, R,,,, and R, F,, and a, are dependent variables in the

prediction models. The three explanatory variables considered here include p;™ / w, 1., and
T, 1, is a pit severity parameter represented by aspect ratio of the pit, 7, is a corrosion

severity parameter represented by critical cross—sectional loss in the steel bar, and 7 accounts
for the effect of temperature. It is understood from the preceding sections that the surface
topographic features parameters are significantly impacted by the chosen three explanatory
variables. MLR evaluates regression coefficients corresponding to each explanatory variable
by considering the experimentally measured values given in Table 4.4 as sampling data. To
evaluate the accuracy of the developed prediction models, the commonly used metrics, namely
mean absolute error (MAE), mean squared error (MSE), root mean square error (RMSE),
mean absolute percentage error (MAPE), R-Square (R?), and adjusted R—Square (R? Adj.) are

estimated.

4.4.1 Model development of R, :

The average values of R, for all samples are given in Table 4.4. It can be noted that, for a

given temperature, rise in corrosion level from mild to severe results in a upto 1.6—fold

increases in R, . Further, for a given corrosion level, compared with the room temperature,
increase in temperature from 25 °C to 700 °C results in a upto 1.8—fold increases in R, .
Particularly at 700 °C, the difference in R, is very significant (by upto 83%). With regard to
surface topography, increase in R, with corrosion level meant rise in hills and dales on the pit

surface.

The effect of corrosion level and temperature on p;* has been discussed in Section

4.2.2. Thus, in a first approximation, a prediction model of the following form is considered:
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R =&+&n.+& (p™[w) +&T (4.12)

where &', &, &, and & represent regression coefficients. By performing MLR analysis, the

regression coefficients are estimated as —7.029, —1.197, 205.4, and 4.272x107, respectively.

Note that MLR analysis is conducted on the entire data set (=180 nos.) and not on the average
values. However, for certain combinations of explanatory variables (e.g., p;" / w= 0.1 and
n..= 15%) Equation 4.12 could result in non—positive values of R, , which is unacceptable

since it is always positive. Thus, Equation 4.12 must be modified and the simple approach is to
perform algebraic transformation of variables. From many such transformations performed to

arrive at a suitable equation, model of the following form is proposed for R, prediction:

JR =g+ émre (Vo o) +&T (4.13)

where &, &, &, and &, are regression coefficients of the modified equation. Note that

Equation 4.13 introduces a square root algebraic transformation in the variables R, and

max

Py / w of Equation 4.12. The regression performed on the data using Equation 4.13 resulted
in the coefficient values of &=-1.958, &=-0.11, &=17.369, and &,=4.97x10"*. Comparison
between the experimental values of /R, and that estimated by the model (i.e., Equation 4.13)

is depicted in Fig. 4.8.
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4r RMSE = 0.151
MAPE = 0.025
R>=0.954
R? Adj. = 0.953
3 1 1 1
3 6 7

5
Predicted VR, (um'?)

Fig. 4.8 Comparison between experimental and predicted values of \/r, .

As seen, the adjusted R® obtained is 0.953, which indicates that, when taken as a set +/ e fw
7. and T account for 95.3% of the variance in /g, . Thus, values predicted by the developed

model correlate well with the experimental values. From regression, Durbin—Watson statistic

measure is estimated as 2.047, which indicates the absence of first—order autocorrelation
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between the residuals thus confirming the appropriateness of the developed prediction model.
Further, Table 4.5 lists Pearson correlations between the dependent and explanatory variables.
It is observed that dependent and explanatory variables have positive correlations.  pi™ /w

has the highest correlation coefficient (0.926) with \/r,~ and is therefore the most statistically

a

significant explanatory variable, followed by 77, (0.778) and T (0.654). This meant, as

compared to 7,, and T, changes in /p™ /w have a more significant effect on /g . Strong
correlations among explanatory variables can also be observed in Table 4.5. For instance,

correlation between 77, and /py™ /w (0.943) is comparable with that exists between JR.

and /pf™/w (0.944). Further, the weakest correlation is observed between 7, and T
(0.215).

Table 4.5 Pearson correlation matrix for R, .

o, e e T
JR, 1.00 0.778 0.926  0.654
Mot 0.778 1.00 0.943 0215
N 0.926 0.943 1.00 0.439
T 0.654 0.215 0.439 1.00

The developed regression model is based on the assumption that residuals are normally
distributed and the same needs to be validated. This validation can be verified from the
histogram distribution and probability—probability plot of regression standardized residual.
These plots are depicted in Fig. 4.9 (a—c). The normal distribution of the residuals is
corroborated by the absence of outliers in the histogram of the dependent variable (Fig. 4.9
(a)), which has a bell-shaped distribution with a zero—centered centre in a range between —3.0
and 3.0. The normality assumption can further be effectively verified with the normal
probability—probability plot shown in Fig. 4.9 (b). It can be seen data are very closely
distributed with the straight line, which indicates assumption of normality is satisfied. Yet
another assumption in MLR approach is homoscedasticity, which stipulates constant variance

between experimental and predicted values of ,/r, .This assumption also needs to be verified.

A scatter plot between standardized regression residuals and the standardized regression

predicted values of the dependent variable /g, is shown in Fig. 4.9 (c). It can be observed

that variation around the regression line is almost same across R, values; it neither increases

nor decreases as /R, varies, thus satisfying the homoscedasticity assumption. Furthermore,
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the Breusch—Pagan estimate obtained 0.2685, which is higher than the significant value of
0.05, thereby accepting the null hypothesis of no heteroscedasticity(Breusch & Pagan, 1979).
Thus, since the proposed model satisfies the assumptions of MLR method, it can be said to be

highly capable of providing confidence estimates of /R, .
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Fig. 4.9 Residual plots for \/r, model: (a) histogram; (b) normal probability—probability;
(c) standardized residual-predicted value.

To examine the impact of regression coefficients &, &, &, and & on the proposed
predictive model for /R, a sensitivity analysis is performed by considering regression
coefficients as sensitivity parameters. Sensitivity analysis is performed by comparing /R,

estimated by the actual values of the parameters to that estimated by perturbing each
parameter by +5%. The outcome of the sensitivity study is illustrated in Fig. 4.10. Estimates of

JR, ranged between 1.4% and 2.4% when & was perturbed by +5%, and between —1.4% and
—2.4% when & was perturbed by —5%. Further, \/r, values increased and decreased by 0.4%
to 1.4%, respectively, with £5% & perturbations. Furthermore, £5% changes in £, resulted in
JR, deviations of £7.0% to 8.4%. Finally, £5% perturbations in &, lead to £0.01% to 0.3%

changes in /R, . The sensitivity analysis shows that /R, is relatively more affected by

changes in ¢, the one associated with 4/ p;™ /w, than other parameters. Nevertheless, it can be

concluded that the margin of error is well within the acceptable limits.
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s
Fig. 4.10 Sensitivity analysis for \/r, model.
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4.4.2 Model development of R, :

The variations in average values of R with corrosion level and temperature are given in
Table 4.4. As observed, for a given temperature, an increase in corrosion level from mild to
severe results in an increase in R of upto 43%. Further, for a given corrosion level, an increase
in temperature results in an increase in R of upto 69%. These trends indicate a significant
change in the surface topography of pits caused first by the corrosion process itself followed
by exposure to high temperatures. Substantial changes in R may be attributed to pit growth

occurring due to considerable differences in constantly changing surfaces between two
differently reacting surface regions (Burstein et al., 2004). In addition, the linear oxidation
kinetics change the surface topography significantly when exposed to high temperatures

(Omidbakhsh et al., 2013).

A MLR prediction model for R of the following form is investigated as a first

approximation:
R =+ 0 matas (03 Jw)+ 4T (4.14)

where y/, x,, x;, and y, represent the regression coefficients. Though the model

performed well with good statistical parameters, resulted in a significant value of 0.00 which
is less than 0.05 thereby rejecting the null hypothesis of no heteroscedasticity. In order to
increase the confidence estimates of the prediction model and to remove heteroscedasticity,

algebraic transformations of dependent and explanatory variables are performed. As an

outcome of the transformation operations, the following prediction model for R is proposed:
\/E:%"'Zzncﬁ_’_)@(pgm/w)"'lsz (4.15)

where y, x,, ¥, and y, are regression coefficients. Note that R in Equation 4.14 is
transformed to \/E . From regression, the values of respective regression coefficients are
estimated as 6.287, —0.1516, 29.277, and 2.25x107. Comparison between the experimental
and predicted values of \/E is shown in Fig. 4.11. The regression analysis yielded an adjusted
R-Square value of 0.919, signifying that, when taken collectively, p;™ /w, n, and T
account for 92% of variance in \/E . Hence, the values predicted by the developed model

correspond well with the experimental values. Further, the regression yielded a
Durbin—Watson statistical measure of 2.056, indicating absence of first—order autocorrelation

between the residuals. The Pearson correlations between the dependent and explanatory
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variables are given in Table 4.6. Positive correlations are observed between the explanatory
and dependent variables. p;™ / w has the strongest correlation (0.858) with \/E making it the

most statistically significant explanatory variable, followed by 7. (0.678) and 7 (0.752). This

implies, relative to 7., and 7, changes in p;/™ / w have a greater impact on \/E values. In

addition, Table 4.6 also reveals the presence of correlations between explanatory variables.

Strong correlations among explanatory variables can also be observed from Table 4.6. For

example, correlation between 7,, and pI™ /w (0.933) is even higher than that between \/E

max

and pI™ /w (0.858). Moreover, the correlation among 7, and 7 is the least significant

(0.215).

The three key assumptions of MLR need to be validated with regard to the developed
prediction model \/E . The frequency distribution Fig. 4.12 (a) of the residual follows normal

distribution having zero mean and unit standard deviation. Further, observed and cumulative
probability distributions Fig. 4.12 (b) of the residual are closely aligned with the 1:1 straight
line. Therefore, it is stated that normality assumption of the standard residual is satisfied.
Further, the hypothesis representing the absence of heteroscedasticity is also satisfied since the
estimated Breusch—Pagan value of 0.1225 is greater than the significant value of 0.05. In
addition, it can be seen from the scatter plot between regression residuals and regression
predicted values (Fig. 4.12 (¢)) that the residuals distributions are random and do not follow

any trend. Thus, the assumption of heteroscedasticity is also fulfilled. As a result, it can be
stated proposed model is capable to provide confidence estimates of \/E as it satisfies the

assumptions of MLR method.
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Fig. 4.11 Comparison between experimental and predicted values of \/E .
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Table 4.6 Pearson correlation matrix for R, .

Pearson ‘ / R M e /w T
Correlation
IR 1.00 0.678 0.858 0.752
N 0.678 1.00 0.933 0.215
pi /W 0.858 0.933 1.00 0.443
T 0.752 0.215 0.443 1.00
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Fig. 4.12 Residual plots for \/E model: (a) histogram; (b) normal probability—probability; (c)
standardized residual—predicted value.

Estimating the sensitivities of the regression coefficients, namely y,, x,, x;,and x,
on /R 1is essential to understand the relative significance of the four coefficients influencing
\/E The sensitivity estimates are obtained by perturbing each regression coefficient
individually by +5% and assessing the effects on \/E . Fig. 4.13 depicts the comparison
between the predicted values of \/E with those obtained from perturbating the regression
coefficients by £5%. \/E changed by £2.0% to £3.2% with +5% changes in y,, while \/E
changed by F0.2% to F0.8% with £5% changes in y, . Further, £5% perturbation in y, led
to £1.7% to 3.1% changes in \/E , Whereas +5% perturbation in y, leads to +0.1% to 0.6%

changes in \/E Amongst the regression coefficients, y that is associated with 7, is found to

be the most sensitive albeit not being significant. Nevertheless, margin of error is thus well

within the acceptable range.
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Fig. 4.13 Sensitivity analysis for \/E model.

4.4.3 Model development of R,, :

The effects of varying corrosion levels and temperature on R,,, can be observed from

Table 4.4. For a given corrosion level, compared to samples exposed at room temperature, an

increase in temperature from 400 °C to 700 °C caused a 79% increase in R, values. In

addition, at a given temperature, an increase in corrosion severity from mild to severe led to a

32% increase in R, values. Note that an increase in R,,, reflects the propagation of

corrosion pit growth.

As a first approximation, an MLR prediction model for R,,, of the following form is

considered:
Ry, =& +& 76 (pi™ w)+& T (4.16)

where &, &, &, and & represent regression coefficients. The regression was effective,

yielding an adjusted R—Square value of 0.967 and satisfying the normality condition of the
residuals. However, regression resulted in a significance value of 0.00 (i.e., <0.05), failing the
homoscedasticity assumption. To fulfill this assumption, which would lead to high confidence

estimates of R,,,, algebraic transformations are performed. Based on many transformation

attempts, a predictive model for R,,, is proposed of the following form:
2
Rz =& +&,1;18; (pémx /W) +e, T (4.17)

where ¢, &, &, and g, are regression coefficients. From the regression analysis, ¢, &, &,
and g, are obtained as 66.953, —2.313, 1316.05, and 0.0542, respectively. Comparison

between the experimental values of R,,, and that estimated by the model (i.e., Equation 4.17)
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is depicted in Fig. 4.14. In addition, the regression resulted in an adjusted R—Square value of
0.930, meaning explanatory variables (i.e., ( pr/ w)2 , N> and 7 ) account for 93% of variance
in R, Further, the obtained Durbin-Watson value of 2.044 reflects the absence of first-order

autocorrelation between the residuals. The correlations (Pearson) amongst the predictive
model variables are given in Table 4.7. Note that dependent and explanatory variables have

positive correlations between them. The strongest correlation (0.869) is observed between

R,, and ( i /w)z, while the weakest (0.655) is observed between R,,, and 77,,. Moreover,

strong correlations are also observed amongst the explanatory variables. Notably, correlation

between 7,; and (p}™ /w)2 is significant (0.898) amongst all the variables.

Table 4.7 Pearson correlation matrix for R, .

Pearson R N max 2 T
Correlation v (pd / W)
Ry, 1.00 0.655 0.869 0.752
Mo 0.655 1.00 0.898 0.215
(= fw) 0.869 0.898 1.00 0.448
T 0.752 0215 0.448 1.00
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Fig. 4.14 Comparison between experimental and predicted values of R, .

In order to have higher confidence in R,,, estimates, the prediction model must meet

three main assumptions, which were listed in the beginning of Section 4.4. In this regard,
Fig. 4.15 (a) shows distribution frequency of the residuals. It can be observed that histogram
follows normal distribution (zero mean and unit standard deviation), with zero positioned at
the center of curve ranging between -3 and 3, with insignificant outliers. Further,

probability—probability scatter plot Fig. 4.15 (b) shows residuals are closely aligned with the
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1:1 line. Both of these observations suggest residuals satisfy normality distribution. Moreover,
scatterplot shown in Fig. 4.15 (c) depicts the relation between standardized predicted value
and residual. It can be inferred distribution is random and does not follow any specific
increasing/decreasing trend. Further, regression resulted in a Breusch—Pagan value of 0.0732,
which is greater than the significance level of 0.05, indicating the absence of

heteroscedasticity. Thus, the proposed prediction model satisfies the assumptions of

regression.
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Fig. 4.15 Residual plots for R,, model: (a) histogram; (b) normal probability—probability;
(c) standardized residual—predicted value.

Assessing the sensitivities of the prediction model’s regression coefficients can assist in
determining the relative significance of the coefficients affecting the dependent variable. This

evaluation is performed by considering the regression coefficients (i.e., &, &, &, and &) as

sensitivity parameters and perturbing each of them and evaluating the value of the dependent

variable R,,,. The outcome of the sensitivity study is illustrated in (Fig. 4.16). From the
sensitivity study, it is observed that £5% perturbations in ¢ result in +£1.6% to 4.0% changes
in R,,, . Further, £5% perturbations of &, result in F0.4% to 1.4% changes in R, while the
same perturbations of & result in +1.1% to 3.3% changes in R,,. Furthermore, £5%
perturbations in g result in £0.06% to 1.4% changes in R,,,. Although the proposed

prediction model is relatively more sensitive to the constant (i.e., &), the margin of error is

within acceptable limits.
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Fig. 4.16 Sensitivity analysis for R,,, model.
4.4.4 Model development of R, :

The values of spacing parameter, R for various combinations of corrosion level and

temperature are given in Table 4.4. At a given temperature, increasing the level of corrosion

from mild to severe results in upto a 2.2—fold increase in R values. Compared to the samples
exposed at room temperature, an increase in the level of corrosion from mild to severe with a
corresponding temperature increase from 400 °C to 700 °C results in an increase in R values
of upto 42%. In addition, at a given temperature, a progressive increase in the level of

corrosion from mild to severe results in R values increasing upto 55%.

In order to establish a relation between R, and the explanatory variables, a mathematical

equation of the following form is considered as a first approximation:
Ry = B+ a1+ (P W)+ 4,7 (4.18)

where g , 44 , 14 ,and g are the regression coefficients. An MLR is performed on the data
using the proposed equation. The evaluated regression coefficients are 5.004, 2.721, 70.04,
and 2.87x1073, respectively. The regression also resulted in an adjusted R—Square value of
0.967indicating a good fit over the data. However, significance value of the obtained
regression is 0.00 (<0.05), indicating the presence of heteroscedasticity and thus failing one of
the assumptions of regression. Therefore, the model needs to be modified to satisfy the
homoscedastic assumption. By employing algebraic transformations, a prediction model of the

following form is proposed:

\/Rsm :/’ll+ﬂ2’7cri+lu3(\]prlinax/w)+ﬂ4ﬁ (419)

107



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

where g, u,, i, and g, are regression coefficients of the modified model. The MLR
results in the coefficient values of 4=3.3, w,=0.28, 1,=7.5, and x,=8.15x107. Comparison
between the experimental values of \/E and those estimated by the model (i.e., Equation
4.19) is depicted in Fig. 4.17. This regression results in an adjusted R—Square value of 0.992,

indicating a very high 99.2% variance in /R, is attributable to 7,,, +pi™/w, and T

together. In addition, a Durbin—Watson value of 2.079 indicates absence of first—order

autocorrelation between the residuals. Table 4.8 gives Pearson’s correlation coefficients of the

regression variables. It is observed that /R, has a very strong correlation with 7, (0.988)
and /p™ /w (0.973). In addition, there is also a strong correlation between a few explanatory

variables. For instance, between 7.and +/pJ™/w, a correlation coefficient of 0.943 is

observed. The weakest correlation (0.199) exists between 7, and T .

13 T T T

12

T

©
T

MAE = 0.112
MSE = 0.017
RMSE = 0.130
MAPE = 0.012
R?=0.992
R% Adj. = 0.992
6 1 1 1 1 1 1
11 12 13

Experimental VR (um'?)
o s
T T

9 10
Predicted VR, (um"?)

Fig. 4.17 Comparison between experimental and predicted values of \/R_, .

Table 4.8. Pearson correlation matrix for R .

Pearson / R, N o JT
Correlation
/Rsm 1.00 0.988 0.973 0.299
Mo 0.988 1.00 0.943 0.199
Jp:‘““/w 0973 0.943 1.00 0.390
Jr 0.299 0.199 0.390 1.00
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Fig. 4.18 Residual plots for /R, model: (a) histogram; (b) normal probability—probability;

(c) standardized residual—predicted value.

4.4.5 Predictionof k and a, :

As indicated by Equation 4.5, £, is dependent on surface topographic feature parameters,

namely R, , R, and R,,,. Studying the relationship between the parameters and %, can help

in defining the surface topography effects on metal strength in terms of k. Table 4.4 lists the

variations of F, with corrosion severity and temperature. As observed, at a set temperature, an

increase in corrosion level from mild to severe leads to an increase in F, values of upto 61%.

Further, at a set corrosion level, an increase in temperature from 25 °C to 700 °C leads to an

increase in F, values of upto 72%. These two observations indicate F, values are

significantly affected by corrosion level and temperature. Thus, based on algebraic

transformation, a prediction model for F, of the following form is proposed:

Fig. 4.19 Sensitivity analysis for \/R_ model.
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(4.20)

where y,, 7,,7%.,and y, are regression coefficients and performing MLR gives their values as

—5.146, —0.0311, 167.993, and 7.07x1073, respectively. Additionally, regression resulted in an
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adjusted R—Square value of 0.948, indicating that, taken as a set, 72,, pI™ / w,and 7 account

for 94.8% of variation in £, . Further, a Durbin—Watson value of 2.019 means no first-order

autocorrelation between the residuals.

Pearson correlation coefficients of the prediction model are given in Table 4.9. All
variables show positive correlations with each other. Maximum (0.942) and minimum (0.630)

correlations are observed between F and pI™ /w, and between F, and T. Further, strong

max

correlations between explanatory variables are also observed, e.g., 7., and p} / w (0.941).

The basic assumptions of MLR can be verified using Fig. 4.20 (a—c). From the Fig. 4.20 (a), it
can be seen residual histogram follows a normal distribution, with the curve centered at zero
and varying between —3 and 3. Fig. 4.20 (b) shows probability—probability plot of the residual,
and it can be seen residuals are closely aligned with the straight line. These two observations
suggest that residuals satisfy the normality assumption. Fig. 4.20 (c¢) shows random
distribution data between standardized predicted values and residuals and follows neither an
increasing nor a decreasing trend. Further, Breusch—Pagan value of 0.06 is greater than the
significance value of 0.05. Thus, these two observations satisfy the homoscedasticity
assumption of the residuals. By substituting the surface topographic feature parameters
prediction models, namely Equations 4.13, 4.15, and 4.17 into Equation 4.6, an additional

equation thus becomes available for F, estimation. It is given as:

max

X+ XN T2 (pd /W)+l4 T)z 4.21)

Fs :(51 +§2 77cri+§3 (p:imm/w)-i_éT)2 (

2
max
51+82 ncri+83 (pd /W) +84T

(@) 30 Mean = -9.89E-15 ®)1.0 (’\c) 4
D s vev.—099 = £
% =
= %\ 2038 =3
g é é £ )
20 7 i 5 g 9 o
> 772 % . 8
5 in 206 g ba 8 |
5 Y £ s e %% °38 ¢
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Fig. 4.20 Residual plots for £, model: (a) histogram; (b) normal probability—probability; (c)
standardized residual—predicted value.
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Table 4.9 Pearson correlation matrix for F, .

Pearsop F, n pr / w T
Correlation
F, 1.00 0.819 0.942 0.630
njri 0.819 1.00 0.941 0.228
pi /w 0.942 0.941 1.00 0.443
T 0.630 0.228 0.443 1.00

A comparison between the values of F, estimated from experiment and those based on the

prediction model (i.e., Equation 4.20) and Equation 4.21 is shown in Fig. 4.21. Compared to

experimentally evaluated F,, F, based on the prediction model deviates between 6% and 5%
on an average. Further, compared to experimentally evaluated F,, F, based on Equation 4.21

deviates between 6% and 4% on average. Since the difference in the deviation between the
prediction model and Equation 4.21 is insignificant, it can be stated that either the prediction

model or Equation 4.21 can be used to estimate F, values. As stated in Section 4.2, an
equivalent surface defect .jarea, model given by Equations 2.80 and 2.81 is used for q,

evaluation. Because ratio a/2b that is equivalent to ratio R, /R, is greater than 0.195 for all

combinations of corrosion level and temperature, Equation 2.81 in section (2.9.4) is thus

applicable for a, evaluation. Hence, a, can be expressed as:
a, =+Ja, =0.38R (4.22)

By substituting R, prediction model (i.e., Equation 4.19) into Equation 4.22 a, can be

approximated as:

a, :0-38(#1 + 1 ncﬁ+ﬂ3(\/p§““‘/W)+ﬂ4 ﬁ)2 (4.23)
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Fig. 4.21 Comparison of experimental values of F, .with prediction model and Equation 4.21.
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Thus, Equation 4.23 relates a, to pitting corrosion parameters and temperature. Equation
4.23 implies that a, ’s relation with corrosion and temperature is comparable to that of R
and applies a reduction factor to R, . When evaluated using experimental values of R,
values of g, range from 17.5 mm to 53.1 mm, while the values evaluated based on Equation
4.23 range from 18.0 mm to 54.4 mm. This confirms a, predictions are comparable to those

estimated from experiments. To better understand relative influence of the explanatory

variables of Equation 4.23 on a, estimates, the variation of @, is compared to p™ /w and

max

1, individually. Fig. 4.22 (a) shows the relation between a, and pj / w for selected ranges
of 1., (5%, 10%, and 15%) and temperatures (25 °C, 400 °C, 500 °C, 600 °C, and 700 °C).
Three characteristic bands can be observed, each corresponding to a value of 77,,. For a given

max

Py /w, increasing 77,; from 5% to 15% results in upto 2—fold increase in a, values.

max

Moreover, for a given 7, increasing p) / w from 0.1 to 0.3 results in upto 1.3—fold increase

max

in a, values. These two observations suggest that variations in 7,, relative to p™ /w have

more impact ona, . In practical terms, this means that prolonged exposure of the steel rebar to
corrosion would significantly affect its surface defects. Furthermore, it can be observed that

max

for a given pj / w and 7, variation of a, with temperatures are relatively less significant.
The relationship of a, with 7,, for selected values of pI™ /w (i.e., 0.1, 0.2, and 0.3) and
temperatures are depicted in Fig. 4.22 (b). The trend between a, and 7, is found to be

max

directly proportional to each other. For a given pj /w ,increasing 7., from 5% to 15%
results in upto 44% increase in a, values. Moreover, for a given 7,,, increasing pI™ /w from
0.1 to 0.3 results in upto 55% increase in @, values. Thus, in conclusion, it can be stated that

both pI™ /w and 7, affect a, values significantly.

@ 64 - ® 72 T

5%, T=25°C = = - 1, =10%, T=25°C == 1,=15%, T=25°C —— P01, T=25C = = =pPw=0.2, T=25°C ==+ pI™w=0.3, T=25°C
 T=400°C = = - 7, =10%, T=400°C—-— p_=15%, T=400°C .1, T=400°C - ~ 0.2, T=400°C —-— T=400°C
s 64 - P w=0.1, T=500°C — — 0.2, T=500°C =+ =+ pI™/w=0.3, T=500°C

PEw=0.1, T=600°C — = 0.2, T=600°C = - = pi*/w=0.3, T=600°C

PI=0.1, T=T00°C — — ~pSw=0.2, T=700°C — - — - p=/w=0.3, T=700°C

56 L— 500°C— = - %, T=500°C—-— 7,
— L T=600°C — — - 7, =10%, T=600°C—-— 1,
De=5%, T=700°C D=10%, T=700°C 7,
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.
0.1 02 03 5 10 15
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Fig. 4.22 Variations in q, : (a) a, Vs p/™ /w; (b) a, Vs 1.
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4.5 Fatigue life estimation

A procedure for estimating the fatigue life of steel bars subjected to pitting corrosion and
temperature has been described in Section 4.2. In particular, Equation 4.8 can be used to
expresses fatigue life as a function of pitting and corrosion severity parameters along with

temperature. By substituting the developed predictions models for @, (i.e., Equation 4.23) and

F. (i.e., Equation 4.20) into Equation 4.8, N, can be expressed as:

44478 (1-0.85R) G

2
2E[S—(0.65fu +14.48)[1+ z(v + ity (P fw)+ 7 T ] 038 y, + 4 77m+;13(\/pé““\/w)+ﬂ4ﬁ} ]
P
N, = 2 (4.24)
(038 [ul a1t (Vo )+ T ] )

csmpm 72 (? _ l]

In the current study, Equation 4.24 is used to estimate the fatigue life of steel bars. The

overall procedure for estimating N, from surface topographic feature parameters proceeds as

follows:
1. Evaluate the material and mechanical properties of steel such as £, G, and f,

il. Determine corrosion pit geometry parameters such as p;™ / w and 7, along with
temperature.

iii. Choose fatigue test parameters such as R, S, and maximum stress level (s, ).

iv. Evaluate the values of k, from Equation 4.5 by obtaining the values of F, from
either Equation 4.20 or Equation 4.21 using the values of pit geometry parameters
and temperature.

V. Estimate the values of a, from Equation 4.23 by substituting the values of the pit
geometry parameters and temperature.

vi. Evaluate fatigue life N, from Equation 4.24 using the values of various

parameters obtained in steps i to v above.

4.5.1 Effect of pma"/w:

The effect of p™ /w on N, for various combinations of 7,,, R, and S, are shown in

Fig. 4.23 (a—c). It can be seen that each of the figures shows three distinctive bands each

corresponding to a value of 77,,. The general observation from all three figures is that N;

max

decreases significantly with pj / w. For example, at room temperature and for a given value

113



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

max

of n,, (Fig. 423 (a)), an increase in p; / w from 0.1 to 0.3 results in a maximum 20%
decrease in N;. In addition, a maximum decrease in N, of upto 12% between successive
values of p™/w is observed. These two observations can be seen at all temperatures.
Further, it can be seen from Fig. 4.23 (a) that for a given value of p™ / w, increasing 77,
from 5% (i.e. mild) to 15% (i.e. severe) leads to a maximum of 28% reduction of N.. In

addition, between any two consecutive values of 7,,, a maximum reduction in N, of upto

16% is observed. These two observations can also be seen across all temperatures.

The effect of R on N, as p;™ / w changes is shown in Fig. 4.23 (b). For illustration, the

value of R is assumed to be 0.4 while all values of other parameters are held constant. Similar

max

variation of p; / w as observed in Fig. 4.23 (a). are also found in Fig. 4.23 (b). In addition,
as expected, N, is higher in Fig. 4.23 (b) than in Fig. 4.23 (a). Precisely, a 29% increase in
N, values is observed. Remarkably, it is observed that this deviation of 29% is almost a
constant for any two consecutive values of 7, between Fig. 4.23 (a). and Fig. 4.23 (b).
Referring to Fig. 4.23 (a)., the effect of changing S, on fatigue life is examined and the same
is shown in Fig. 4.23 (c). As expected, N, shows a significant reduction compared to Fig. 4.23

(a) due to the change in S, from 0.5 f, to 0.8 f,. In fact, not only is this reduction found to

be 4—fold, but it is also observed to be constant for any two consecutive values of 7. .

(O

()90 x10°

=700°C — - 7,=10%, T=T00°C - 7~

.................

Fig. 4.23 Effect of p™ /w on N,: (a) R(0.1) and S, (0.5/,); (b) R(0.4) and S,,(0.5f,);
(c) R(0.1) and S,,(0.8f,).

4.5.2 Effectof 1,

Fig. 4.24 (a—c) show the influence of 7, on N, for various combinations of 7,;, R, and
S .. Each of the figures exhibits three separate bands, each of which corresponds to a different

value of p; / w. N, reduces significantly with 7, as is evident from all three plots. For

instance, an increase in 77,; from 5% to 15% leads to a maximum 28% reduction in N, at
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max

room temperature and for a given value of pj / w (Fig. 4.24 (a)). Moreover, a maximum
reduction in N, of upto 16.5% is observed between subsequent values of 7,.. Both

observations are evident at all temperature values. Additionally, as shown in Fig. 4.24 (a), for

max

a given value of 7,,, increasing pI™ /w from 0.1 to 0.3 results in a maximum 19.5% decrease

in N,. Between any two successive pI™ /w values, a maximum 12% decrease in N, is seen.

These two observations hold true at all temperatures.

To examine the effect of changing R on N, as 7, varies, the value of R is changed
from 0.1 to 0.4 and the N, values are estimated. Note that Fig. 4.24 (b) and Fig. 4.24 (a) show
similar trends in 77,,. However, as expected, the values of N, in Figure 4.24 (b) are about 29%
higher than in Fig. 4.24 (a). Notably, this deviation of 29% is seen to be almost constant for

any two successive values of p;/™* /w between Fig. 4.24 (a) and Figure Fig. 4.24 (b). The
effect of changing S, on N, is examined by changing S, from 0.5 f, to 0.8 f, Fig. 4.24 (c)

and comparing the values of N, to those shown in Fig. 4.24 (a). A quadrupling of the values is

observed, which remains constant for any two consecutive values of p™ / w.

Fig. 4.24 Effect of 77, on N;: (a) R(O.l) and Sm(O.Sfy) ; (b) R(0.4) and Sm(O.Sfy);
(¢) R(0.1) and S,,(0.81,).

4.6. Fatigue life Estimation using prediction models

The fatigue life evaluated with the developed prediction models is compared with
numerous experimental results from the literature. Due to unavailability of high cycle fatigue
data under combined corrosion and temperature, validations are performed using corroded and
uncorroded data at room temperature. Fernandez et al. (Fernandez et al., 2015) performed high
cycle fatigue tests on 10 mm/12 mm diameter BS00SD steel with 0.22% carbon content. Table
4.10 lists values of the experimental variables of Ref. (Fernandez et al., 2015) along with the
values estimated based on the prediction models developed. Note that since the experimental

values of 7., are greater than 10%, they belong to a severe level of corrosion. The values of

surface topographic feature parameters estimated using the developed prediction models are
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also tabulated. As observed, the estimated errors between predicted and experimental values of

N, are within about 15% for all comparisons except one comparison where the error is 23%.

The effects of pitting geometries on the fatigue behavior of the steel bars were reported by
(Ma et al., 2017). High cycle fatigue testing was performed on 9 mm diameter HPB300 steel
by introducing notches of different geometries into the steel to simulate different pitting
corrosion geometries. The details of the experimental samples and values reported are given in
Table 4.10. A comparison between these experimental values and the values predicted by the
developed models are given in Table 4.10. As observed, the errors between the experimental
and predicted values of N, range from 0.49% to 14.96%. In addition, K, values estimated by
the model agree well with those reported in the experiment. This indirectly confirms the
correctness of surface topographic parameters R , R, , and R, estimated based on the
prediction models. Zhang et al. (Zhang et al., 2021) conducted high cycle fatigue tests on
pitting corroded 8 mm diameter HRB400 steel at a constant maximum stress of 0.7 f; . Pitting
corrosion was performed at room temperature using an electrochemically accelerated process.
The electro—hydraulic servo fatigue testing system with a constant load frequency of 5 Hz was
used to carry out the fatigue tests. A comparison, between experimental (Zhang et al., 2021)

and predicted values of N, is given in Table 4.10. As can be observed, the error between them

is upto 40%.

To examine the prediction accuracy of the predicted models in the case of uncorroded
samples, validations are performed on some fatigue tests data reported in the literature. Paul et
al. (Paul et al., 2014) conducted high cycle fatigue tests on 8 mm diameter TMT bars (Fe500)
having a carbon content of 0.2%. The tests were carried out using a servo—hydraulic testing
machine with test frequency of 30 Hz. A comparison between experimental and predicted
values of N, is given in Table 4.10. As can be observed, the error between them ranges from
0.79% to 10.9%. Further, Zhang et al. (Zhang et al., 2020) performed high cycle fatigue tests
on 14 mm diameter HRB400 steel using an electro-hydraulic servo fatigue testing machine
with a sine waveform at a frequency of 2 Hz. A comparison between experimental values of

N, with those obtained from predictive models is given in Table 4.10. As observed, the errors

between them range from 3.7% to 19.6%. These observations imply developed model can also

predict N, values for uncorroded samples.

Thus, the values of N, predicted based on the developed models are comparable to those

reported from experiments for both corroded and uncorroded samples. For few comparisons, a
relatively higher percentage of error is observed. This may be attributed to the system errors in

the experiment, micromorphological features of the samples, interference effects during the
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experiment, or sensitivity of the samples to surface roughness, stress amplitude and loading
conditions (Wang et al., 2016). Nevertheless, the developed models are capable of predicting
N, values. Unfortunately, the developed models could not be validated with experimental data
under combined pitting corrosion and high temperature. This is not only because such tests
data are unavailable, but also because such tests require special equipment to perform. In the
absence of such data, the developed predictive models are very useful and can be used for

estimation of unknown parameters and preventive maintenance decisions.
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Table 4.10. Comparison between predicted and experimental values of N, .

Reference Yield stress /Ultimate Stress range kt Heri Experimental N, Predicted values Error
stress (MPa) (%) el %)
(MPa) ycles)
R, R, R, R, k, N;
(mm) (mm) (mm) (mm) (cycles)

Fernandez et al., 2015 542.56/649.50 300 - 10.70 82,951 15.69 92.25 80.08 88.37 1.45 73,405  -11.50
200 - 12.50 2,54,568 19.72 106.28 92.03 104.00 1.56 228,045 —10.41
300 - 12.70 60,355 28.47 137.90 121.18 113.41 1.80 64,934 7.59
200 - 15.10 1,67,236 25.71 129.49 115.63 128.21 1.71 2,05,392 22.81
300 - 11.60 91,536 8.49 68.06 62.03 85.45 1.23 74,594  -18.50
Yafei Ma et al., 2017 446/495 217.70 1.67 12.27 2,05,791 24.16 121.91 105.84 106.65 1.69 1,74,994  —14.96
215.40 1.73 12.43 1,67,112 27.44 133.92 117.12 110.69 1.78 1,717,524 6.22
268.9 1.54 14.60 86,707 25.00 126.43 112.12 123.84 1.70 87,136 0.49
2753 1.67 15.89 70,545 26.61 133.59 120.65 135.04 1.73 78,060 10.65
232.7 1.76 18.72 1,09,326 26.12 134.36 125.25 156.98 1.70 1,18,725 8.59
Zhang et al., 2021b 418/584 3582 - 7.620 79,241 16.85 96.14 83.32 71.42 1.46 51,881  —34.52
3582 - 5.820 93,867 14.27 88.36 78.59 59.63 1.40 56,276  —40.04
Paul et al., 2014 551/649 328 - - 1,65,861 3.78 40.31 68.30 11.16 1.05 1,57,495 —5.04
252 - - 3,19,253 3.78 40.31 68.30 11.16 1.05 3,48,277 9.09
200 - - 7,64,096 3.78 40.31 68.30 11.16 1.05 6,93,640 -9.22
181 - - 10,68,470 3.78 40.31 68.30 11.16 1.05 9,51,923  —-10.90
140 - - 20,59,100 3.78 40.31 68.30 11.16 1.05 20,59,110 -0.79
Zhang et al., 2020b 425.17/581.20 290.60 - - 2,82,566 3.78 40.31 68.30 11.16 1.05 2,82,567  —19.63
319.66 - - 1,77,239 3.78 40.31 68.30 11.16 1.05 1,77,240 -3.69
348.72 - - 1,45,077 3.78 40.31 68.30 11.16 1.05 1,45,078 -931
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4.7 Conclusions

This study presents, based on experimental results including microstructural investigations,
a model for pitting corrosion penetration depth distribution and prediction models for surface
topographical feature parameters such as arithmetic mean height, total height, ten—point
height, mean profile spacing as a function of pitting severity, corrosion level severity, and
temperature. The MLR method is employed for developing the prediction models. Further,
using similar parameters, prediction models for a surface topographic feature variable in stress
concentration factor and defect size parameter are also presented. Each of the prediction
models is validated to meet the key assumptions of the MLR method, namely normality and
homoscedasticity. Further, a sensitivity analysis of each of the prediction models is performed
by considering model coefficients as sensitivity parameters. A framework for fatigue life
estimation is proposed incorporating the developed models considering pitting corrosion and
high temperature exposure. Further, the effect of pitting corrosion and high temperature on the
fatigue life of reinforcing bar is investigated. Furthermore, the proposed framework is
validated by comparing the fatigue life estimated by incorporating the developed models with
the experimental data available in the literature. The following conclusions can be drawn from
this study:
1. A flipped Gaussian function is more appropriate to describe the distribution of
pitting corrosion penetration depth along the circumference of the reinforcing bar.
il. In samples exposed to 500 °C or higher, carbide particles became progressively
coarser. Large carbide particles are potential sites for initial fatigue crack
propagation.

1. The prediction models developed indicate surface topographic features of steel are
significantly affected by pitting corrosion and high temperatures. Correlation
studies from MLR analyses show the existence of strong relationships between the
dependent and explanatory variables. The sensitivity study of each developed
models found margin of error to be within acceptable limits.

iv. The prediction models developed for a surface topographic feature variable in
stress concentration factor and defect size parameter show presence of a strong
dependence on pitting severity, corrosion level severity, and temperature.

v. The fatigue life of steel reinforcing bar decreases with increasing pitting severity,
corrosion level severity, and temperature. The fatigue life values predicted based
on the developed models are comparable to those reported from experiments for

both corroded and uncorroded samples.
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Chapter 5
LCF behaviour of pitting corroded high—strength TMT rebars
exposed to high temperatures considering Gaussian morphology

5.1 Introduction

High—strength and ductile reinforcing bars, particularly TMT rebars, are gaining popularity
in the construction industry for two key reasons. (i) they exhibit superior performance compared
to mild steel bars, leading to cost savings, smaller structural components, and visually appealing
structures. (ii) design standards allow for the full utilization of their enhanced strength.
However, these bars may experience challenges in fatigue performance due to the high—stress

levels they endure, primarily attributed to cyclic softening under fatigue loading.

During seismic events, reinforcing bars are susceptible to LCF, potentially resulting in bar
rupture, premature member failure, or even the collapse of entire structures. Particularly, when
exposed to aggressive environments like marine atmospheres and deicing salts, leading to
corrosion and a significant reduction in service life. Pitting corrosion, a form of localized

corrosion, further compromises the mechanical strength of the bars.

Corrosion pits, taking various geometries such as elliptical, semi—elliptical, linear, and
circular, act as stress concentrators during cyclic loading. The SCF plays a pivotal role in
influencing fatigue life. While numerical methods like the FE analysis are commonly used to
estimate SCF, analytical solutions reported in the literature, particularly for limited undulated

surfaces, also provide valuable insights.

Reinforcing bars face the challenge of exposure to high temperatures during their service
life, especially during fire incidents in reinforced concrete structures. Transportation structures,
like bridges and tunnels, constructed with these bars, can experience fire incidents over time,
causing significant damage and prolonged disruption of traffic flow. The mechanical strength
of reinforcing bars significantly decreases at temperatures ranging from 600 °C to 800 °C, with
notable decreases in yield strength, ultimate strain, failure strain, and ductility observed in

certain high—strength bars.

Various approaches, categorized as stress—, strain—, and energy—based models, are have
been widely utilized for determining the fatigue strength of structural members. Energy—based
models, which consider both stress and strain behaviors, have gained attention for providing a
more comprehensive description of fatigue behavior. For instance, the Coffin—Manson
relationship has been employed to estimate LCF behavior at large strain amplitudes. Predictions
based on energy dissipated on average cycles are found to better predict fatigue life than those

based on the first cycle, and total energy dissipated to failure is even more accurate. Recently,
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an average SED based approach successfully estimated the fatigue strength of corroded high
strength cables.

Despite the significant impact of high—temperature exposure on the LCF of pitting corroded
reinforcing bars, there is limited research on the combined effects of pitting corrosion and high
temperature on high—strength, TMT bars. Analytical and numerical models, particularly those
analyzing stress distribution parameters, are essential, considering the Gaussian representation
of corrosion pits and temperature effects. It is also crucial to verify the applicability of the SED
approach for fatigue life prediction of reinforcing bars under these specific conditions. This
comprehensive understanding is vital for preserving large—scale infrastructures, preventing
economic losses, and guiding the development of improved design approaches for engineers

and scientists.

The novelty and knowledge contribution of this study are: (i) LCF tests are performed on
high—strength high—ductile reinforcing bars considering pitting corrosion and high—temperature
exposure conditions; (ii) proposes a two—parameter Gaussian function for corrosion depth
distribution along the perimeter of the reinforcing bar; (iii) develops analytical model for
estimating SCF based on Gaussian function and verifies it numerically using the FE method;
(iv) relates experimental cycles to failure and energy dissipation capacity with corrosion and
temperature;  (v)  develops/estimates  temperature—dependent  stress  distribution
parameters/values, including pit sensitivity, average SED, and pit opening angle, based on
Gaussian representation of corrosion pit; (vi) compares experimental cycles to failure with that
estimated based on SED approach; and conducts a comprehensive fractographic analysis of

fracture surfaces.
5.2 Experimental work

5.2.1 Material and specimen preparation:

The specimens used in this study are commercially obtained from hot—rolled high—strength
high—ductile, deformed thermo—mechanically treated ductile reinforcing bars of grade Fe 500D,
which adhere to the specifications outlined in IS 1786:2008. These reinforcing bars are often
used in the construction industry due to their suitability under fire exposure conditions and their
ability to retain most of their strength upto temperatures of 500 °C—600 °C. The chemical
composition and mechanical properties of the specimens received from the manufacturers are

detailed in Tables 5.1 and 5.2.
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Table 5.1 Chemical composition of Fe 500D specimen (in wt.%).

Chemical C P S Mn
composition
Specimen 0.2 0.033 0.020 0.88

Table 5.2 Mechanical properties of Fe 500D.

Tensile Yield Tensile Elongation  Young’s Poisson's
strength  strength  strength/ (%) modulus ratio
(MPa) (MPa) Yield (MPa)
strength
645 560 1.15 22 2.1x10° 0.28

LCF tests are conducted on a total of 30 specimens. The specimens are prepared following
ASTM E606/E606M—12. Fig. 5.1 (a) and (b) display the geometrical details of the specimen. A
lathe machine is employed to remove the outer ribs of the bars, and then are polished to achieve
a mirror finish with a maximum surface roughness of 0.2 mm. The finished steel specimen has
a uniform gauge section of length 16mm with a diameter of 8mm. A transition length of about
16.70 mm and a radius of curvature of 48 mm are provided. The clamping region of the specimen

has threads at both ends. The threads are 34.30 mm long and have a diameter of 16 mm.

il / o8 / - -
(b) f

14 —_ —

Fig 5.1 Test specimen: (a) prepared sample; and (b) geometry (unit: mm).

5.2 Corrosion procedure:

An electrochemical accelerated corrosion method induces pitting corrosion in specimens at
room temperature. (Fig. 5.2 (a) and (b)) shows the experimental setup of the technique. Each
specimen has a 5 mm diameter pit site marked at the center of the gauge section. The specimen
is fully wrapped with an insulation tape to prevent corrosion at other locations. After attaching
a wire to one end, the two ends of the specimens are glued with a hot melt adhesive. Note that
stainless steel acts as a cathode, and the bar acts as an anode. The cathode and anode are
immersed in a 5% NaCl solution tray. A direct current power source is used to initiate the

accelerated corrosion. A constant impressed current of 0.5 A is applied for 20 minutes during
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the experiment. Following the accelerated corrosion process, the specimens are gently removed
from the tray, and the wire and insulation tape are carefully detached from them. The standard
procedure outlined in ISO 8407:2021 is followed to remove both coarse and fine corrosion
products from the specimen surface. The procedure involves: cleaning the specimen using
deionized water, immersing specimen in a freshly prepared chemical solution containing 3.5 g
of hexamethylenetetramine, 500 ml hydrochloric acid, and 500 ml water, and washing with 99%

pure ethanol and water.

(b)

W DC po
supply

LTI - AISAANNY
LTS AN
i ALMAAN

Reinforcing steel bar

Stainless steel bar

) Circular pit site

Fig 5.2 Corrosion experiment: (a) sample preparation; and (b) accelerated
corrosion.

5.2.3  Pits characterization:

The dimensions of corroded pits, including width (w), length (), and depth (p,), are

measured using a compact high—definition three—dimensional laser scanner with a precision of
0.2 mm. The pit geometry is scanned using a laser at a density of 5 million points per scan. This
is achieved by emitting light pulses onto the pit surface and capturing the reflected light with a
sensor, thus enabling the acquisition of pit geometry data. The scanner effectively captures and
visualizes the pit, recreating the corroded specimen. The three—dimensional structure of a pit

recreated using the laser scanner is illustrated in Figs. 5.3 (a) and (b).

The results summary of the laser scanning can be found in Table 5.3. As can be observed, a
three—index nomenclature is used for specimen identification. The first index represents
corrosion status: corroded (C) or uncorroded (UC). The second index indicates temperature
exposure in °C, and the last index refers to the specimen number (1-3). It is important to

highlight that the specimens are not exposed to elevated temperatures at this stage of the

experiment. The critical cross-sectional loss (7,;) is a widely adopted parameter to assess the

pitting severity. It is given as:

Tt = (1= 4,/ 4,)x100% (5.1)
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where A, and A, represent the specimen’s minimum and nominal cross—sectional areas (mm?),

respectively. The values of 77.; also summarized in Table 5.3.

(a) (b)

Measured pit area

M C_600_2

| ~-5.480 -~

Fig 5.3 Illustrative 3D image of a specimen: (a) 3D laser scan; and (b) pit morphology and
dimensions (unit: mm).

Table 5.3 Summary of corrosion pit geometry from 3D laser scanning.

Specimen  Temperature  Corrosion Pit geometry from 3D laser
(°C) time scanning
(min)
Py w ! Meri
(mm) (@m) (mm) (o)

C251 25 20 1.377 5.641  5.656 13.801

C252 25 20 1.380 5612 5551  13.640

C253 25 20 1.382 5531 5.601 14.030
C 400 1 400 20 1.389 5.357  5.899 14.118
C 400 2 400 20 1.403 5432 5743 14.056
C 400 3 400 20 1.408 5.519 5799  13.706
C_500_1 500 20 1.388 5.235 57743  13.767
C 500 2 500 20 1.400 5312 5784  13.627
C 500 3 500 20 1.399 5.301 5789  13.593
C 600 1 600 20 1.389 5.289 5.58 13.126
C 600 2 600 20 1.398 5.331 5489 13.148
C 600 3 600 20 1.400 5.258 5799  13.702
C 700 1 700 20 1.399 5.129 5768  13.071
C 700 2 700 20 1.408 5.248 5784  13.075
C_700_3 700 20 1.398 5206 5534 13.134

It is observed that 77.; values for all the specimens are greater than 10%. This corresponds to

severe corrosion level as 77,; is greater than 10%.
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5.2.3 Gaussian representation of pits:

The laser scan results indicate that p, varies along w and / at different positions. The
variation of p, along the specimen perimeter interests practicing engineers as it can be used to
estimate a decrease in steel cross—sectional area. The p, data extracted from laser scans are
fitted with various mathematical expressions, including Gaussian, linear, semi elliptical, and
elliptical. The following inverted Gaussian expression is found to represent p, variation along

the specimen perimeter better:

2
-0, 6

Pyg=—be (5.2)

where v, and v, are regression parameters, while @ is the angle between the bar's center and a
circumferential point (radians). Note that v, is associated with the uneven distribution of p,

along the specimen’s perimeter, while v, correlates with ¢ at which p, takes the value of p™

. Similar Gaussian expression is reported in (Chauhan & Muthulingam, 2023). However, the
mathematical form of Equation 5.2 differs from the equation as reported in literature (Chauhan
& Muthulingam, 2023), since it utilizes only two parameters, resulting in a simpler
representation. In addition, Equation 5.2 is better suited for developing analytical SCF models,

as will be demonstrated in Section 5.3.
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Fig. 5.4 Experimental data and trends based on flipped Gaussian model.

126




Chapter 5. LCF behaviour of pitting corroded high—strength TMT rebars exposed to high temperatures
considering Gaussian morphology.

The variation of p,; along the perimeters of the specimens, along with the corresponding
trendlines based on Equation 5.2 are illustrated in Figs. 5.4 (a)-(c). Additionally, Table 5.4
presents v, v,, and R—Square values for all specimens. As observed, R—Square values range
from 0.967 to 0.990. It is worth mentioning that 60% of the specimens exhibit R—Square values
exceeding 0.98. Thus, the inverted Gaussian model is the most suitable representation for the
distribution of p, along the perimeter of the specimen. Additionally, minor variations in U,
indicate a consistent uneven distribution of corrosion along the specimens' perimeters,
confirming the uniformity of the corrosion tests.

Table 5.4 Fitting parameters of inverted Gaussian model.

Specimen v, 0

R—square
C251 1.40012 2.72986 0.97341
C252 1.41956 3.28119 0.98270
C253 1.41994 2.52873 0.96725
C_400_1 1.41639 2.92588 0.97313
C_400 2 1.42076 3.35532 0.98441
C_400_3 1.43637 2.89765 0.97718
C_500_1 1.43788 2.99496 0.98980
C_ 500 2 1.43729 2.75004 0.98087
C 500 3 1.42494 3.39922 0.99049
C 600 1 1.42366 2.70971 0.97850
C_600 2 1.42381 2.52904 0.98246
C 600 3 1.44187 2.89809 0.98715
C 700 1 1.42597 2.65785 0.98065
C_700 2 1.43792 2.83172 0.98719
C 700 3 1.42051 2.51024 0.96706

5.3 SCF of inverted Gaussian model

The perturbation theory in the context of surface perturbations assumes that the undulating
surface is nearly flat, with a small perturbation compared to other length scales of the bulk
material, thus allowing it to be treated as an elastic half—plane (Gao, 1991). This perturbation
approach can be employed to analytically calculate the SCF for the Gaussian model
(Equation 5.2). This approach uses a specific elastic Green's function for perfectly flat elastic

surfaces. The undulating surface is considered as a perturbation relative to the flat surface. By
applying the perturbation theory, the stress concentration factor (kt) can be expressed as (Gao,

1991; Medina, 2015; Medina & Hinderliter, 2014):
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kt(e):[HzPVj:M} (5.3)

n (c-0)

where PV refers to the principal value in which the integral is evaluated in the Cauchy sense,

dl;(g) represents spatial derivative of an arbitrary pitting surface profile p, (g), and ¢ isa

dummy variable.

To find the solution to Equation 5.3 Hilbert transform (HT) can be used. Suppose &()is the

analytic associate of u (t) (Hahn, 1996; Le Van Quyen et al., 2001)

E=u(t)+ia(t)=a(t)e™" (5.4)

where ﬁ(t) is the HT of u(l), a(t) and ¢;(t) are the instantaneous amplitude and

instantaneous phase angle, respectively, given by:
a(t)={u’ (1)+i* (1)} (5.5)
(1)

o(t)=arctan —=

u(t) (5.6)

Then HT of u(t) is given in the form of improper integral as:

ﬁ(t):ﬂ(u(t)):lPij u() dz':—lpvfw u(7) 4o (5.7)

T -0 T—1 T -0 =T

Further, the inverse of HT is given as:

u(t)zﬂ‘l(ﬁ(t)):lPij Mdr:—lPij i) g (5.8)

T -0 T—1 T -0 [—T

The convolution kernel function, which is h(t)=1/7‘ct and is singular at =0, in terms of

Cauchy’s principal value Equation 5.8 can be is expressed as:

ﬁ(t)=1ﬂig(1)[J‘;/’+J-iﬁ]u(1).h(t—r)dr (5.9)

Note that HT can be treated as a phase shifter which introduces a phase lag (—i =e ™2 ) and can

be also be expressed as (Liu, 2012):
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U(t)=G(1).(isgn(t)) (5.10)

where U(¢) and G(¢) are Fourier transforms of (t) and g(¢), while @ (t) and g(¢) form HT
pairs. If the Fourier transforms U(¢) and G(¢) are related by Equation 5.10, then @ (t) is the

HT of u(r).

i(t) =4 (u()) (5.11)

Further, HT can be evaluated by taking the inverse Fourier transform of Equation 5.10 in
conjunction with Equation 5.11. A concise expression for HT can be expressed in the form as

(Boashash, 2015):
H(u(t))=F. {~isgn(t) £, (u(1))} (5.12)

where F,_,. (u(t)) is Fourier transform. Applying Equation 5.12 to Equation 5.3, k, can be

t

expressed as:

k (0)=1-24 p(6)] 65.13)

A property of the HT states that HT of the derivative of a function is equal to the derivative of
the HT, that is, if u(t):ﬂ(v(t)) then ﬂ(v'(t)) =u'(t), Equation 5.13 can be expressed as
(Medina, 2015):

kt(ﬁ):l—ZW (5.14)

Applying Equation 5.14 to the proposed inverted Gaussian model (i.e. Equation 5.2), &, is

evaluated as:

k‘(ﬁ):1+40\1f\/g[1—9e(0252)\/; v, erfi( 0219)} (5.15)
T

where erfi represents imaginary error function. It can be observed from Figs. 5.4 (a)—(c)that
Py becomes equal to pi™* when 0=0. Thus, the maximum value of k, is obtained by

substituting #=0 in Equation 5.15.

4
k =1+ U\'#Z (5.16)
T
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Note that the developed model for &, accounts for non—uniformity variation in the inverted
Gaussian representation of the corrosion pit. The maximum k, values for all specimens are

listed in Table 5.5. As observed, k, values range between 6.07 and 6.93, showing minimal

deviations among the specimens.

Table 5.5 Stress concentration factor for inverted Gaussian model.

Specimen k, Specimen k, Specimen k,
Analytical /FE Analytical /FE Analytical /FE
C251 6.22/6.24 C252 6.80/7.24 C253 6.09/6.98
C 400 1 6.46/7.03 C 400 2 6.87/6.96 C 400 3 6.15/6.83
C 5001 6.61/6.02 C 500 2 6.37/6.08 C 500 3 6.92/6.35
C 600 1 6.28/6.30 C 600 2 6.10/7.12 C 600 3 6.53/7.02
C 700 1 6.24/6.62 C 700 2 6.46/6.28 C 700 3 6.07/6.94

The variation in k, for all specimens based on Equation 5.15 is shown in Figs. 5.5 (a) — (¢).

As observed, with increase in the root radius of the pit, &, decreases. For the axial loading, £,
are highest at a polar angle value of @ =0, which corresponds to pj" location, then
consistently decreases between 0 and /4, rises from +7/4 to £7m/2, and remains almost
constant between +m/2 and +m. Note that k, between £m/4 to £m/2 corresponds to tail
ends of the Gaussian representation, where the radius of curvature reverses sign. Further, £,

between +7/2 and *m stabilizes, which corresponds to constant radius of curvature in the

Gaussian representation.

FE analysis is performed to compare SCF with the analytical model. The three—dimensional
models are recreated for each specimen from three—dimensional laser scanning. This approach
replicates the specimen's exact dimensions, including the pit geometry is shown in Fig. 5.6 (a).
The model is directly preprocessed in the FE computational tool to understand the stress
distribution in the pit. The element size in the pit is 0.05 mm, while that near the pit is 0.1 mm.
In addition, the element size is kept at 0.15 mm in the tapering region and at 0.2 mm in the
cylindrical part (Fig. 5.6 (b)). The modulus of elasticity, density, and Poisson’s ratio are 2.1x103
MPa, 7850 kg/m?, and 0.3, respectively. At one end of the FE model, translational unrestraint
along longitudinal direction and rotation restraints in all three directions are applied as boundary
conditions. Additionally, a nominal axial tensile stress of 200 MPa is applied to the opposite

end of the model.
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Fig 5.5 Variation of SCF based on the analytical model.

The stress distribution in entire specimen obtained from FE analysis is shown in
Fig. 5.6 (c). Note that the analysis results in a symmetrical stress profile. Further, Fig. 5.6 (d)
shows the stress distribution within the corrosion pit. As observed, the corrosion pit exhibits the
highest level of stress in comparison to other locations. In addition, the stress within the
corrosion pit fluctuates due to the changing profile of the corrosion surface. It can also be
observed that the highest stresses occur in the central region of the pit, where the corrosion pit

is deepest. In general, SCF can be expressed as a ratio between peak stress and nominal stress:

ke =22 (5.17)

where k" represents the SCF obtained from FE analysis, o, refers to the peak stress (MPa)

and o, represents nominal stress (MPa). Table 5.5 compares analytical and FE based k,. As

observed, the average deviation between the two values is 7%, suggesting a strong agreement
between the values. Thus, the developed analytical model is suitable for estimating the SCF
associated with pitting corrosion, specifically when the corrosion profile follows a Gaussian

trend.
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(a)

(c) (d)
PR NS F—

Fig. 5.6. Numerical analysis of SCF: (a) 3D laser scan image; (b) FE mesh; (c) stress
distribution in the specimen; and (d) stress distribution in the corrosion pit.

5.4 LCF experiment

5.4.1 Test procedure:

LCF tests are performed using a computer—controlled servo—electric universal testing
machine (Model: BISS UTM-02-0100) equipped with a 100 kN load cell. The machine features
a split—type furnace capable of reaching temperatures ranging from 0 °C to 1000 °C. The furnace
has a center—split design for easy access to the specimen and grippers. The temperature of the
specimen is regulated using a PID controller. Three K-type thermocouples are used to monitor
the temperature in the gauge length region. A cooling system is typically installed to maintain a
low temperature and safeguard the test systems from the high heat generated by the furnace.

Fig. 5.7 displays the fatigue test machine and furnace.

LCF tests are conducted in controlled environments at both room temperature and elevated
temperatures to study the behavior of corroded and uncorroded specimens. Of the 30 specimens
tested, 15 are uncorroded, and 15 are corroded. For consistent test results, each test is repeated
three times. The test specimens are heated at the rate of 10 °C/min. An automatic temperature
controller controls the process of heating the test specimens. Note that the chosen heating rate
closely correlates with the fire exposure condition of the reinforcing steel bar in RCC members
having a nominal reinforcement cover (Kodur et al., 2004; Lie, 1988). This suggest that, the
heating rate in the experiment simulates the heating experienced by the reinforcing bar within a
concrete structure when subjected to a fire event. In practical terms, the experimental conditions
in the study, such as the rate at which temperature is increased, mimic the conditions that a
reinforcing bar would experience if it were part of a concrete structure exposed to a fire. This
comparison helps to understand how the steel properties change under such conditions, which
is crucial for assessing the structural integrity and safety of reinforced concrete structures in fire
situations. This choice also aligns with standard temperature—time curves in ISO standards (ISO
834-13:2019). It is noteworthy that, 10 °C/minute has been utilized in the study as this rate

allows for faster testing compared to slower rates in some standard fire curves. The focus of the
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study is on understanding how the corroded steel responds to gradual temperature increase, not

mimicking an exact fire event.

Before starting LCF loading, the test specimens are heated to the targeted temperature and
soaked inside the furnace for 20 minutes to ensure uniform heating. The temperature remained
constant throughout the test until the specimen failed. Note that the targeted temperatures are
chosen to simulate real fire conditions in steel. Similar heating method have been adopted by

many researchers in the past (Hua et al., 2021; Hua, Yang, et al., 2022)

Fatigue tests are performed under load—controlled conditions, applying fully reverse loading
cycles to corroded and uncorroded steel specimens throughout the experiment. The cyclic loads

are applied to the specimen based on design stress levels. A maximum stress level of 0.7 £, is
adopted in this study. Here, f, denotes the yield strength of the reinforcing bar. It is worth
pointing out that 0.7 £, reflects the real-life stress conditions in the rebars of RCC bridges under

normal and overloaded service conditions (Fernandez et al., 2015). Distinct fatigue fracture or

deformation does not occur in high-strength steel under stress amplitude 0.5 f, . However,
fatigue fractures occur in the steel when subjected to a stress amplitude of 0.7 f, or greater. The

applied stress level remained constant throughout the test, maintaining a stress ratio of -1 at a
cyclic frequency of 0.10 Hz. The frequency is chosen based on practical applications in
structural engineering. The fatigue tests are conducted till the complete detachment of the

specimen.
5.4.2  Hpysteresis behaviour:

The cumulative fatigue damage induced in the specimen due to pitting corrosion and
elevated temperature can be evaluated from the hysteresis curves under the cyclic loading
conditions. Figs. 5.8 (a)—(j) display hysteresis curves for uncorroded and corroded specimens.
Hysteresis curves are plotted between load and displacement against stress and strain for two
main reasons. Firstly, it allows for a direct comparison of degradation in corroded specimens.
Secondly, estimating the state of stress in corroded specimens is a challenging task. Note that
only a few hysteresis loops are chosen for better representation. In the case of uncorroded
specimens, the loops exhibit similar characteristics as the temperature increases. However, the
loops become broader as temperature increases, even with fewer cycles. For instance, at the
500th cycle, the loop in UC 700 1 (Fig. 5.8 (e)) is noticeably broader than UC 25 1
(Fig. 5.8 (a)). This suggests that for a given cycle, the energy dissipation capacity (defined as
energy in a hysteresis loop) in specimens exposed at elevated temperature is higher than that

exposed at room temperature. Corroded specimens show similar trends.
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The linear section of the hysteresis loop decreased with increasing cycles in both the
corroded and uncorroded specimens. This behavior is known as cyclic softening. With
increasing temperature, cyclic softening becomes more pronounced at lower cycles. This is
observed in both corroded and uncorroded specimens. However, compared to the uncorroded
specimens, progression of cyclic softening in corroded specimens is observed in fewer cycles.
Cyclic softening is typically caused by dynamic recovery through dislocation rearrangement.
Dislocation wall substructures form through recovery micro—mechanisms, increasing the mean
free path for dislocations and favoring cyclic softening (Agnew & Weertman, 1998; Rao et al.,
1988; Ye et al., 2006).

’ 185

=== -!“llu
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q

Fig 5.7 Fatigue testing.

Peak loads decrease in specimens with increasing temperature. For instance, at 500 °C,
compared to room temperature, a 7.8% reduction in peak load is observed at the 800" cycle in
uncorroded specimens. However, at the same temperature, corroded specimens show a 6.6%
reduction at the 100" cycle and an 18.6% reduction at the 300" cycle. Thus, peak load decreases
significantly in corroded specimens with increasing cycles at a given temperature. This indicates
that pitting corrosion considerably reduces the load carrying capacity of the reinforcing bar
under LCF. This observation is practically relevant because structures affected by pitting

corrosion may not be able to resist design loads, especially in seismically active areas.
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Peak displacements increase drastically with increasing temperature in corroded and
uncorroded specimens. For uncorroded specimens: (i) at 500 cycles, it is 72% higher in the
specimen exposed to 700 °C compared to room temperature, (ii) at 800 cycles, it is 54% higher
in the specimen exposed to 600 °C compared to room temperature, and (iii) at 1000 cycles, it is
33% higher in the specimen exposed to 500 °C compared to room temperature. For corroded
specimens: (1) at 50 cycles, peak displacement at 700 °C is 77% higher than at room temperature,
(i) at 100 cycles, peak displacement at 600 °C is 59% higher than at room temperature, and
(iii) at 300 cycles, peak displacement at 500 °C is 44% higher than at room temperature. Thus,
corroded specimens experience a faster peak displacement reduction than uncorroded
specimens. The practical significance of this observation is increasing temperature reduces the
material's ductility, and corrosion exacerbates this effect. This renders the current state of
infrastructures unsuitable for service as they do not meet the serviceability condition

(Congress, 2020).

5.4.3  Variationin N, :

The number of cycles to failure (N ) for uncorroded and corroded specimens in the

£, exp

experiment is summarised in Table 5.6. Significant reductions in N, __ values are observed

exp
with varying corrosion status and temperature. In the case of uncorroded specimens, an increase

in temperature from 25 °C to 700 °C results in 62% reduction in N; ... However, in the case

exp *
of corroded specimens, an increase in temperature from 25 °C to 700 °C results in a 94%

reduction in N, . Thus, for a given temperature, N, reduction is more severe in corroded

exp * exp
specimen compared to the uncorroded specimen by upto 36%. This can be attributed to the high
temperature causing the formation of an oxide layer on steel. Tensile loading during the LCF
test opens the crack, allowing oxygen diffusion at the crack tip. Thus, the nucleation of multiple

fatigue cracks results in decreased fatigue life (Chauhan et al., 2017).

Table 5.6 also compares N; ., values between uncorroded and corroded specimens.

exp

Observations indicate that N; . in corroded specimens decreases by a factor of 1.6 at 25 °C,

exp
2.1 at 400 °C, 3.6 at 500 °C, 6.3 at 600 °C, and 9.7 at 700 °C when compared to uncorroded
specimens. The reduction is due to the combined effect of temperature and pitting corrosion.

Specifically, the decrease in N, can be attributed to premature crack nucleation caused by

exp
the presence of pits (Chlistovsky et al., 2007). Section 5.6 includes further discussions on N

exp

reduction with the help of fractographic images.
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A dimensionless analysis was conducted by comparing the maximum value of N; = at

T °C to the maximum value at N,

fep at25°Cie. N / N5 . Nps is considered a benchmark

for both corroded and uncorroded specimens. Fig. 5.9 compares Nt /Nf‘f‘zag of various
specimens. The trend reveals that N/ / N decreases with an increase in temperature. N,
is 74.3% of N5 and N is 39.1% of N3 for corroded specimens. Whereas for corroded
specimens Ny is 53.4% compared to N5 and N5, is only 7.5% of Np . The decrease in

N / N5: with higher exposure temperature is because the pearlite size reduces and becomes

more evenly distributed at temperatures above 600 °C. This increases dislocation resistance and

contributes to fatigue crack progression (Hua, Wang, et al., 2022).

The data points of N, ., are plotted against temperature in Fig. 5.10. To predict the trend

exp

in the data points of NV; ., the following linear polynomial function of first degree is selected:

exp
Nf, exp :771+772T (518)

where 77, and 77, are the regression coefficients. Linear regression yields 7, (1842.11) and
1, (—1.60) with a R—Square value of 0.976 for the uncorroded specimens, and 77, (1175.25) and

1, (-1.63) with a R—Square value of 0.975 for corroded specimens. The trendlines are shown

in Fig. 5.10, and it can be observed that they fit well with the data points.

The stiffness progression of specimens is assessed by analyzing the hysteresis loops as
shown in Fig. 5.11 (a)—(c). The stiffness of all specimens gradually decreases from the first cycle
and continues to decline consistently until it reaches a point close to failure, where a sudden
reduction is observed. Uncorroded specimens demonstrate a range of stiffness reduction, with a
maximum decrease of 48% and a minimum decrease of 36%. In the corroded specimens, the
respective values are 6% and 30%, respectively. The results indicate that corroded specimens
exhibit a notable decrease in stiffness reduction before fracturing compared to uncorroded
specimens. One reasonable explanation for this behaviour is cyclic softening, which leads to the

formation and propagation of microcracks (Xie et al., 2019).
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Fig 5.9 Effect of high temperatures: a dimensionless comparison of N{1* / NS .

Table 5.6 N; ., of specimens exposed to different temperatures.

Specimen N, Average Standard Specimen N, exp Average Standard

hew of deviation of deviation
Nﬂ op  Of Nf, exp Nf, op  Of Nﬁ oxp

UC 25 1 1820 1766 56.62 C251 1089 1120 38.99
UC 252 1770 C 252 1108
UC 253 1707 C253 1164
UC 400 1 1253 1281 60.68 C 400 1 610 611 10.53
UC 400 2 1351 C 400 2 601
UC 400 3 1240 C 400 3 622
UC 500 1 1098 1058 39.52 C 500 1 302 298 12.49
UC 500 2 1019 C 500 2 284
UC 500 3 1056 C 5003 308
UC 600 1 891 852 33.54 C 600 1 131 136 19.42
UC 600 2 831 C 6002 119
UC 6003 835 C 6003 157
UC 700 1 651 688 3271  C.700.1 57 71 15.82
UC 700 2 702 C 7002 67
UC 700 3 712 C 7003 88
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Fig 5.11 Relation between stiffness and N,

5.4.4 Energy dissipation capacity:

The integral of the load—displacement curve over one cycle gives the energy dissipation

capacity per cycle, which is visualized as the area enclosed by hysteresis loop. Fig. 5.12 (a)—(c)

illustrate the relation between energy dissipation capacity (#, kNmm) and number of cycles to

failure, N,

initiation and crack propagation. In the first stage, cyclic stabilization results in a constant value

exp *

Each curve demonstrates the presence of two stages in fatigue fracture: crack
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of energy. During this stage, crack initiation dominates the majority of the cycle life in LCF
testing. In the second stage, there is a significant reduction in energy dissipation capacity due to
the growth of macrocracks, which ultimately leads to fracture and a notable decrease in

specimen strength (Viswanathan, 1989).

A contrasting behaviour in W is observed in Fig. 5.12 (a)—~(c) for corroded specimens
exposed to 500 °C and above. These specimens demonstrate a declining trend in W from the
first cycle, while others exhibit a cyclic stabilization regime. It may be attributed to the fact that
corroded specimens tend to experience accelerated cyclic softening right from the initial stages.
According to research, the cyclic softening behavior caused by dislocations in the
microstructure, cell structure, and slip deformation band is accelerated at high temperatures

(Park et al., 2001).

The estimates of total energy dissipation capacity (VK, kN rnm) are commonly used to

assess the fatigue resistance of the reinforcing steel bar. The evaluation involves calculating the

cumulative sum of the area under each cycle of a hysteresis curve until fracture occurs.
Table 5.7 summarizes the result of W, for all specimens, including their average and standard
deviation. In uncorroded specimens: (i) compared to room temperature, an increase in
temperature from 400 °C to 700 °C leads to a maximum decrease of 43% in W, and (ii) W,

reduces by upto 15% between any two successive temperature values. In corroded specimens:

(i) compared to room temperature, an increase in temperature from 400 °C to 700 °C leads to a

maximum decrease of 91% in W, and (ii) W, reduces by upto 52% between any two successive

temperature values. Moreover, for a given temperature, W, decreases by upto 5.61 times in

corroded specimens compared to uncorroded specimens. These observations indicate that
corroded steel at high temperatures has significantly lower fatigue resistance than uncorroded
steel. The practical importance of these findings is that the structures experiencing these
conditions may have a significantly reduced fatigue life and may require immediate remedial

intervention to restore their functionality.

A dimensionless analysis is performed to understand further the influence of exposure

temperature on W,. Fig. 5.13 shows the comparison between W™ /W™ and exposure
temperature for the specimens. Here, W™ refers to the maximum total energy dissipation
capacity of the specimens at 7 °C. Whereas W,;" indicates the maximum total energy
dissipation capacity of the specimen at 25 °C. As observed, W™ /W, decreases with an

increase in exposure temperature. For uncorroded specimens, W,y* is 84.1% of W™, and W,"
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is 57.1% of W™ . Whereas for corroded specimens, W, is 60.3% compared to W,;™ and W,*

is only 10.6% of W,i™.
To find the mathematical relation between W, and T, a linear regression using polynomial
function of first degree is performed:
W, =¢+6T (5.19)

where ¢, and ¢, are the regression coefficients. Linear regression yields ¢, (17345.10) and ¢,

(-10.48) with a R-Square value of 0.953 for uncorroded specimens, and ¢, (11928.20) and ¢,

(~15.55) with a R—Square value of 0.976 for corroded specimens. The trendlines fitted against

the data points are shown in Fig. 5.14, and it can be observed that they are in good agreement.

Table 5.7 W, of specimens exposed to different temperatures.

Specimen /4 Average Standard Specimen W, Average  Standard
of W, deviation of W deviation
KNmm t KNmm t
( ) (kN mrn) of ( ) (kN mrn) of W,

UC 251 1676271 16287.14  488.43 C 251 10640.60 10893.04  326.16

UC 252 16311.92 C 252 10777.22
UC 253 15786.80 C 253 11261.30
UC 400 1 1320591 1349343 528.16 C 400 1 6713.51  6722.56  69.37
UC 400 2 14102.98 C 400 2 6658.15
UC 400 3 13171.41 C 400 3 6796.01
UC 500 1 1277322 1243125 29634 C. 500 1 3731.67 3752.11  104.20
UC 500 2 12249.73 C 500 2 3659.65
UC 500 3 12270.79 C 500 3  3865.02
UC 600 1 11717.82 1102395 617.94 C 600 1 1785.16 1798.82  231.22
UC 600 2 10532.95 C 600 2 1574.73
UC 600 3 10821.07 C 600 3 2036.57
UC 700 1 8942.61 9367.15 36776 C.700 1 79650  979.13  206.26
UC 700 2 9571.07 C 700 2 938.05
UC 700 3 9587.77 C 700 3 1202.84
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Fig 5.12 Variation of energy dissipation capacity and number of cycles to failure.

To determine the relation between W, and N;.,,, a regression analysis is performed

between the two variables using the values listed in Tables 5.6 and 5.7. A power—law having the

following mathematical form is adopted (Callaghan et al., 2010):

5 (%)

T

W WS

120

=)
S

%
S

=
S

IS
S

20

'

Wt =C,(Nf, exp )'"

[ ] Uncorroded specimens
288 Corroded specimens

25
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Temperature (°C)

(5.20)

Fig 5.13 Influence of high temperatures: a dimensionless comparison of W™ /W™ .

where C’ denotes the fatigue toughness coefficient and m' represents the fatigue toughness

exponent. A regression analysis is performed using Equation 5.20 and W, values as data points.
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The analysis resulted in coefficient values of C’' (239.44) and m’ (0.564) for uncorroded
specimens with an R—Square value of 0.988. Further, values of C’ (33.42) and m’ (0.826) are
obtained for corroded specimens with an R—Square value of 0.997. The trendlines based on
Equation 5.20 are drawn over the data points of W, for uncorroded and corroded specimens in
Fig. 5.15 (a) and (b), respectively. It can be observed that the Equation 5.20 fits well with the

experimental values of NV, .
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Fig 5.15 Variation of W, with N; ., : (a) uncorroded specimens; and (b) corroded specimens.

5.5 SED approach

In this section analytical equations are used to estimate SED based on Gaussian
representation of corrosion pits. Researchers have adopted the concept of strain energy to
evaluate the fatigue behaviour of notches/pits first under uniaxial stress condition and later under
multiaxial stress condition (Jie et al., 2020; Molski & Glinka, 1981). With reference to Fig. 5.16,
the components of stress in the vicinity of Gaussian shaped pit under Mode I loading can be

described by (Filippi & Lazzarin, 2004):
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(14 4)cos(1- 2, )¢ cos(1+4 )¢
(3=A)cos(1=4)¢ ¢+ x, (1-4 ) —cos(1+ 4 )¢
(1-4)sin(1-4)¢ sin(1+ 4, )¢

o, (1+ g2, )cos(1— 1, )¢
o, =41r""q Zo, 13— )cos(1— )¢ (5.21)
T,y L4 {LJM (1—4)sin(1— 4, )¢
4(g-1)\r cos(1+ 1) ¢
+ 7, 1—cos(1+ )¢
sin(1+4,) ¢

where o, 0, and 7, are the stress components, /4 is Williams’ eigen value, £4is additional
exponent to express the stress field in the vicinity of the pit tip. Moreover, » and ¢ are local

polar coordinates. Further, %, , ¥y and %, are the linearly dependent terms, and are derived

by applying local boundary condition on pit free edge. In addition, the parameter ¢, is given as:

9 (5.22)

a0z =)L) za 2 T )

4

where o, is the maximum principal stress. Moreover, 7, is the distance between the origin of

the coordinate system and pit tip given by:

" =q7‘1 P (5.23)

where g =(2n-2a)/n, 2a is the notch opening angle, and p is the pit root radius. The total

strain energy density for isotropic material and in the linear elastic region is expressed as

(Lazzarin & Zambardi, 2001):
1
I/Vt,SED :ﬁ{alzl + 0_222 + 0323 _2‘/(011022 +0,,03; +0,,05; ) +2(1 + V)O_lzz} (5.24)

where o,,, 0,,, 05;,and o, are the stress components in the given reference system, E is
the modulus of elasticity of the material and v is Poisson’s ratio. Under mode I loading, the
critical volume or the control volume is the circle having a radius R, which is centered at the pit

tip (Fig. 5.16). Moreover, the energy within a small volume near the pit is always finite,
regardless of its characteristics. Evidently, over a small volume of material close to the pit tip
there is always some finite value of energy. The control radius over which the energy is averaged
is a material dependent property such as the fracture toughness and ultimate tensile strength of

the material (Lazzarin & Zambardi, 2001).
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The radius of curvature for Gaussian profile can be estimated by:

R=[1+(p} )2}3/2 (po)" (5.25)

By substituting the mathematical expression given in Equation 5.2 into Equation 5.25, p

for the Gaussian profile is estimated as:

2 3/2
{1+ (21)1 0296_0232) }

-0, 6* 202 —0,60%
2,0, €7 —4v v, 0 e

pe (5.26)

Further, with reference to Fig. 5.16, following SED approach, the critical radius R, of
control volume can be expressed in a simplified form as (Yosibash et al., 2004):

Rﬁ(lw)ﬁ—gv)(&] (527

O,

where o, is the fracture stress and equal to yield stress of the material and K. is fracture

toughness. Note that R, for the Gaussian pit is evaluated as given in Table 5.8. Further, with

reference to (Fig. 5.16), area of the control volume Q) is expressed as:

]

S
R(¢) -

AN

rdrdd (5.28)

SN

where radius R, describes the domain that intersects the curvilinear pit tip and Rl( n describe the

domain. The elastic strain energy is expressed as:

+¢ R,
Efzf W sep szj do J W sen (1, @) rdr (5.29)
o -4 R (¢)

where R1( 9 and R, are as shown in Fig. 5.16. The energy can also be expressed in more explicit

form as (Lazzarin & Berto, 2005):

2
Eo=l | Tm V2T |, (5.30)
2E| i (1+ @)

where @ depends on pit opening angle while /; depends on Poisson’s ratio and pit opening

angle. The mean value of strain energy is finally expressed as (Lazzarin & Berto, 2005):
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2
2
A= %[LJ G2 1720 {—“} (5.31)

200 ) ™0 @,

Under fatigue loading, the average value of strain energy density range over a control

volume is expressed as (Gallo & Berto, 2015):

2
2
Aw=¢, k? %(ij o2 g2 {—n} (5.32)

0 —
2 Q max a)l

where ¢, takes into account the nominal load ratio in SED evaluation: &,=1.0 for R=0 and

&,=0.5 for R=—1 (Berto et al., 2014).

5.5.1 Pit sensitivity function:

In this section, a temperature—dependent pit sensitivity function is proposed. Firstly, fatigue
pit factor (Pf) , the ratio between the fatigue strength of uncorroded specimens at room
temperature and the fatigue strength of corroded specimens at various temperatures is evaluated.
To evaluate F}, the number of reference cycles needs to be fixed. In the past, the values of 100

cycles or 500 cycles were used in specimens (Sharifi & Rahgozar, 2009; Zhang et al., 2015). In
this study, a reference cycle of 100 is used. The temperature—dependent pit sensitivity function

is evaluated as follows:

R(T)= (533)

Fig 5.16 Gaussian pit: reference system, stress components, and control volume.
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Table 5.8 Parameters for the stress distributions of Gaussian model.

Specimen

20

Yo,

2a q 1, A @ o R h

(degrees) (mm) (mm?)  (mm) (mm) (mm)
C251 137.00 1.238 0.613 0.684 0.412 0.025 0.013 0.130 0.05 0.077
C252 136.69 1.240 0.061 0.682 0.415 0.020 0.009 0.107 0.042 0.063
C253 136.02 1.244 0.616 0.679 0422 0.027 0.015 0.139 0.055 0.082
C 400 1 13444 1.253 0.621 0.671 0437 0.024 0.011 0.120 0.048 0.072
C 400 2 13461 1.252 0.621 0.672 0.435 0.021 0.008 0.104 0.042 0.063
C 400 3 135.13  1.249 0.619 0.674 0.430 0.023 0.011 0.120 0.048 0.071
C_500_1 13348 1.258 0.625 0.668 0.445 0.023 0.011 0.116 0.046 0.070
C 500 2 13374 1256 0.624 0.669 0.443 0.025 0.013 0.126 0.050 0.076
C 500 3 133.68 1.257 0.624 0.668 0.444 0.021 0.008 0.103 0.041 0.062
C_600_1 133.89 1.256 0.623 0.669 0.442 0.026 0.013 0.129 0.051 0.078
C 600 2 13395 1.255 0.623 0.669 0441 0.028 0.015 0.138 0.055 0.083
C 600 3 133.30  1.259 0.625 0.667 0.447 0.024 0.011 0.119 0.048 0.072
C_700_1 132.25 1.265 0.628 0.663 0.457 0.027 0.014 0.131 0.052 0.080
C 700 2 13297 1261 0.626 0.666 0.450 0.025 0.012 0.122 0.049 0.074
C 700 3 13393  1.261 0.626 0.666 0.451 0.029 0.016 0.140 0.056 0.085

The variation of P(T) with T has been depicted in Fig. 5.17. A regression analysis is

conducted using an exponent growth function over the data points to find the trendline of P.(7')

The mathematical function is given as:
P(T) =& +&eT (5.34)

where &, & and & are regression parameters. Regression resulted in ¢ =4.7x107,

£,=3.14x10" and &=7.62x10", respectively. The parameter & is the offset term, &,

represents the initial value at 7=25°C, and &, signifies the growth rate, i.e. the rate at which

P(T) increases exponentially with temperature.

Regression analysis resulted in a R—Square value 0of 0.993. Fig. 5.17 also shows the trendline
based on Equation 5.34 drawn over the data points. The proposed mathematical function fits the
data points well. It is important to point out that temperature significantly affects LCF properties
of corroded and uncorroded steel specimens, specifically at temperatures above 500 °C. LCF
properties of reinforcing steel bars at temperatures above 500 °C are essential as they reflect

real-life exposure conditions.
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Fig 5.17 Variation of P.(T") with temperature.

Introducing P (T"), Equation 5.32 gets modified as:

2
2
Aw=¢, P(T)k} %[Ljaz 7, 2074) {ﬁ} (5.35)

0 —
2 Q max a)l

5.5.2 Variation of average SED:

The variation of average strain energy density, Aw , with the temperature has been shown
in Fig. 5.18. As observed, Aw increases gradually with T in uncorroded specimens but
increases drastically with 7" in corroded specimens. In corroded specimens, about a three—fold
increase in Aw is observed with an increase in temperature from 25 °C to 700 °C. Regression
analyses are performed to find the trends of Aw with 7 for both types of specimens. The

mathematical forms of the following types are used:

|8 +4T Uncorroded specimens
Aw= (5.36)

v, +y, e’ Corroded specimens

where &, &, v, ¥, , and y, are regression parameters. Note that two different mathematical

equations are used to find the trendlines of A#w . A linear equation is used for uncorroded
specimens. In contrast, an exponential function is used for corroded specimens. The regression
coefficients are obtained as $ =0.1386 and 9, =0.0170 for the linear function and
w, =0.1893, w, =0.0120, and w,=0.0076 for the exponential function. Fig. 5.18 shows the
trendlines based on Equation 5.36; it can be observed that the linear function fits well in

uncorroded specimens (R*=0.968) while the exponential function fits well in corroded

specimens (R*=0.991).
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Fig 5.18 Variation of Aw with temperature.

5.5.3  Pit opening angle:

The normal stress at the pit tip of a Gaussian profile can be evaluated by using the analytical
solution based on the stress distribution around an elliptical hole reported in (CE, 1913).
However, to apply the solution to the Gaussian profiled pit an accuracy index of the following

form is adopted (Filippi & Lazzarin, 2004):

V=— | [o,-0,] dr (5.37)

where o is normal stress for mode I loading and 0.4p signifies the distance in the vicinity of

pit where pit effect disappears, and crack and pits have similar stress values (Atzori et al., 2001).

The variation in normalized index V/ o> is shown in Fig. 5.19 with pit opening angle 2«

ax

As observed, an increase in py- / w leads to a decrease in V/c?,, . In addition, the minimum

ax

value of V/ o, marginally increases. By interpolating numerical data shown in Fig.5.19,

ax

following interpolating law for opening angle of inverted Gaussian function can be derived:

max ~0.934
2a=198.59(1+2pd—J (5.38)
w

Note that interpolation coefficients obtained in this study (198.59, —0.934) are marginally
different from that obtained for an elliptical notch (192.64, —0.916) as reported in literature

(Filippi & Lazzarin, 2004). Further, the value of 2 becomes 71.17° when pi™ =w

representing a circular pit. This can also be justified based on other theoretical considerations

related to free edge effects (Filippi & Lazzarin, 2004).
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Fig 5.19 Variation of normalized index with Gaussian pit opening angle.
5.5.4 Evaluation of N,

To obtain a convenient expression for fatigue life estimation of reinforcing steel bar,

Aw vs N; ., is plotted as shown in Fig. 5.20. The scattered plot is represented on a log—log

oxp
scale. Note that A is evaluated using Equation 5.35 and the values are listed in Table 5.9. The
plot shows a narrow scatter band. The scatter band in the plot is evaluated for probability of
survivals (P) equal to 2.3% and 97.7%, respectively. The bottom curve (P, =97.7%) is
obtained by subtracting standard deviation twice from the mean values. The scatter index is

T,,=4.566 with an inverse slope of k=1.501 and w, =0.123 MJ/m’. In the scatter plot N,
signifies reference cycles to failure used in this study. Note that NV, is taken as 5x10° cycles.

An appropriate expression for Aw vs N, . for reinforcing steel bar subjected to LCF can be

exp

represented as (Jie et al., 2020):

AW x N; =AW x N, (5.39)

T
O UC.25 1-3
O UC 400_1-3
A UC_500_1-3
v UC_600_1-3
<

10~~~ UC 700 1-3

A KRR

10° b

AW ( MJ/m?)

10k 1 -~ 10.123 |

L
10! 10 10° 5x10° 10*
Nuexp

Fig 5.20 Relation between average SED and N

exp *
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and experimental cycles to

est

A comparison between the estimated cycles to failure N,

failure N; ., is shown in Fig. 5.21. Note that the entire data falls within an error band of 1.5.

Thus, it can be stated that utilization of average SED approach is appropriate. Further, from

Equation 5.39 estimated cycles to failure can be obtained as:

AW x N
f, est = n —k - (540)
Aw
5x10°
O Uncorroded specimens
® Corroded specimens
//E
10° | conservative -
= onservative L fia)
= Factor of 15— ’
. N
“m v Non-Conservative
5 5’,,
10° !
10° 10° 5x10°
NI‘. est
Fig 5.21 Comparison between experimental and estimated value of N;.
Table 5.9 Comparison between experimental N; . and estimated N, . of specimens.
Specimen Aw Ny oo N, .  Error  Specimen Aw N; oo Ny o Error
1) \ [4)
(MJ/m*) (%) (MJ/m*’ (%)

UC_ 251 0.149 1820 1461 1973 C 251 0.207 1089 1049  3.67
UC 25 2 0.149 1770 1461 1746 C 25 2 0.195 1108 1116 —-0.72
UC_25_3 0.149 1707 1461 1441 C253 0.189 1164 1153 095
UC_400_1 0.174 1253 1255 -0.16 C_400_1 0.370 610 589 3.44
UC_400_2 0.168 1351 1302 3.63 C_400_2 0.386 601 565 5.99
UC_400_3 0.182 1240 1194 3.71 C_400_3 0.361 622 605 2.73
UC_500_1 0.214 1098 1017 7.38  C_500_1 0.756 302 289 4.30
UC_500_2 0.230 1019 949 6.87 C_500_2 0.894 284 244 14.08
UC_500_3 0.221 1056 988 644 C_500_3 0.655 308 333 -8.12
UC_600_1 0.287 891 761 14.59 C_600_1 1.361 131 160 -22.14
UC_600_2 0.300 831 726  12.64 C_600_2 1.402 119 156 -31.09
UC_600_3 0.290 835 750  10.18 C_600_3 1.337 157 163 -3.82
UC_700_1 0.344 651 633 276  C_700_1 2.866 57 76  -33.33
UC_700_2 0.310 702 706 057 C_700_2 2.620 67 83  —23.88
UC_700_3 0.300 712 734 -3.09 C_700_3 2.164 88 101 -14.77
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Thus, N; values are comparable for uncorroded and corroded specimens. However, a few

specimens have a higher error percentage. Possible reasons for the observed results include
specimen sensitivity, system errors during the experiment, and the sensitivity of the specimens
to stress range (Wang et al., 2016). Nevertheless, Equation 5.40 is capable of predicting cycles

to failure under LCF condition.

5.6 Fractographic analysis

In this section, fatigue fracture morphology of the specimens is investigated SEM and EDS.
The failure surface of the specimen is depicted in Fig. 5.22 (a). It is observed that fracture is
more likely to occur in the minimum area of cross section surrounding a corrosion pit. This is
attributed to the presence of high stress concentration, which is the key parameter concerning
crack origin. Further, in the figure marked are the fatigue crack sources, fatigue crack initiation
site, fatigue crack propagation site and fracture area. Moreover, the fatigue fracture morphology
can be identified by dashed lines in red contrast. SEM image of the fatigue failure surface is
shown in Fig. 5.22 (b). It can be observed that fracture initiates at multiple sites. In particular,
cracks originate from the corrosion pit. Furthermore, smooth failure surface marks the crack
initiation area. Note that crack initiation, in general, occurs due to the formation of slip bands
resulting from progressive to—and—fro movement of the specimen accompanied by the formation
of intrusion and extrusion at the failure surface. Continued cyclic loading induces the formation

of the additional slip bands, which subsequently develop into microcracks (Campbell, 2012).

Despite occurring across different microstructural features (grain boundaries or slip bands),
the microscopic processes influencing short crack growth exhibit close similarities. These
include blunting at the crack tip, branching around the tip, and subsequent dominance of one
specific branch for continued growth. The crack path shown in Fig. 5.22 (c¢) exhibits frequent
branching. From the branched crack, a complex pattern emerges as it continued to grow.
Meanwhile, another crack formed and assumed the role of the main crack, continuing its own
growth. Similar crack branching is also reported in the literature (Korda et al., 2006; Mishnev

etal., 2017).

The fatigue failure surfaces of corroded specimens exposed to high temperatures are
depicted in Fig. 5.22 (d)—(j). According to Fig. 5.22 (d), transverse or secondary microcracks
are formed on the failure surface along with fine striation marks accompanied by smaller voids.
The striation marks are an important fractographic feature characterized by parallel, closely
spaced marks. At a temperature of 400 °C there are clusters of dimples and microcavities as
shown in Fig. 5.22 (e). The dimples, in general, are the indicative of better ductility of the
material confirmed by (Li et al., 2014). Exposure to higher temperatures can cause an increase

in the size of dimples, resulting in deeper dimples. This is because the interaction forces between
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the crystal particles increase when the specimen is exposed to high temperature. Subsequently,
failure occurs when the specimen experiences higher tensile force or deformation

(Baetal., 2022).

A large number of fine carbide particles are visible at a temperature of 500 °C
(Fig. 5.22 (f)). The heating of the specimen causes the additional tempering of martensite phase
of steel resulting in release of excess carbon and disintegrating into ferrite. As the temperature
is increased to 500 °C tire track marks, having a line profile and deeper voids are visible near
the crack propagation area (Fig. 5.22 (g)). The presence of tire track marks is indicative that
surface fracture is due to LCF. Similar tire track fractographic features were reported in notched
specimens (Attarian et al., 2023). Moreover, the tire track fractographic features are observed
in corroded specimen exposed to high temperatures (Fig. 5.22 (g)). The fracture surface
constitutes of valleys and ridges in the lower and upper halves of the surface. As the cycling
loading continues the two halves will dislocate laterally. Sharp projections protruding on one
surface of ridge will make indent on the other surface of the valley leading to the formation of
tire track on the surface. These marks are oriented perpendicular to the direction of the crack

propagation.

High temperature exposure results in the large number of voids and cracks of irregular
shape. As observed in Fig. 5.22 (h), specimen exposed to a temperature of 600 °C reveals stair
case pattern, indicating the crack propagation area. Along with stair case pattern, cluster of
dimples and deep voids can also be seen. One possible explanation for the development of

deeper voids is the occurrence of slip bands during cyclic loading. These slip bands are formed
due to tensile forces and promote the growth of corrosion products (Fe,0,). This interaction

with the sub—surface steel can lead to irreversible damage (Zhao et al., 2012).

The crack propagation region is also signified by the presence of striation marks, tear ridge
and beach marks or clamshell marks. Clamshell marks or beach marks are generally
macroscopic feature and are indicative of crack propagation from crack initiation (Fig. 5.22 (i)).
The formation of beach marks on the fractured surface is attributed to oxidation and changes in
load. This observation is supported by the hysteresis curve, which shows a continuous decrease

in the maximum load during cycles to failure under temperature exposure.

At a temperature of 700 °C, there is a notable increase in the occurrence of irregular cracks,
as well as the presence of dense microcracks. The deeper voids are results of oxidation of
corroded pit surface. The combined effects of elevated temperature and fatigue damage on the
interior microstructure of the corroded steel specimen are clearly visible in figure Fig. 5.22 (j).

The transverse microcracks expanded even more with temperature exposure. One possible
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explanation is that the oxides formed during the corrosion process, such as hematite and
magnetite, tend to exhibit a brittle phase, while the wustite behaves in the ductile manner
(Gutiérrez-Castafieda et al., 2015). The oxides adhere well to the slip band surface. Magnetite,
in particular, has abrasive properties and can easily penetrate the steel surface under cyclic
loading. As cyclic loading continues, the oxide layers break and disrupt the steel subsurface,

significantly contributing to crack initiation and propagation (Zhao et al., 2012).

The presence of tear—like structures in Fig. 5.22 (j) contributes to a rougher fracture
morphology. At elevated temperatures, micro cracks can grow and propagate under cyclic
loading, resulting in the formation of metal necking. A sufficient number of metal necking
formations can lead to the growth of tear—like structures (Zhang et al., 2021). The final fracture
surface shows honeycomb-like dimples and micro voids that increase in depth and volume when
exposed to temperatures above 500 °C. The non—uniform distributions of dimples are common

fatigue fracture feature found in metallic materials (Zhang et al., 2021).

At room temperature, fine striation marks are visible. To determine the spacing of these
marks, ImagelJ software was used to analyze samples at specific temperatures: 25 °C, 400 °C,
500 °C, 600 °C, and 700 °C. The spacing between striation marks was measured at different
temperatures. At 25 °C, the spacing was found to be 1.28 mm. At 400 °C, it was 1.410 mm, at
500 °C it was 1.775 mm, at 600 °C it was 1.935 mm, and at 700 °C it was 2.455 mm. There is
a noticeable 1.7-fold increase in the spacing of striation marks when the temperature rises
from 25 °C to 700 °C. Note that the striation spacing measured in this study at 25 °C is
comparable to that reported in (Bakkar et al., 2020). Similarly, width of microcracks was also
measure. At 25 °C, width of the microcracks was 0.782 mm, at 400 °C it was 1.109 mm, for

500 °C it was 1.4025 mm, at 600 °C it was 1.876 mm, and at 700 °C it was 2.58 mm.
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Fig 5.22 Fractographic analysis of fracture surface: (a) corrosion pit; (b) failure
surface; (¢c) C_25 1; (d) C_400_1; (e) C_400 3; (f) C_500_1; (g) C_500_3;
(h) C_600_1; (i) C_700_1; and (j) C_700_3.
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The EDS spectrums of the specimens are illustrated in Fig. 5.23. The dashed line square
markings in yellow contrast on the SEM images represent the zone analysed using EDS. Based
on the figure, it is evident that as the temperature increases from 25 °C to 700 °C, there is an
increase in the concentration of carbon (C) and oxygen (O) by a factor of up to 2.7 and 1.4
respectively. However, iron concentration (Fe) reduces by a factor of 9.0. The increase in the
level of O signifies the formation of higher amount of iron oxides. The oxygen level increases
by a factor of 1.12 when the temperature rises from 25 °C to 400 °C. From 400 °C to 700 °C,
the oxygen level jumps by a factor of 1.3. Similarly, for an increase in temperature from 25 °C
to 400 °C carbon level increases by a factor of 1.40 and by a factor of 2.0 for a rise in temperature
from 400 °C to 700 °C. The sudden increment in the level of C and O is due to the fact that
oxides formed continuously during corrosion process are transformed at high temperature. The
dehydroxylation of various form of FEOOH formed during temperature exposure leads to
formation of microporosity due to ejection of water. The chemical reaction is expressed as

(Cornell & Schwertmann, 2003):

2FeOOH —>Fe,0, +2H,0 (5.41)

60

50 Fe

40

30 L Mean atomic concentration of elements (%).
C | O [ Fe |[Mn|[P][sSi|s

251 17.91/30.93 49.89| 0.95  0.04 0.23 0.03 Fe
1 27.27/36.96 34.46 0.99 | 0.05 0.24  0.04
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Fig 5.23 EDS spectrum of the corroded specimens.

High temperature exposure results in micropore clusters that become mesopores, aided by
an increase in surface area. At temperatures above 600 °C, hydrooxo—bonds convert to
oxo—bonds and face sharing between octahedra leads to denser structures
(Cornell & Schwertmann, 2003). It can be observed from the figure that concentration of Fe
depletes at a higher rate. At temperature less than 700 °C oxidation of carbon is lower than the
oxidation of Fe since carbon has very less or no solubility in the scale layer. The ejected carbon
present in the layer due to fast oxidation of iron must remain at the interface of scale and steel
substrate, results in enrichment of excess carbon (Plumensi et al., 1969). If this excess carbon
exceeds the solubility of carbon it leads to precipitation of solid carbon—graphite at the interface

of the scale—steel (Caplan et al., 1979).
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5.7

Conclusions

The present study investigates the LCF behavior of pitting corroded high—strength ductile

reinforcing bars at elevated temperatures (upto 700 °C) under stress—controlled conditions.

Based on experimental results, including fractographic analysis of fracture surface, a model for

the distribution of pitting corrosion penetration depth and an analytical expression for SCF are

proposed. Fatigue tests are performed on corroded and uncorroded specimens at elevated

temperatures to analyze the material's LCF strength. Further, prediction equations for corroded

and uncorroded specimens are developed to correlate key fatigue parameters, including pit

sensitivity function, number of cycles to failure, total energy dissipation capacity, and average

SED with temperature. The following are the major conclusions derived from this research.

ii.

iil.

1v.

The distribution of pitting corrosion penetration depth along the perimeter of the
reinforcing bar is better represented by the inverted Gaussian function. The proposed
analytical equation for calculating the SCF based on the Gaussian function shows a
deviation of only 7% compared to the FE analysis.

While uncorroded bar exhibits a notable cyclic softening behavior under fatigue, this
phenomenon occurs significantly faster in corroded specimens, requiring fewer cycles
to reach the same softening level. Furthermore, high temperatures exacerbate this
behaviour.

In corroded specimens, total energy dissipation capacity reduces by upto 91% with an
increase in temperature from 400 °C to 700 °C. This suggests infrastructures exposed
to these conditions may face a substantial drop in fatigue life and require immediate

intervention to maintain functionality.

Comparison between experimental N, and that of estimated N, obtained based on the

average SED approach shows that the values for uncorroded and corroded specimens
fall within a narrow error band of 1.5.

Fractographic analysis of fractured corroded specimen surfaces reveals that elevated
temperature exposure introduces a larger number of irregularly shaped voids and
microcracks, clamshells or beach marks, a significant increase in dimples, and notable

increases in the width and spacing of striation marks.

158



Chapter 6
Effect of High Temperature and Strain Amplitude on LCF Behavior
of Pitting Corroded Killed E350 BR Structural Steel

6.1 Introduction

E350 steel, conforming to the Indian Standard IS 2062, widely used for various construction
applications due to its advantageous mechanical properties. Additionally, its excellent
weldability, facilitated by its controlled chemical composition and microstructure, enables
efficient joining in fabrication processes. However, E350 steel exhibits moderate fatigue
resistance due to its microstructure, which can be further enhanced through surface finishing
techniques. This makes it suitable for applications experiencing cyclic loading, such as bridges
and machinery. However, its fire resistance is limited, with significant property degradation

above 500°C-600°C.

Corrosion is an inevitable challenge encountered in steel structures exposed to aggressive
environments such as marine atmospheres and deicing salts. Despite the implementation of
protective measures like coatings, significant corrosion issues persist, impacting both the
appearance and mechanical properties of steel components, consequently compromising
structural safety and durability. Addressing these concerns is imperative due to the potential
consequences on structural integrity. Extensive research has been conducted to understand the
corrosion—fatigue behavior of steel structures, focusing on various aspects such as anti—fatigue
performance, low—cycle fatigue properties, and fatigue life prediction. However, fundamental

research into the LCF properties of corroded structural steel remains limited.

Moreover, structural steels are vulnerable to strength reduction when exposed to fire,
necessitating precise evaluation of post—fire structural performance. Studies have examined the
mechanical properties of structural after fire exposure, with research indicating a significant
influence of exposure temperature on residual mechanical properties. Considering the potential
seismic events following fire incidents, understanding post—fire LCF properties of structural
steel is crucial for assessing structural resilience Further, studies investigating the LCF behavior
of structural steel after high—temperature exposure are scarce lacking post—fire considerations.
Fire—induced high temperatures significantly impact the residual tensile properties of structural
steel due to microstructural transformations. These alterations can lead to varying degrees of
change in the material's mechanical properties, fatigue resistance, and ultimately, its seismic
performance. Therefore, investigating post—fire low—cycle fatigue properties of structural steel,

particularly after exposure to high temperatures, becomes essential.

The objectives of the study are: (i) to conducts LCF tests on medium—strength hot—rolled

structural E350 killed steel under the combined pitting corrosion and elevated temperature
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conditions. The tests are performed under strain—controlled loading.; (ii) analyze the shape and
characteristics of hysteresis curves for both corroded and uncorroded specimens under different
strain amplitude conditions and at various exposure temperatures.; (iii) to quantify the fatigue
behavior of E350 structural steel specimens exposed to different elevated temperatures,
determining fatigue life and associated properties such as the ratio of fatigue life at elevated
temperature to that at 25°C, and the ratio of total strain energy density at elevated temperature
to that at 25°C; (iv) study develop a fatigue model to accurately quantify the relationship
between applied strain amplitude and fatigue life of corroded E350 structural steel specimens
exposed to different elevated temperatures; (v) the study aims to analyse the stress and strain
properties at varying exposure temperatures and at different fatigue strain amplitudes; (vi)
comparative analysis between experimentally determined fatigue life and that estimated using

the average SED approach.

6.2 Materials and methods

6.2.1 Specimen preparation:

The specimens are made from IS 2062:2011 killed E350 BR steel plate. This steel grade
belongs to medium—strength and high—tension types and is prepared by hot—rolling. Killed steel
is deoxidized to a high degree, ensuring no gas is released during the solidification process.
Aluminum, manganese, and silicon ferroalloys are most commonly used for the deoxidation
(Singh, 2020). Table 6.1 provides the chemical composition of the steel, while Table 6.2 gives
the mechanical properties of the steel in as—received condition from the manufacturer. The steel
is lathed using a computer numerical control machine to achieve the desired geometry of the
specimens following ASTM E606/E606M—12 guidelines. Fig. 6.1 depicts the specimen
geometry. Each specimen measures 128 mm in total length, with a gauge length of 16 mm and
a diameter of 8 mm. A total of 30 such specimens are prepared for conducting LCF tests. After
lathing, the specimens are polished to achieve a bright mirror finish, ensuring a surface

roughness of no more than 0.2 mm.

Table 6.1. Chemical composition of E350 (in wt. %).

Chemical C Mn S P Si Al Cu v Nb Ti CEQ
composition

Specimen  0.14 1.45 0.0020 0.014 031 0.026 0.006 0.002 0.018 0.012 0.38
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Table 6.2. Mechanical properties of E350.

Tensile Yield Tensile  Elongation Young’s Poisson's
strength  strength  strength/ (%) modulus ratio
(MPa) (MPa) Yield (MPa)
strength
534 372 1.43 34 2.1x10° 0.30

014

L=y

Fig. 6.1 Specimen for fatigue testing (unit: mm).
6.2.2 Corrosion experiment:

This study employs an electrochemical accelerated corrosion technique. Fig. 6.2 depicts the
corrosion setup. The specimens are fully insulated, with a 5 mm diameter region left at the center
of the gauge length. The specimen is connected to an electrical wire, and both ends are securely
sealed with hot melt glue. Then, the specimen is placed in a tray with a 5% solution, acting as
the anode, while stainless steel acts as the cathode. An impressed current of 0.5 A is applied

directly to accelerate corrosion in the marked region for 20 minutes.

Following accelerated corrosion, the specimen is removed from the tray and cleansed in
deionized water. The corrosion products are removed by immersing it in a chemical solution
containing 500 ml hydrochloric acid, 500 ml water, and 3.5 g hexamethylenetetramine for 10
minutes. Further, the specimen is carefully washed with 99% pure ethanol by weight.
Subsequently, the specimen is dried and kept in a desiccator for subsequent experiments. The

procedure described above is repeated for all the specimens.

>

supply

Stainless steel Steel bar

bar \ Specimen
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/
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Circular pit

B
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Fig. 6.2 Corrosion experimental setup.
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6.2.3  Pit Geometry evaluation:

A high-resolution three—dimensional laser scanner is employed to quantify the pit geometry
of the specimens, such as width (w), length (/), and depth (p, ). This technique recreates the

specimen accurately, including pit geometry, by laser scanning the entire specimen with a scan
density of 5 million points per scan. Fig. 6.3 (a) and (b) illustrate the three—dimensional laser
scanned image of a specimen along with its pit dimensions, respectively. As noted, every
specimen underwent pitting corrosion, a type of localized corrosion affecting a specific area of
the steel bar. This corrosion pit acts as a stress raiser and can contribute to fatigue—induced
damage. Further, the summary of pit geometry results for all specimens can be found in

Table 6.3.

To quantify the severity of pitting corrosion, 77,, is commonly used. 77, relates corrosion
severity with cross—sectional area loss in the steel relative to the original area. 77, is evaluated

as:
Mot = (1= 4,/ 4,)x100% (6.1

where A and A represent specimen’s minimum and nominal cross—sectional area
(mm?), respectively. A has a value of 50 mm?, while A_ is determined from the recreated
images of the corrosion pit. The values of 77, are given in Table 6.3. Further, the level of pitting

corrosion can generally be classified as mild, moderate, or severe. According to the data, it has
been determined that the pitting corrosion level in all specimens is classified as severe due to

the value of 77,; being greater than 10% (Chauhan and Muthulingam, 2023).

() Measured

C_500 +0.8%

Fig. 6.3 3—-D image of a specimen (a) 3D laser scan; and (b) pit morphology and dimensions
(unit: mm).
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Table 6.3 Result summary of corrosion pit geometry using 3D laser scanning.

Specimen Temperature Pit geometry from 3D laser scanning
)

P w [ Teri

(mm) (mm) (mm) (%)
C 25 4£0.6% 25 1.343 5.313 5.473 12.242
C 25 +0.8% 25 1.225 5.267 5.584 12.099
C 25 £1.0% 25 1.358 5.419 5.221 12.445
C 400 +0.6% 400 1.223 5.526 5373 12.523
C 400 +0.8% 400 1.298 5.201 5.399 12.468
C 400 +1.0% 400 1.321 5.209 5.291 12.157
C 500 +0.6% 500 1.276 5.283 5.421 12.212
C 500 +0.8% 500 1.308 5.375 5.589 12.087
C 500 +1.0% 500 1.319 5.431 5.393 12.057
C 600 +0.6% 600 1.321 5.484 5392 11.643
C 600 +0.8% 600 1.284 5.572 5.543 11.663
C 600 +1.0% 600 1.285 5.285 5.358 12.154
C 700 +0.6% 700 1.318 5.456 5.489 11.594
C 700 +0.8% 700 1.312 5.271 5.692 11.598
C 700 £1.0% 700 1.301 5.191 5.501 11.650

6.2.4 Corrosion depth distribution:

As shown in Fig. 6.3, the corrosion depth varies both along the perimeter and length of the
specimen. It is critical to take into account the depth variation along the perimeter, as it can have
a substantial effect on the mechanical strength of the specimen. Consequently, assessing the

distribution of depth and recognizing any patterns is of considerable importance. In this regard,
values of p, along the perimeter specifically about the maximum corrosion depth ( J2 ) are

extracted from the laser scan images. Various mathematical equations, such as linear, elliptical,

parabolic, semi—elliptical, and Gaussian, are used to determine the trend of p, . After analyzing
multiple equations, it is determined an inverted Gaussian equation of the following form is more

suitable for representing the trend in p, along the perimeter.
Po=—¢exp(-4,6) (6.2)

where ¢, and ¢, are fitting parameters, while & represents the polar angle (radians).

163



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

(2)

150 F O 25°C_+0.6% (Exp) 25°C_£0.6% (Trend)
A 400°C_0.6% (Exp)— — -400°C_+0.6% (Trend)
% 500°C_+0.6% (Exp) - - - - 500°C_£0.6% (Trend)
“L75 1 7 600°C_£0.6% (Exp)—-—- 600°C_+0.6% (Trend)
O 700°C_£0.6% (Exp) ===+ 700°C_0.6% (Trend)
_200 1 1 1
(©
-m -m/2
0.00 S
-0.25
—-0.50
-0.75
-
g
£ -1.00
<
-1.25
—1.50 F O 25°C_+1.0% (Exp)
-1.75 00
O 700°C
-2.00

(b)
-
0.00
-0.25
—0.50
-0.75
—
g
E-1.00F
<
-1.25
~1.50 b O 25°C_0.8% (Exp) 25°C_£0.8% (Trend)
A 400°C_+0.8% (Exp) — — -400°C_+0.8% (Trend)
Y 500°C_+0.8% (Exp) - - - - 500°C_0.8% (Trend)
L1751 WV 600°C_+0.8% (Exp) —-=- 600°C_+0.8% (Trend)
<> 700°C_0.8% (Exp) =--=- 700°C_+0.8% (Trend)
_200 1 1 1
6 (Radians)
0 /2 T

Fig. 6.4 Experimental data and trends based on inverse Gaussian model.

Table 6.4. Regression parameter values from the inverse Gaussian model.

Specimen < - R-square
C_25 +0.6% 1.309 3.640 0.968
C_25 +0.8% 1.362 3.052 0.976
C_ 25 +1.0% 1.323 3.344 0.976
C_400_%0.6% 1.306 3.199 0.989
C_400_%0.8% 1.385 3.625 0.986
C_400_%1.0% 1.345 3.226 0.964
C_500_+0.6% 1.364 3.225 0.984
C_500_%0.8% 1.319 3.067 0.988
C_500_%1.0% 1.353 3.468 0.982
C_600_+0.6% 1.369 3.623 0.991
C_600_%0.8% 1.307 3.300 0.987
C_600_+1.0% 1.381 3.270 0.969
C_700_%0.6% 1.366 3.117 0.980
C_700_%0.8% 1.379 3.354 0.979
C_700_+1.0% 1.388 3.286 0.982
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It's important to note that parameters ¢, and ¢, are related to different behaviors of pitting
corrosion. ¢, signifies non—uniformity in corrosion pit, while ¢, is associated with the
maximum corrosion depth. Figs. 6.4 (a—c) depicts data points of p, representing the variation

of corrosion depth, along with trend lines based on Equation 6.2. The trends in the data points

follow Gaussian equation. Further, the values of ¢, and ¢, are given in Table 6.4. The

R—Square values range from 0.964 to 0.991, with a majority of them (60%) exceeding 0.98. This

confirms Equation 6.2 better describe the trend in p, distribution.

6.3 Analytical stress concentration factor

The perturbation theory applied to surface perturbations assumes the surface, although
slightly undulating, is almost flat. It considers perturbation is small compared to the other length
scales in the bulk material. As a result, the surface composed of elastic half—plane (Gao, 1991).

Using this perturbation approach, it becomes possible to analytically determine the stress

concentration factor (k,) for Gaussian equation. The method relies on a specific elastic Green's

function designed for perfectly flat elastic surfaces, treating the undulating surface as a
perturbation in relation to the flat surface. Following perturbation theory, k, can be expressed

as (Gao, 1991; Medina, 2015; Medina and Hinderliter, 2014):

1.2 = py(K)dx
k= 1+nPVJx—(K_0) (6.3)

where PV refers to the principal value in which the integral is evaluated in the Cauchy sense,
D (K) represents spatial derivative of an arbitrary pitting surface profile p, (K) ,and x isa

dummy variable. To find the solution to Equation 6.3 Hilbert transform can be used. It relies on
a linear operator that, in contrast to the Fourier transform, preserves the domain of the

independent variable. Hilbert transform is defined as (Hahn, 1996; Le Van Quyen et al., 2001):

ﬁ(t)sz(u(t))zlPVJm u(r) dr:—lPVJ“’ u(c) 4 (6.4)

T -0 T —1 T —0 =T

By applying Equation 6.4 to Equation 6.3, k, can be given as (Medina, 2015):

k :l—Zd[de(e)]

: o (6.5)

Further, applying Equation 6.5 to the proposed inverted Gaussian equation, k, is evaluated as:
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k‘(.9)=1+%[1—9e(“WEJZ2 erfi ;29)} (6.6)

where erfi represents imaginary error function. It can be observed from the Figs. 6.4(a)—(c)
that p, becomes equal to p;™ when @ =0 . Thus, the maximum value of %, is obtained by
substituting @ =0 in Equation 6.6 and expressed as:
ac
kt —14 gl 42 (67)
Jr
It’s worth pointing out the developed analytical model for &, consider the effect of non—
uniform distribution of corrosion pit along the steel bar perimeter. The k, values for all

specimens are summarized in Table 6.5. As observed, k, range between 6.21 and 7.24.

Table 6.5. Stress concentration factor for inverted Gaussian model.

Specimen k, Specimen k, Specimen k,
Analytical Analytical Analytical
/FE /FE /FE

C 25 +0.6%  6.63/724 C 400 £1.0% 6.45/6.84 C 600 +0.8%  6.35/6.62
C 25 +0.8%  6.36/6.61 C_500 £0.6%  6.52/6.56 C 600 +1.0%  6.63/6.48
C 25 +1.0%  6.45/7.02 C_500 +0.8% 6.21/6.54 C_700 £0.6%  6.44/6.64
C 400 +0.6% 6.27/6.64 C_500 +1.0% 6.68/6.43 C_700 +0.8%  6.69/6.85
C 400 +0.8%  6.95/6.14 C_600 +0.6% 6.88/6.60 C 700 +1.0%  6.67/6.74

The analytical method based k, values are compared with numerical method, such as the

FE analysis. To conduct FE analysis, a three—dimensional computational model is constructed
for each specimen based on its laser—scanned recreated image. The model is directly
preprocessed using FE tool and subsequently postprocessed to extract stress variations within
the corrosion pit. A study to establish mesh independence is conducted, yielding optimal
element sizes of 0.05 mm in the pit region, 0.1 mm near the pit, 0.15 mm in the tapering section,
and 0.2 mm at the ends. Boundary conditions involve applying a nominal axial stress of
100 MPa to one end of the model, while restraining rotation and axial translation at the other
end. Fig. 6.5 (a) depicts the stress within the corrosion pit is highlighted, with the deepest region
experiencing the highest and fluctuating stresses due to the varying nature corrosion surface
profile. Moreover, Fig. 6.5 (b) illustrates the stress distribution across the entire specimen

obtained from FE analysis, showcasing a symmetrical stress profile. Through FE analysis, £, is

computed as the ratio of maximum stress to nominal stress. The values of %, obtained from the
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FE analysis are compared in Table 6.5. The average error, found to be 9%, falls within

acceptable bounds, thus confirming the validity of the proposed analytical model for £, .

(a)

Fig. 6.5 Numerical analysis of SCF: (a) 3D laser scan image, FE mesh, stress distribution
in the corrosion pit; and (b) stress distribution in the specimen.

6.4 Fatigue Experiment

6.4.1 Testing procedure:

A servo—controlled UTM (Model: BISS UTM-02-0100) having 100 kN load cell and
equipped with a split-type furnace, capable of temperatures ranging from 0 °C to 1000 °C is
used to perform LCF tests. The furnace has a center—split design for easy specimen access, and
temperature regulation is achieved using a PID controller. Three K-type thermocouples monitor
the temperature in the gauge length region. The tests are conducted under varying strain

amplitude and constant strain rate. Specimens are tested for three strain amplitudes
(83) : £0.6%, £0.8%, and +1.0%. Moreover, symmetrical triangular waveforms are applied at a

strain rate of 5x1073 s”!. Similar strain amplitude and rate are reported in the literature
(Narendra et al., 2019; Tripathi et al., 2018). Further, a 12.5 mm gauge length extensometer

facilitated precise strain measurement.

The specimens are securely clamped at both ends using threaded jaws in the machine. Fatigue
tests are performed in both room (25 °C) and elevated temperatures (400 °C, 500 °C, 600 °C,
and 700 °C). A total of 30 specimens, comprising 15 uncorroded and 15 corroded, undergo
testing. Once a specimen is mounted, the furnace temperature is increased at a ramp rate of
10 °C/min and is then held for 20 minutes at the target temperature to ensure homogeneous

heating. Testing proceeds at target temperatures until complete fracture.
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6.4.2  Cyclic response

6.4.2.1 Hysteresis behaviour:

The cyclic stress—strain response of selected uncorroded and corroded specimens are

depicted in Figs. 6.6 (a)—(1). For better comprehension of LCF behaviour, a few distinct cycles

are chosen and represented. It is important to note that the last cycle corresponds to fatigue

failure. In general, cyclic response displays a typical shuttle shape, indicating good energy

dissipation capacity. Further, in uncorroded specimens exposed to room temperature, it is clear

that the influence of temperature on the cyclic responses appears to be minimal, regardless of

the fatigue strain amplitude (Figs. 6.6 (a—f)).
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Fig 6.6 Hysteresis curves: (a) UC_25 £0.6%; (b) UC 25 +0.8%; (c) UC 25 +1.0%;
(d) UC_700_+£0.6%; (e) UC_700_=0.8%; (f) UC_700_=£1.0%; (g) UC 25 +0.6%;
(h) UC_25 +0.8%; (i) UC_25 +1.0%; (j) UC_700_+0.6%; (k) UC_700 +0.8%
and (1) UC_700_=£1.0%.
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However, it is evident that at high temperatures (specifically at 700 °C), there are noticeable
changes in cyclic responses as the strain amplitude increases. This may be attributed to the
growing fatigue strain amplitude, which causes a greater plastic deformation component. The
interaction between increased strain amplitude and stress concentration caused by corrosion
accelerates the accumulation of fatigue damage, resulting in a notable decrease in fatigue life.
For instance, at a temperature of 25 °C, the specimen fails at the 1364th cycle with a 0.6%
amplitude (Fig. 6.6 (g)). However, it fails at the 827th cycle with a 1.0% amplitude
(Fig. 6.6 (1)). The decrease in fatigue life can be attributed to uneven weakening of effective
cross—section due to corrosion. Additionally, high fatigue stress concentration in the corrosion

pit can also lead to a decrease in fatigue life.
6.4.2.2 Variation in peak stress:

The peak stress amplitude in various specimens shows a progressive variation, as observed

from the cyclic responses. Figs. 6.7 (a) and (b) illustrate the relationship between peak stress
and the number of cycles to failure (N £ exp) in uncorroded and corroded specimens,

respectively. Each curve exhibits three distinct stages: an initial softening stage, a stable stage,

and a final stage, despite the variability in peak stress. In the beginning, peak stress gradually

decreases with N, and crack initiation is the main factor affecting the cycle life. Therefore,

exp »
this stage is called the crack initiation stage. During the second stage, there is minimal change

in peak stress and N, while cracks gradually grow. Therefore, this stage is also known as

exp
the crack propagation stage. Large macrocracks form during the third stage, known as the failure

stage, ultimately leading to final rupture.

Initial peak stress amplitude changes with increasing strain amplitude and given temperature
are minimal (Fig. 6.7 (a and b)). This trend can be seen in both uncorroded and corroded
specimens. However, notable variations are observed with increasing temperatures. For
instance, in uncorroded and corroded specimens, peak stress amplitude rises by upto 11% and
16%, respectively, when the temperature is raised from 25 °C to 700 °C. When comparing room
temperature and 500 °C values, the uncorroded specimen experiences a 6.2% reduction in peak
stress amplitude after 800 cycles at +£0.6%, whereas it endures a 12% reduction after just 500
cycles at £1.0%. Regarding corroded specimens, a 6.2% reduction occurs after 100 cycles at
+0.6% and an 11% reduction after 300 cycles at +1.0%. The observations highlight the impact

of corrosion on peak stress amplitude.

There is a notable difference in the ratio between the initial and final peak stress amplitude

values in uncorroded and corroded specimens. The ratio for a given temperature shows minimal
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variation with varying ¢,. However, at 700 °C, the ratio increases by 31% compared to 25 °C

in uncorroded specimens. The ratio increases significantly, reaching up to 68% at 700 °C,
compared to 25 °C, in the case of corroded specimens. These observations have practical
significance. One key finding is that amplitude—dependent damage accumulation is accelerated

in corroded specimens. This could lead to faster crack propagation rates and a significant

decrease in fatigue life.
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Fig. 6.7 Variation of peak stress amplitude with N,
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6.4.2.3 Stress softening:

A cyclic softening factor (K ) can be used to analyze cyclic softening discarding the effect of

stress levels. In the case of strain—controlled fatigue tests with varying strain amplitude, K_ is

given as (Wu et al., 2015):

AO'—AO'Nf_exp P

K=——"" 6.8
° Ac (65)

where Ao represents the stress range of each cycle, while Ao, P corresponds to the stress
o

range of N; / 2. For better representation, K_ variation in corroded specimens for £0.6% and
+1.0% are depicted in Fig. 6.8 (a and b), respectively. For all specimens, K_ tends to decrease
with increasing N;.,,. In addition, specimens exhibit three distinct stages. The first stage
signifies initial softening, during which K decreases gradually with N, .In the second stage,
referred to as steady—state softening, K_ stabilizes within a relatively constant range. During
the last stage, drastic variation in K with N, is observed. It is worth noting that as N
approaches fatigue—induced fracture, K_ experiences a notable decline. The decline becomes

more pronounced as the temperature rises, particularly at higher temperatures. These
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observations in K_ behavior emphasize the significant influence of high exposure temperatures

on the cyclic softening mechanisms in steel specimens.
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6.4.2.4 Variation in plastic strain:

The LCF life is greatly affected by plastic strain, which is especially noticeable in steel
specimens exposed to high temperatures and pitting corrosion, as shown in Figs. 6.9 (a—).
Notably, plastic strain amplitude increased in response to rising fatigue strain amplitude and
accumulating cycles. This aligns with the observation from Section 6.4.2.2, where the number
of cycles to failure correlated with a reduction in the maximum stress. Figure 6.9 illustrates three
distinct regions based on the plastic strain amplitude variation trend. In Region I, the plastic

strain amplitude increases as N/N,,, rises. N/N,  is the relative number of cycles. In Region

11, there is a noticeable stability in the plastic strain amplitude. However, a significant increase

in the plastic strain amplitude with increasing N/N,  is observed in Region III.

Although there is a marginal increase in plastic strain at low N/N, . values (<0.5), the

exp

amplitude remains relatively constant until 0.8. Beyond 0.9, the plastic strain amplitude
significantly increases until fracture, as shown in Fig. 6.9. It is worth mentioning that the plastic
strain for corroded specimens is noticeably higher than that of uncorroded specimens, as shown
in Fig. 6.9. This corroborates with the observed decreases in cycles to failure in corroded

specimens. Similar observations are reported in (Hua et al., 2022; Hua et al., 2021).
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6.4.2.5 Variation in modulus:

One way to assess the modulus (£;) reduction of specimens is by analyzing the hysteresis
loops, as illustrated in Figs 6.10 (a) and (b). The modulus of all specimens progressively
diminishes from the first cycle and continues to fall steadily until it approaches a point near
failure, at which a rapid decrease is seen. In particular, the reduction in initial modulus becomes
more noticeable at temperatures of 600 °C and higher. Uncorroded specimens in this higher
temperature range show a smaller spread in modulus reduction (9-14%) compared to their
corroded counterparts (12-39%). Notably, corroded specimens at 600-700 °C undergo a
significantly larger reduction in the elastic modulus, specifically at fatigue strain amplitudes of
+0.8% and £1.0%. One reasonable explanation likely arises from the combined influence of
fatigue strain amplitude, corrosion exposure, elevated temperature, and the final softening stage

at failure (Xie et al., 2019).
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6.4.3  Variationin N, :

The fatigue life, expressed in terms of number of cycles to failure (Nﬂexp) , s summarized

in Table 6.6 for both uncorroded and corroded specimens. In uncorroded specimens, at a given

temperature, N, reduces by upto 47% between any two successive strain amplitudes.

exp

However, in corroded specimens, this reduction reaches a significant 72%. Further, when

comparing uncorroded and corroded specimens, it is observed that corroded specimens

experience a considerable reduction of 90% N,

texp - Lhe drastic decrease in fatigue resistance

can be attributed to the synergetic effects of temperature and pitting corrosion. In particular, one

factor contributing to the reduction of N; .. is the early development of cracks caused by

exp

corrosion pits.

To investigate the effect of high temperature on fatigue life, a dimensionless analysis is
conducted. The number of cycles to failure at a given exposure temperature of 7°C (NH) is
compared to N, ,, at 25 °C (Nﬂ +/Neas ) for both uncorroded and corroded specimens. Note that
N, ,; serves as the reference for comparative analysis across different temperatures. Fig. 6.11
presents the trends in N, 1 / Ny ,5 for various specimens. A consistent decrease in N 1 / Ni s is

observed with increasing temperatures. In uncorroded specimens, N,y is 80 % of N ,s at
+0.6% strain amplitude. In addition, 79% and 72% drops are observed at £0.8% and +1.0%
strain amplitudes, respectively. N; 4 drops to 29%, 25% and 22% of its NV, ,5 counterpart for
+0.6%, +0.8% and £1.0% strain amplitudes, respectively. In contrast, corroded specimens
exhibit a significantly steeper decline in N, 1 / Nios . Ng gy retains 77% compared to Vg, at

+0.6% strain amplitude. In addition, 76 % and 67 % drops are observed for +0.8% and +1.0%

173



Fatigue Behavior of Constructional Steels Subjected to Pitting Corrosion and Elevated
Temperature

strain amplitudes, respectively. N, ;, is just 20%, 14% and 9% of N, ,s at +£0.6%, +0.8% and

+1.0% strain amplitudes, respectively. These pronounced reductions in fatigue life underscore
the enhanced detrimental effect of pitting corrosion, which introduces stress concentrations and
facilitates premature crack initiation, further exacerbating the temperature—induced weakening

of the material.

© 100 ) e-oe% ® 100 £=0.6%
B e= 0.8% B8 6= 0.8%
U/ e=1.0% 077 o= 1.0%
80 1 Uncorroded specimens _ 80 H — Corroded specimens
S Z S
= }}0:: = 58]
::0’%/ P K 5
% / %57 o35 / o
KX [R%4 / 07 20 H (R4 KXY
. sl NE . LB
25 400 500 600 700 25 400 500 00 700

Temperature (°C)

Temperature (°C)

Fig 6.11 Effect of high temperatures: a dimensionless comparison of N; ; / Nios .

Table 6.6 Test result summary of N, and WT’EXP values.
Specimen N; o Wt,exp Specimen N; o Wt,exp
(MPa) (MPa)
UC 25 +0.6% 1551 6039  C 25 +0.6% 1264 3452
UC_25_+0.8% 1325 5519 C_25 +0.8% 1029 3110
UC_25 +1.0% 1075 4877 C 25 +1.0% 827 2698
UC_400_+0.6% 1065 4795 C_400_£0.6% 807 2670
UC_400_+0.8% 826 4160  C_400_+0.8% 606 2222
UC_400_+1.0% 635 3609  C 400 +1.0% 449 1794
UC_500_+0.6% 840 4253 C_500_£0.6% 659 2347
UC_500_+0.8% 727 3797  C_500_+0.8% 46l 1827
UC_500_+1.0% 511 3185 C_500_£1.0% 370 1579
UC_600_+0.6% 699 3802  C_600_+0.6% 505 1976
UC_600_+0.8% 548 3307 C_600_+0.8% 371 1591
UC_600_+1.0% 380 2653 C_600_£1.0% 253 1229
UC_700_+0.6% 570 3359  C_700_+0.6% 388 1640
UC_700_+0.8% 410 2788  C_700_+0.8% 253 1231
UC_700_+1.0% 279 2237 C_700_£1.0% 147 857
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It is of engineering importance to predict the relation between N . and temperature. In

exp

this regard, N, values are plotted in Figs. 6.12 (a) and (b) as data points considering the

exp
variation in temperature for uncorroded and corroded specimens, respectively. To find the trend
of these data points, a curve fitting analysis is conducted using a first—degree linear polynomial

function expressed as:

N,

fexp

=y +u, T (6.9)

where v, and v, are curve fitting coefficients. The values of coefficients are listed in Table 6.7.

The calculated R—squared value of 0.99 suggests a strong fit between the model and the observed
data. Further, Fig. 6.12 also displays the trendlines based on the equation over the data points.
It can be observed that the proposed equation fits well with the data.

(a) 1800 () 1400
O UC_+0.6% R C +0.6%
1600 1 O UC 0.8% ® C £0.8%
A UC #1.0% 1200 | Y CEI,O%?
1400 - Trendline 20.6% Trendline_+0.6%
R - - - Trendline_+0.8% 1000 1 - - - Trendline_+0.8%
~o —--=- Trendline_ £1.0% S o
1200 F ~. Seo —-—--Trendline_+1.0%
A RS ~.
21000 | e . 800 K -
= I Sl } & S~
800 = 600
600 ~
el O 400 ~x
400 - ~a._© \X\'\;\‘ -
~A 200 T~
200 -4
0 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Fig 6.12 Relation between N, and temperature.

exp

Table 6.7. Regression coefficients used to find the relation between N; . and T

exp

Uncorroded Specimens Corroded Specimens
g, v, v, R—square g, v, v, R-square
+0.6%  1602.135  -1.476 0.99 +0.6% 1306.53 -1.307 0.99
+0.8% 1366.33 -1.346 0.99 +0.8% 1057.4 —-1.153 0.99
+1.0% 1105.59 -1.19 0.99 +1.0% 854.19 —0.999 0.99

6.4.4  Relation between s, and N,

exp *

This section examines the applicability of the Coffin—Manson model in determining the

relationship between &, and N,  for uncorroded and corroded specimens exposed to high

exp

temperatures. Here is the equation that quantifies the relationship
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&,=B(2N,, )" (6.10)

where [ represents the fatigue ductility coefficient, while « signifies the fatigue ductility

exponent. The independent variable, &, and the dependent variable, 2N are represented as

fiexp 2
data points in Figs. 6.13 (a) and (b). The data points on the graph correspond to the values
provided in Table 6.8. Trendlines are drawn over the data points for every temperature value
through curve fitting analysis using Equation 6.10. As anticipated, negative correlations

between &, and 2N, _ suggest that fatigue life decreases as strain amplitude increases. The

f,exp
results of the curve fitting analysis can be found in Table 6.8. It can be noted that the R—Square
values for uncorroded and corroded specimens range from 0.97 to 0.99 and 0.98 to 0.99,
respectively. Based on these observations, the Coffin—-Manson model can be utilized to establish

the relationship between ¢, and 2N, .

(a) 0.012 (b) 0.012

O UC 25°C(Exp) O UC_400°C (Exp) A UC_500°C (Exp) & C_25°C(Exp) I C_400°C(Exp) ¥ C_500°C (Exp)
<& UC_600°C (Exp) * UC_700°C (Exp) . B C_600°C (Exp) ¥ C_700°C (Exp)
0.011 F T“C"(;:"'C» {33[“)((- - ';N"Si"“‘» ;:::IE *+ + Trendline, 500°C 0.011 Trendline, 25°C = - - Trendline, 400°C- - - - Trendline, 500°C
—-=-Trendline, 600°C----~ rendline. °C N . < . N
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\ % \ PR U
0009 LN 0.009 |- ooV
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v“ \ \ '.‘ \.\ . \
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Fig 6.13 Relation between ¢, and 2N,

f,exp

Table 6.8 Regression coefficients and exponents used in fatigue model.

Temperature y/j o R-square Temperature p a R-—square
25°C 0.7016  —0.831 0.97 25°C 0.4644  -0.767 0.99
400°C 0.5047 —-0.763 0.99 400°C 0.25932  —0.648 0.99
500°C 0.2684 —0.694 0.92 500°C 0.1096  —0.594 0.99
600°C 0.1044 -0.578 0.96 600°C 0.0522  —0.405 0.98
700°C 0.04853 —0.687 0.98 700°C 0.01232  -0.501 0.98

It is also of engineering importance to determine relation of coefficients f and o with 7. An
effective approach to achieve this is by introducing dimensionless coefficients, f,/f4,, and

a; [a,s , which can objectively demonstrate the variation in the trends of B and «. The
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dimensionless coefficient indicates the relationship between its value at the specified
temperature and room temperature. It is observed that ,/f,, and «,/a,, decrease as the
temperature increases as depicted in Figs. 6.14. Further, a linear equation is utilized to establish
the relationship between the dimensionless coefficient and temperature. Curve fitting analyses

are then conducted. The following mathematical equations are derived:

B,/ Bos=1.04-133x10°T
;| =1.01-5.15x10°T
B,/ Brs=1.04-1.15x10°T
|y =1.02-7.26x107*T

Uncorroded specimens {
(6.11-6.14)

Corroded specimens {

The R—Square values obtained from curve fitting analysis range between 0.97 and 0.99,

suggesting a strong fit between the data points and the linear equation.

O fy/fs Uncorroded Specimens 8 f/,5 Corroded Specimens
O /s Uncorroded Specimens & ay/ays Corroded Specimens
Trendline, B/fys -+~ Trendline, B/
~ = ~Trendline, a/as —-—-Trendline, a/ays

¥}
T

o 2 =
=N % =3

I
=

Non-dimensional coefficient

S
1Y)

e

o

L L L L L L
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig 6.14 Relation between coefficients and temperature.
6.4.5 Total dissipated energy density:

This study utilizes the concept of total dissipated energy density, VI_/‘ to assess the impact

exp ?
of pitting corrosion, exposure temperature, and fatigue strain amplitude on the LCF behavior of

steel specimens. Note that WLSX represents the cumulative sum of envelope areas of stress—

p

strain hysteresis curves. The estimated values of ¥, , are presented in Table 6.6, highlighting

t,ex]

their dependency on both exposure temperature and fatigue strain amplitude.

When the temperature is raised from 400 °C-700 °C, the WLSXP values in uncorroded

specimens decrease by upto 38% at £1.0% compared to room temperature. Further, WLSXP

reduces by upto 20%, 31%, and 34% between any two consecutive temperature levels at +0.6%,

+0.8%, and £1.0%, respectively. On the contrary, when the temperature is raised from 400 °C
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to 700 °C in corroded specimens, there is a significant decrease in VI_/t,eXp values of upto 52.2%

at £1.0% compared to room temperature. In addition, there is a considerable drop in W,__ of

t,exp
upto 22% and 41% between any two consecutive temperature levels as the strain amplitude

increases from £0.6% to £1.0%. Further, it is worth noting that at a specific temperature and

strain amplitude, Wt,exp in corroded specimens decreases by a factor of 2.61 compared to

uncorroded specimens. These observations suggest corroded steel exposed to high temperatures

exhibits significantly diminished fatigue resistance compared to its uncorroded counterpart.

To investigate the effect of exposure temperature on W, , further, a dimensionless analysis

is conducted. Fig. 6.15 illustrates the comparison between Wt’T / VI_/t,ZS and temperature for

specimens exposed to different strain amplitude. Here, VT_{ r denotes the maximum total energy

dissipation capacity at a specific temperature of 7 °C, while W, ,; represents the value at 25°C.

The figure reveals a decreasing trend in W_/LT / Wt ,s With increasing temperature. Notably, for

uncorroded specimens, W, ,, corresponds to 79%, 75%, and 74% of W55 at £0.6%, £0.8%,

and +1.0%, respectively. Whereas, W, ,, falls to 56%, 51%, and 46% of W, 5 at+0.6%, +0.8%,

and +1.0%, respectively. These observations signify a substantial decline in energy dissipation

capacity at elevated temperatures with increasing strain amplitude. Conversely, corroded

specimens W, 4, correspond to 77%, 71%, and 67% of W, ,5 at +£0.6%, +0.8%, and +1.0%,

respectively. Whereas, W, ,, falls to 47%, 40%, and 32% of W, ,5 at+0.6%, +0.8%, and £1.0%,

respectively.
(a) (b)
100 7 100 R
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Fig 6.15 Effect of high temperatures: a dimensionless comparison of Wt’T / Wt 2 -
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Fig 6.16 Relation between I,

e and temperature.

To quantitatively characterize the relationship between I/I_/‘,ex and T, a linear regression

p
analysis is performed. This analysis utilizes a first—degree polynomial function, essentially a

linear equation, to model the underlying trend

Nl

=5+46,T (6.15)

where &, and o, are regression coefficients. The values of regression coefficients are provided

in Table 6.9 for various strain amplitudes. The regressions yield R—Square values of 0.99.
Additionally, Fig. 6.16 illustrates the trendlines that have been fitted to the data points. The close

alignment with the data indicates a strong agreement between model and observed data.

Table 6.9. Regression coefficients used to find the relation between VI_/t’eXp and T

Uncorroded Specimens Corroded Specimens

g, 0, o, R-square g, 0, o, R—square
+0.6% 621395 -3.96 0.99 +0.6% 3595.74 -2.64 0.97
+0.8%  5679.93  -3.90 0.99 +0.8% 322232 2.5 0.99

+1.0%  5046.17 -3.89 0.99 +1.0%  2813.18 -2.65 0.98

6.4.6  Strain energy density approach:

Strain energy density (SED) approach posits fracture initiation in the vicinity of the pit
occurs when average SED at the control volume at pit apex exceeds the threshold value
governed by the material property. In this section, SED approach is utilized to derive analytical

model for estimating average SED at the corrosion pit following Gaussian distribution.
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6.4.6.1 Analytical model:
The Gaussian corrosion pit representation and accompanying stress components are

depicted in Fig. 6.17. The stress components in the neighborhood of the pit under Mode—I load
is given as (Filippi and Lazzarin, 2004):

(14 2,)cos(1- 4, )¢ cos(1+4)¢ | |
(3=A)cos(1=24 )¢+, (1-4 )y —cos(1+ 4 )¢
(1-4)sin(1-24,)¢ sin(1+ 4, )¢

o, (1+ 14, )cos(1— 4, )¢
o, r=4r""a Zo, (3= a)cos(1—14)¢ (6.16)
Ty .4 [Lj‘”‘ (1—4)sin(1—14,) ¢
4(g-1)\r cos(1+14)¢
+ 7, 1—cos(1+ )¢
sin(1+ 44, )¢

Fig 6.17 Gaussian pit: reference system, stress components, and control volume.

where 0y, 0, and 7, represent stress components, A represents Williams’ eigen value, £
signifies supplementary exponent expressing stress field in the neighborhood of pit apex.
Further, » and ¢ represent local polar coordinates. Additionally, ¥, , ¥, and j, arelinearly

dependent terms obtained through the application of local boundary conditions on the edge free
from pits. The total SED in the linear elastic region of an isotropic material is defined as

(Lazzarin and Zambardi, 2001):

1

4 SED :ﬁ{oﬁ +0,5,+ 03 _2‘/(0-110-22 +0,1033 0,073 ) +2(1 + V)6122} (6.17)
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where o0y,, 0,,, 03, and o), are the stress components in the given reference system, E is .

modulus of elasticity of the material and v is Poisson’s ratio. Further, the average SED in the

neighborhood of corrosion pit can be expressed as (Lazzarin and Berto, 2005):

szl( d jaz 207 {ﬁ} (6.18)

E\20) ™"  |1+q

where o, represents the maximum principal stress, @, signifies pit opening angle (2a)

dependent parameter while 7, is dependent on 2¢ and Poisson’s ratio. In addition, 7, represents

the distance from coordinate system origin to pit apex.

" z(l_ljp (6.19)
q

where ¢ =(2n-2a) / n, and p is the pit root radius. Further, the radius of curvature (R) of

the corrosion pit having a Gaussian profiled can be calculated as:

2 -1 232
R:(a_fgj H%j } (620,
00 00

By substituting Equation 6.2 into Equation 6.20, p for Gaussian profile corrosion pit can be

estimated as:

5 N2 3/2
o {H (2 &<, 9e*429”) }

6.21
2§1§2[1_2§2 ‘92] ( )

p:

By substituting Equation 6.21 into Equation 6.19, 7, for the Gaussian profiled pit can be

expressed as:

(6.22)

) _[1_ i ] e |:1+(2§1§2064292)ZT/2
U

2n-2a) 24,¢,[1-2¢, 07

Finally, the average SED value in the control volume for the corrosion pit following

Gaussian profile can be expressed as:

2
2 2
Aw=¢, k2 (Lj@%zum N=T (6.23)
20) E 1+
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where &, takes considers nominal load ratio in SED evaluation, taking a value of 1.0 for R=0
and 0.5 for R=—1 (Berto et al., 2014). It is worth pointing out here that Equation 6.22 is valid

for room temperature only. Further, the values of different parameters governing average SED

analytical model are provided in Table 6.10.

Table 6.10. Parameters for the stress distributions of Gaussian model.

Specimen 2a q I, 4 @ i 2Q P R

(mm?) (mm)

(degrees) (mm) (mm)

C 25 +0.6% 132.166 1.266 0.629 0.663 0.458 0.026 0.126 0.050 0.076
C 25 +0.8% 132,572 1.263 0.628 0.664 0.454 0.022 0.103 0.041 0.063
C 25 +£1.0% 134511  1.253 0.622 0.672 0.436 0.027 0.134 0.053 0.080
C_400_+0.6%  135.062 1.250 0.620 0.674 0.431 0.023 0.116 0.046 0.070
C_400 £0.8%  132.072 1.266 0.630 0.662 0.459 0.021 0.101 0.040 0.062
C_400 +1.0%  131.390 1.270 0.632 0.660 0.465 0.025 0.115 0.046 0.071
C 500 +0.6%  133.451 1.259 0.625 0.668 0.446 0.023 0.112 0.045 0.068
C 500 +0.8%  133.136  1.260 0.626 0.666 0.449 0.025 0.122 0.049 0.074
C 500 +1.0%  133.220 1.260 0.626 0.667 0.448 0.020 0.099 0.040 0.060
C 600 £0.6%  133.563  1.258 0.625 0.668 0.445 0.026 0.125 0.050 0.075
C 600 +0.8% 135404 1.248 0.619 0.676 0428 0.026 0.133 0.054 0.080
C_600_+1.0%  133.172 1.260 0.626 0.667 0.449 0.024 0.115 0.046 0.070
C_ 700 £0.6%  133.444 1.259 0.625 0.668 0.446 0.026 0.127 0.051 0.077
C_ 700 £0.8%  132.183 1.266 0.629 0.663 0.458 0.025 0.118 0.047 0.072
C_ 700 £1.0%  131.892 1.267 0.630 0.662 0.461 0.028 0.135 0.054 0.083

6.4.6.2 Pit sensitivity factor:

A temperature—variant pit sensitivity factor P (T) is introduced here. It is given as:

R(1)= (6.24)

Note that fatigue pit factor (Pf) quantifies the impact of corrosion on fatigue strength at

different temperatures and different strain amplitudes by comparing the fatigue strength of

uncorroded specimens at room temperature to that of corroded specimens at various elevated
temperatures. In this context, /} represents the ratio between two strengths. However,

evaluating the pit factor requires fixing the number of reference cycles to failure. Previous

studies have used 100 or 500 cycles (e.g. (Sharifi and Rahgozar, 2009; Zhang et al., 2015)).
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Following the precedent, a reference cycle of 100 is adopted in this study for calculating £.

Fig. 6.18 depict the variation of P.(7") with temperature for different strain amplitude.
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Fig 6.18 Variation of P.(7") with temperature.

For a given strain amplitude, increase in temperature from 25 °C—700 °C results in upto

three—fold increase in P.(7T). Further, for a given temperature, P (7) values are found to
increase by upto 60% between successive strain amplitudes. In particular, P(7") variation is

significantly influence by temperature. Hence, it is of engineering interest to develop a

mathematical relation between P(7) and T . To find the relation, an exponential growth

function is fitted to the data points of P.(7T). The specific mathematical model employed as:
R(T) =g +c,e”" (6.25)

where G, G, and G, are fitting parameters. Note that &, represent the offset term representing

the value of P.(T') at room temperature; &, is a conditional constant, and &3 represents the

growth rate. The results of curve fitting analysis are listed in Table 6.11.

2
: J2
Aw=¢_ P(T)k’ [l—thrj(‘W { T } (6.26)

20) E 1+,

Table 6.11. Regression coefficients used to find the relation between P.(7T) and T

& S S S3 R-square
+0.6% 0.0021 1.55x107" 0.0035 0.99
+0.6% 0.0024 1.65x10™ 0.0045 0.99
+1.0% 0.0014 0.0012 0.0024 0.99
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Note that the analysis resulted in R—Square values of 0.99. Fig. 6.18 shows the trendlines over
the data points based on Equation 6.24. A strong agreement seen between the model and the
observed data, further supporting the suitability of the proposed mathematical function. By
introducing Equation 6.25 into Equation 6.26, the average SED values considering the impact

of high temperatures can be evaluated as:
6.4.6.3 Pit opening angle:

To estimate pit opening angle in the Gaussian profiled corrosion pit, the analytical solution
for elliptical pit can be extended with a suitable accuracy index (CE, 1913; Filippi and

Lazzarin, 2004). The accuracy index is expressed as :
V=— | [o,-0,] dr (6.27)

where o, represents normal stress under mode I loading and 0.4p implies distance near the

pit where the pit effect diminishes, and both cracks and pits experience comparable stress levels
(Atzori et al., 2001).

Fig. 6.19 shows the relation between 2« and V/ szax for varying values of py™ / w As
observed, with increasing py / w, V/ OfmX progressively diminishes. In addition, V/ sz

shows upward trend with increasing py* / w . To mathematically model this relationship, a

regression of the data points in Fig 6.14 yields the following interpolating law for 2« :

oy \~0-963
2a=195.11| 1+222
a=195. +2—=— (6.28)
w
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Fig 6.19 Variation of normalized index with Gaussian pit opening angle.
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To validate Equation 6.28, the regression coefficients, 195.11 and —0.963, are compared

with the values reported for elliptical notch, 192.64, —0.916 (Filippi and Lazzarin, 2004). As
observed, the values are comparable. Moreover, 2« assumes a value of 67.73° for p;mx =w,

representing a circular corrosion pit. This can also be justified based on other theoretical

considerations related to free edge effects (Filippi and Lazzarin, 2004).
6.4.6.4 Variation of Aw :

The values of Aw are calculated using Equation 6.29 for different temperatures. Fig. 6.20
shows the variation of Aw with temperature. In corroded specimens: (i) for a given strain
amplitude, increase in temperature from 25 °C to 700 °C results in upto 2.8—fold increase in
AW ; upto 31% increase in A between successive strain amplitude for a given temperature;
and a growth rate of 16% between successive strain amplitude. Meanwhile in corroded
specimens, for a given strain amplitude, increase in temperature from 25 °C to 700 °C results in
upto 4.1—fold increase in Aw ; upto 46% increase in Aw between successive strain amplitude
for a given temperature; and a growth rate of 32% between successive strain amplitude. Further,
comparing Aw of uncorroded and corroded specimens at a given strain rate leads to upto 68%
increase in Aw from 25 °C-700 °C. These observations underscore the effects of pitting

corrosion and high temperature in Aw.

To establish a mathematical relation between Aw and 7 for varying strain amplitude, a

following model is used as:
A=y, +y,e" " (6.29)

where ¥, ¥,, and ¥; are fitting parameters and are listed in Table 6.12. Figure 6.20 displays

the fitted trendlines generated using Equation 6.29, for both uncorroded and corroded
specimens, an exponential function provides a significantly best fit, as reflected by an R—squared

value of 0.99.

Table 6.12. Regression coefficients used to find the relation between A#w and 7T .

Uncorroded specimens Corroded specimens

&, 7 A w, R-square g, v, 7 w, R-square

+0.6% 0.416 0.033 0.004 0.998 +0.6% 0.455 0.042 0.004 0.995
+0.8% 0347 0.049 0.003 0.994 +0.8% 0.493 0.066 0.004 0.987
+1.0% 0322 0.176 0.002 0.979 +1.0% 0.562 0.004 0.005 0.993
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Fig 6.20 Variation of Aw with temperature.

6.4.6.5 Estimation of N

f, est *

Fig. 6.21 presents a log—log scatter plot between Aw and N;., based on the estimated

exp
values of Aw listed in Table 6.13. The plot displays a narrow scatter band having 2.3% and

97.7% probability of survival limits. The lower curve in the plot represents the mean Aw minus

two standard deviations, defining the scatter index (7,,) with an inverse slope of (l? )= 1.500.

Using this approach, an appropriate relation between Aw and N for LCF behaviour of the

exp

high—strength structural steel bars can be represented as:
N x N, =Af x N, (6.30)

Considering the reference number of cycles, N, equal to5x10°, Fig. 6.22 compares the

N; .. based on Equation 6.30 with N, . Notably, all data points fall within an error band of

exp

+1.5. This validates the effectiveness of using the average SED approach for evaluating the LCF
behaviour of structural steel exposed to pitting corrosion and elevated temperature. Further,
Equation 6.30, can be rewritten as:

AVV:E x N

N =—A p” (6.31)

The values of N,

f, est

estimated from Equation 6.31 are compared with N in Table 6.17.

exp

Analysis of Table 6.13 reveals individual error percentages for N range from 0.97 % to

f, est
23.42%, with 20 out of 30 specimens showing errors below 15%. This validates the applicability
of average SED approach for estimating the LCF behaviour of the structural steel. It’s worth

pointing out here a few estimates exceed 15% threshold. This may be attributed to inherent
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specimen sensitivity, experimental system errors, and individual sensitivity to stress range

(Wang et al., 2016). Nevertheless, Equation 6.31 demonstrates sufficient accuracy in predicting

N, under LCF conditions in structural steel exposed to pitting corrosion and high

fexp

temperatures.
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Table 6.13. SED approach for comparison between N, and N, of specimens.
Specimen Aw Nﬁexp N o Error Specimen Aw N, rexp N o Error
(MI/m®) (%) (MI/m®) (%)
UC 25 +0.6% 0.399 1551 1838 —18.53 C 25 +0.6% 0.509 1264 1316 —4.16
UC 25 +0.8% 0.452 1325 1571 —-18.60 C 25 +0.8% 0.566 1029 1121 -8.96
UC 25 +1.0% 0.523 1075 1263 -17.50 C 25 +1.0% 0.617 827 986 -19.27
UC 400 _+0.6% 0.556 1065 1153 -8.34 C 400 +0.6% 0.648 807 916 -13.57
UC 400 _+0.8% 0.624 826 969 -17.36 C 400 +0.8% 0.821 606 642 —6.04
UC 400 _+1.0% 0.774 635 702 -10.57 C 400 £1.0% 1.127 449 399 11.03
UC 500 _+0.6% 0.597 840 1036 —23.42 C 500 +0.6% 0.812 659 652 0.97
UC 500 _+0.8% 0.706 727 805 -10.76 C 500 +0.8% 1.108 461 409 11.11
UC 500 _+1.0% 1.091 511 419 17.97 C 500 +1.0% 1.260 370 337 8.70
UC_600_+0.6% 0.733 699 762 -9.01 C 600 +0.6% 0.954 505 512 -1.49
UC 600 _+0.8% 0.901 548 558 -1.90 C 600 _+0.8% 1.255 371 339 8.39
UC 600 _+1.0% 1.214 380 357 6.00 C 600 +1.0% 1.759 253 204 19.05
UC_700_+0.6% 0.879 570 579 -1.62 C 700 +0.6% 1.205 388 361 6.96
UC_700_+0.8% 1.157 410 383 6.42 C 700 +0.8% 1.757 253 205 18.93
UC 700 _+1.0% 1.502 279 259 6.95 C 700 £1.0% 2.529 147 118 19.21
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6.5 Conclusions

The influence of elevated temperatures and pitting corrosion on the LCF properties of the
medium-strength and high—tension type killed E350 structural steel is experimentally
investigated. Fire exposure can significantly impact the structural performance of structural
steel, particularly its LCF properties. This is especially crucial for the medium-strength steels,
where fire—induced changes in LCF behavior directly influence post—fire seismic performance.
Additionally, pitting corrosion, further exacerbates fatigue crack initiation and propagation
under repeated loading, compromising structural durability and safety. The present study
experimentally investigates the LCF behavior of structural steel subjected to pitting corrosion
and elevated temperatures. Specimens undergo strain—controlled fatigue testing with strain

amplitudes ranging from ¢, = +£0.6% to £1.0% and exposure temperatures from 25 °C to

700 °C. The key findings of this investigation are presented as follows.

i.  Corroded steel subjected to £1.0% strain amplitude experiences a significant reduction
in total dissipated energy density by 52% when exposed to elevated temperatures
ranging from 400 °C to 700 °C. This significant decrease suggests a marked decline in
fatigue resistance of corroded steel at elevated temperatures.

ii.  The reduction in modulus is particularly evident at temperatures of 600°C and 700°C.
Uncorroded specimens in this range experience a 9—14% decrease in modulus, whereas
corroded specimens show a larger reduction of 12—39%. This reduction signifies a
weakening of the material's structural integrity, increasing its vulnerability to
deformation and failure.

iii.  The decline in peak stress amplitude, with number of cycles to failure, denotes the
initiation of cracks in the early testing stages. Notably, corroded specimens exhibit
significant reduction, approximately 6.2% after 100 cycles at +0.6% and approximately
11% after 300 cycles at £1.0% This decline suggests an increased risk of structural
failure due to material deterioration and intensified crack susceptibility.

iv.  The cyclic softening factor tends to decrease with increasing strain amplitude for all
specimens. The decline becomes more pronounced with increasing temperature,
particularly at higher temperatures.

v.  The Coffin—Manson equation describes the relationship between strain amplitude and
cycles to failure for structural steel subjected to pitting corrosion and elevated

temperature. Analysis reveals N, decreases with increasing ¢, . Further, the

temperature—dependent trends in model coefficients, decreases as exposure temperature
rises. Equations are proposed to predict these temperature—dependent coefficients for

fire exposure scenarios.
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Chapter 7
High—cycle fatigue behavior of structural steel subjected to pitting
corrosion at multiple sites under elastic stress conditions

7.1 Introduction

Structural steel is increasingly used in long—span bridges due to its strength, and ductility.
However, these structures often face harsh environments with high humidity and salt spray,
leading to cracking. Consequently, corrosion becomes a major concern, reducing the effective
cross—section and introducing stress concentrations. The presence of corrosion weakens the
material, increasing the susceptibility of corroded structures to fatigue crack initiation and
propagation under repeated loading. This significantly reduces their long—term load—carrying
capacity and structural integrity. Both generalized and pitting corrosion affect steel behavior,

with the latter introducing stress concentrations and non—uniform load distribution.

Numerous researchers have extensively studied the fatigue and corrosion properties of
structural steel. However, there's a need to investigate the influencing factors of multiple pits,
which significantly exacerbate steel's susceptibility to fatigue failure. Multiple pits on steel
surfaces act as stress concentrators, intensifying cyclic loading and accelerating fatigue crack
initiation and propagation. When pits are close, their combined effects exacerbate, creating
overlapping stress fields that amplify crack growth. The sharp edges of pits provide ideal sites
for crack initiation, leading to a complex network of propagating cracks that compromise
structural integrity. This network can rapidly lead to catastrophic failure, significantly reducing

the fatigue life of steel structures.

While numerous studies have examined the impact of corrosion on static properties, fewer
have focused on low-cycle and high-cycle fatigue behavior. This study aims to
comprehensively address this gap by investigating the impact of corrosion level and maximum
stress levels on the fatigue properties of E350 BR grade structural steel. Each steel specimen
underwent electrochemical accelerated corrosion before axial tensile fatigue tests. The HCF
behavior of structural steel with multiple pit sites has been experimentally determined.
Stress—cycle (S—Nr) curves for different corrosion levels have been determined and establish the
relationship between the fatigue life and maximum stress levels. Additionally, the study
investigates the resulting macroscopic and microscopic morphological changes in structural
steel specimens. The findings demonstrate that one or multiple located pits play a dominant role

in determining the fatigue life of corroded plain reinforcing bars.
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7.2 Materials and test arrangements

7.2.1 Specimen preparation:

The study investigates the HCF behaviour of E350 hot rolled structural steel, commonly
used in bridge and industrial structures. These specimens were machined from 1S2062 E350 BR
grade steel plates with a thickness of 27 mm having a dimension of
27mm x 2000 mm x 12000 mm The specimens utilized in this study feature a 50 mm long
fatigue section with a 10 mm gauge diameter and a surface roughness of 0.2 pm (Fig. 7.1).
Smooth transitions connect this section to the grip sections at each end, which have a length of
16.70 mm and a radius of curvature of 48 mm. The grip sections themselves have a diameter of
20 mm and a combined length of 70mm. Table 7.1 details the chemical composition of the
material, while Table 7.2 summarizes the acquired mechanical properties in the as—received

condition from the manufacturer.

70.0 ‘ Iu."j 50.0r l—\ 7I>—| T0.0

Fig 7.1 Fatigue testing specimen (unit: mm).

Table 7.1. Chemical composition of E350 (in wt. %).

Chemical C Mn S P Si Al Cu Ni Cr CEQ
composition

Specimen  0.14 1.45 0.0020 0.014 031 0.026 0.006 0.009 0.013 0.38

Table 7.2. Mechanical properties of E350

Tensile strength Yield Tensile Elongation  Young’s Poisson's
(MPa) strength strength/ (%) modulus ratio
(MPa) Yield (MPa)
strength
534 372 1.43 34 2.1x10° 0.30

7.2.2  Corrosion procedure:

The present study employed an electrochemical technique to accelerate the corrosion. The
fatigue tests are conducted with single pit site on one set of specimens and multiple pit sites on

the other set of specimens. For both sets, the entire specimen surface, except for designated
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circular areas 5 mm in diameter, is covered with insulating tape to localize pitting. One end of
each specimen is connected to a wire, and both ends are sealed with hot melt glue to prevent

solution ingress.

The specimen act as the anode and are fully immersed in a tray containing a 5% NaCl
solution alongside a stainless—steel bar acting as a cathode. For the single—pit specimens, A
constant direct current of 0.5 A is applied for 10 minutes to accelerate corrosion within the
designated area. For the multiple—pit specimens, the same initial corrosion procedure is
performed on one designated pit. Subsequently, an additional pit on the same specimen
undergoes further accelerated corrosion for another 10 minutes, resulting in one pit exposed to
20 minutes of corrosion and another to 10 minutes. (Fig. 7.1 (a) and (b)) shows the specimens

with single pit site and with multiple pit sites.

Single pit

Fig 7.2 Specimen with corrosion pit: (a) single pit; (b) multiple pits.
7.2.3  Characterization of Pitting corrosion:

The dimensions of corroded pits, including width (W), length (l) , and depth ( Dy ), are

measured with a precision of 0.2 mm using a compact, high—definition three—dimensional laser

scanner. The laser scans the pit geometry at a density of 5 million points, achieving this by
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emitting light pulses onto the surface and capturing the reflected light with a sensor. This process
acquires detailed data on the pit geometry, effectively capturing and visualizing the pit and
recreating the corroded specimen. The results of the laser scanning are summarized in Table 7.3.

The critical cross—sectional area loss can be estimated as:

M =(1-4,/4,)x100% (7.1)
where 4, and A, represent sample’s nominal and minimum cross—sectional area (mm?).

Table 7.3 Result summary of corrosion pit geometry.

Specimen Corrosion  Pit geometry from 3D laser scanning

time
(min)
i P w w l l Mo Nesi
(mm) (mm) (mm) (mm) (mm) (mm) (%) (%)
Pit 1 Pit 2 Pit_1 Pit 2 Pit 1 Pit 2 Pit 1 Pit 2
SC 1 10 0.81 - 5.58 - 5.84 - 331 -
SC 2 10 0.83 - 5.49 - 5.72 - 338 -
SC 3 10 0.79 - 5.34 - 6.52 - 327 -
SC 4 10 0.78 - 5.5 - 6.46 - 328 -
DC 1 10/20 1.28 0.79 6.01 5.72 5.92 6.51 7.71  3.28
DC 2 10/20 1.26  0.80 5.89 5.61 5.99 6.42 7.64 3.30
DC 3 10/20 1.31 0.84 6.72 6.39 5.68 5.77 794 340
DC 4 10/20 1.33  0.79 6.66 5.72 5.73 5.83 8.12 3.29

Table 7.3 presents the 7, values for both single and multiple pits corroded specimens. It
can be observed that for single corroded specimens (SC_1-SC_4) exposed for 10 minutes, the
n.; values fall less than 5%, indicating mild exposure. Conversely, double corroded specimens
(DC_1-DC_4) exposed for 20 minutes of corrosion duration exhibit 7, of more than 5% but

less than 10%, corresponding to moderate exposure.
7.2.4  Fatigue testing:

The HCF behavior of the specimens was conducted on a servo—hydraulic fatigue testing
machine (Instron 8802, 250 kN), as shown in Fig. 7.3. The fatigue tests employed load control,
applied directly to the specimens through a load cell positioned on top of the hydraulic jack. The
stress level ranged from 0.70 to 1.0 times the material's yield strength, while maintaining a
constant stress ratio of 0.1. The specimens were subjected to tensile fatigue tests under ambient
air conditions at room temperature, using a sinusoidal load with a frequency of 20 Hz. The

applied load was constant during testing, resulting in varying actual stress ranges due to
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differences in their minimum cross—sectional areas caused by corrosion. Table 4 details the
applied loads and fatigue life results for each specimen. These stress levels were chosen to
reflect those experienced by reinforcing bars in RC bridges under typical service and overload
conditions (Fernandez et al., 2015). While the chosen loading frequency of 20 Hz exceeds that
of typical vehicle loads on bridge decks, previous studies suggest a minimal impact on test
results (Laman and Nowak, 1996). The fatigue testing was terminated in two scenarios:
specimen fracture or reaching a predefined cycle limit of 1 million cycles. However, a fracture

at the grip section rendered the test invalid.

Fig 7.3 HCF test setup.

7.3 Fatigue testing results

731 S, —Nf,exp development based on fatigue data:

In order to assess the influence of stress range and corrosion damage on the fatigue behavior

of E350 steel, this study follows the approach of a previous investigation
(Zhang and Yuan, 2014) by employing a fatigue Sr—Nmp model which is mathematically

expressed as:

N,, =A4S" (7.2)
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where A" and m' are the material’s constant.

The study builds upon a general fatigue Sr—Nﬁexp curve for corroded steel developed in,

considering the pitting corrosion effects (Hahin, 1994) expressed as:.

N, =A4S" (7.3)

exp

where 4 and m are influenced by the level of corrosion in the reinforcing bars. Equation 7.3

can be transformed into a linear relationship as follows:

logN, =A-mlogsS, (7.4)

Xp

Fig. 7.4 presents the fatigue test results from Table 7.3 plotted in a linear format for clarity.
The figure reveals a clear linear relationship between stress range (logarithmic scale) and fatigue
life for both single and double corroded specimens. Notably, as corrosion severity increases,

fatigue life progressively decreases at any given stress range. Drawing on these combined data,

Equations 7.5 and 7.6 provide S, _Mexp curves for single and double corrosion respectively.
logNexp =19.04-5.40log S, R*=0.98 (7.5)

logN, =21.78—6.74logS., R>=0.98 (7.6)

exp
7.3.2  Relation between fatigue life and maximum stress levels:

The fatigue testing results, applied loads, and fatigue life of the specimens are detailed in
Table 7.4. All fatigue tests were conducted until failure, defined as the complete separation of
the specimen. To establish a relationship between fatigue life and maximum stress levels, the
fatigue life versus maximum stress is illustrated in Fig. 7.5. A log-linear relation between
fatigue life and maximum stress levels is evident, with a notable decrease in life as the maximum

stress level increases.

2.52

[0 Single corrosion XI Double corrosion
Trendline - = -Trendline
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logs,
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logNm
Fig 7.4 S, —N,,, curves for corroded E350 structural steel.
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Fig 7.5 Relation between fatigue life and maximum stress levels.

Table 7.4 Result summary of fatigue testing.

Specimen  Specimen Maximum  Maximum Minimum load Cycles to
No. corrosion stress levels load (kN) failure
type (KN)

SC 1 Single 1f 27.48 2.74 3,71,356
SC 2 Single 091 24.73 2.47 4,53,273
SC 3 Single 0.81 21.99 2.19 9,21,977
SC 4 Single 0.7 fy 19.24 1.92 14,79,108
DC 1 Double 1f 27.48 2.74 89,370
DC 2 Double 091 24.73 2.47 1,15,183
DC 3 Double 0.8 1y 21.99 2.19 3,23,474
DC 4 Double 0.7 fy 19.24 1.92 6,47,649

Equations 7.7 and 7.8 provide relation between the fatigue life and maximum stress levels

for single and double corrosion respectively.

logN, =793-243S,_, R>=095 (1.7)

exp
logN,,=7.90-3.02S,.., R =095 (7.8)

7.4 Fractography analysis

The fracture surface, shown in Fig. 7.5 (a), exhibits both transverse microcracks and fine
striation marks. These striations originate from the repeated opening and closing of the fatigue
crack during each load cycle, as explained by (Schijve, 2009). Electron microscopy reveals that
the striations exist in pairs with a smaller spacing within each pair (Fig. 7.5 (b)). Fewer striation
marks have been observed as shown in Fig. 7.5 (a) A significant presence of honeycomb—like

dimples and microvoids, exhibiting diverse sizes and shapes, is evident from Fig. 7.5 (c).
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Previous studies such as Li et al., (2020); Paul et al., (2014) highlight the random distribution
of nucleation, resulting in non—uniform sizes and depths of dimples. The emergence of macro—
cracks as illustrated in Fig. 7.5 (d) and Fig. 7.5 (e) indicates a shift from gradual fatigue crack

growth to an abrupt transition into rapid tensile fracture.

The crack propagation zone of specimens in the as-received state is characterized by the
presence of macrocracks, clamshell marks, (Campbell, 2012; Li et al., 2020). Clamshell marks,
also known as beach marks, serve as indicators of crack propagation originating from the crack
initiation zone (Fig. 7.5 (g)). A large number of irregular and deeper voids are also present in
this zone. The crack path depicted in Fig. 7.5 (g) displays branching, and as the branched crack
progresses, it gives rise to a complex pattern. Simultaneously, another crack initiates and
assumes the role of the principal crack, independently advancing in its own growth trajectory.
Furthermore, there is a notable increase in dimple depth as the corrosion exposure increases as
shown in Fig. 7.5 (g). In general, the presence of uniform and deep dimples signifies higher
plasticity in the specimen, while a limited number of shallow dimples suggests apparent
brittleness. The dimples observed serve as confirmation that the region experienced rapid tensile

fracture, resulting from the forward branch of the last loading cycle.

Tear ridges are formed on the fracture surface as shown in Fig. 7.5 (e) and Fig. 7.5 (h). This
observation can be attributed to the enhanced reaction between steel and the corrosive medium
as the corrosion level increases, making the material more susceptible to fracture
(Guo et al., 2020). A greater number of deeper microcracks and dimples are predominant in 20
min exposure duration compared to 10 min exposure. Larger tear ridges are indicative of
enhanced resistance to material fractures (Kim and Hartt, 2006). The tear ridge formed in

Fig. 7.5 (e) exhibited significantly larger dimensions compared to Fig. 7.5 (h).

198



Chapter 7. High—cycle fatigue behavior of structural steel subjected to pitting corrosion at multiple sites
under elastic stress conditions

SEl 10KV WD11mm S

11 Nov 2022

x3,000 Sum x1,000 10pm

Fig 7.6 Fractographic images of corroded pits: (a) SC_1; (b) SC 2 (¢) SC_3; (d) SC_4; (e)
DC 1; (f) DC 2;(g) DC _3; and (h) DC 4.

7.5 Conclusions

1. Fatigue testing revealed a substantial decrease in the fatigue life of corroded structural

steel as both the corrosion level and maximum stress level increased. This indicates a
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strong negative relation between fatigue life and both corrosion severity and applied

stress.

2. The fatigue test results revealed a clear correlation between stress range and fatigue life
for structural steel. This relationship was linear on a logarithmic scale, indicating that a
significant decrease in fatigue life occurred with an increase in stress range.
Furthermore, the study conclusively demonstrated that corrosion severity had a
detrimental effect on fatigue life. Specimens subjected to higher corrosion levels
exhibited a shorter fatigue life at any given stress range. These findings are significant
for understanding the fatigue behavior of E350 steel in corrosive environments and can
inform engineering practices to ensure the durability of structures made from this steel.

3. The fatigue test revealed a clear inverse relationship between fatigue life and maximum
stress levels for structural steel in both single and double corrosion conditions. This
relationship followed a log-linear trend, signifying a significant reduction in fatigue life
with increasing maximum stress. These findings are crucial for design considerations,
as they emphasize the importance of minimizing stress levels to ensure the structural
integrity of structural steel exposed to fatigue loads in corrosive environments.

4. The fractographic analysis revealed a clear transition from fatigue crack growth to rapid
fracture in the specimens. The presence of striations, microvoids, and clamshell marks
indicated the fatigue crack propagation mechanism. The observed increase in dimple
size and tear ridge with increasing corrosion exposure suggested a progressive loss of
material ductility and a rise in susceptibility to fracture. These findings highlight the
detrimental effect of corrosion on the fracture resistance of the material.

5. Corroded steel with multiple pits exhibited a significantly shorter fatigue life compared
to specimens with single pits. This highlights the detrimental effect of numerous
corrosion pits, each acting as a stress concentration point and accelerating fatigue

failure.
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Chapter 8
Conclusions and recommendations

8.1 Introduction

The study investigated the combined effect of pitting corrosion and elevated temperatures
on the fatigue behavior of constructional steels. It focused on comprehensively evaluating the
fatigue response under these conditions, offering unprecedented depth in quantifying surface
roughness changes induced by pitting and temperature exposure. Predictive models are
developed to relate the surface topographic parameters to the severity of corrosion and
temperature exposure. The research conducted an extensive experimental investigation of the
LCF behavior of pitting—corroded reinforcing bars at elevated temperatures under stress control.
Detailed fractographic analysis of fracture surfaces in these corroded specimens at high
temperatures provided valuable insights. Further, LCF tests were performed on structural steel
under strain control conditions, analysing both corroded and uncorroded specimens. This led to
the development of various parameters and predictive models to understand the influence of
pitting corrosion and elevated temperature on LCF behavior. Additionally, the study
experimentally investigated the HCF behavior of constructional steel containing multiple
corrosion pits. This approach provided valuable insights into the fatigue response of the material

under these complex and realistic conditions.
8.2 Research conclusions and contributions

The following are the major conclusions and contributions derived from the study:

1. Surface characteristics, including amplitude, spacing, spatial, and volume parameters,
exhibit a notable increase with prolonged corrosion exposure and elevated temperatures.
These parameters significantly influence the mechanical and physical properties of the
reinforcing bar. Realistic artificial mimicking of surface profiles for varying degrees of
pitting corrosion and temperature is achievable based on the obtained data.

2. Substantial microstructural changes occur in specimens heated to 500°C or higher,
notably a decrease in granular carbide density at 700°C. Fractographic images reveal
carbides of varying sizes. Enhanced-density fine carbides reduce surface roughness by
filling interstitial spaces between coarse carbides. Larger carbides, constrained by size,
contribute to increased roughness by failing to fill voids. This elevated roughness
creates an uneven surface resembling valleys or pits, potentially acting as sites for crack
initiation.

3. An analysis of the pitting corrosion penetration depth along the circumference of the

reinforcing bar revealed that it follows a flipped Gaussian distribution. This model
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demonstrates a high degree of agreement with experimental data, as evidenced by the
R-squared values ranging from 0.9310 to 0.9937 (minimum and maximum,
respectively). Notably, 94% of the specimens exhibited R-squared values exceeding
0.95, indicating a strong fit between the model and the observed data.

4. Pitting corrosion and elevated temperature significantly impact the surface topography.
Existing models fail to consider the combined effects of pitting corrosion and high
temperatures on surface topography, which significantly impacts fatigue life. This study
presents novel models that corelates surface roughness parameters to both corrosion
severity and temperature. Through rigorous statistical analysis, the study validates
robust relationships between these variables. Moreover, the evaluation of these models
demonstrates satisfactory margins of error, affirming their reliability. Notably, the
findings reveal that stress concentration factors and defect sizes are intricately linked to
the severity of corrosion and temperature variations, providing valuable insights for
fatigue life estimation of TMT reinforcing steel bars under challenging environmental
conditions.

5. The study proposes a framework for high—cycle fatigue life estimation, built upon
developed models for surface topography features. Validation against existing data
confirms its effectiveness. Notably, the framework reveals decreasing fatigue life in
steel reinforcing bars with higher pitting severity, corrosion level, and temperature.
Predicted fatigue life aligns well with both corroded and uncorroded experimental
values.

6. The study proposes an analytical expression for the stress concentration factor based on
the inverted Gaussian distribution of pitting corrosion penetration depth along the
reinforcing bar's perimeter. Notably, the proposed analytical equation, derived using the
Gaussian function, exhibits a minimal deviation of only 7% from the results of finite
element analysis, demonstrating its accuracy and efficiency.

7. The experimental investigation of the LCF behavior of pitting corroded reinforcing bars
at elevated temperatures shows that uncorroded reinforcing bars soften significantly
under LCF at elevated temperatures. Corroded bars experience this even faster, reaching
the same level of softening in fewer cycles. Higher temperatures worsen this effect. In
corroded bars, energy dissipation capacity reduces significantly by 91% between 400°C
and 700°C. This suggests urgent intervention is needed for infrastructure exposed to
such conditions to prevent significant fatigue life reduction and potential failure.

8. The fatigue life of reinforcing steel bar considering the combined effects of pitting
corrosion and high-temperature exposure have been estimated using average SED
approach. Further, a temperature-dependent pit sensitivity function, varying

exponentially in corroded specimens, was proposed. Moreover, establishing a
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10.

11.

temperature-dependent relation between experimental cycles to failure and energy
dissipation capacity under corrosion conditions has been analysed to understand LCF
behavior under the influence of pitting corrosion and elevated temperature.

The experimental investigation of LCF test on corroded structural steel under strain-
controlled conditions revealed a fuller rhombus hysteresis curve expanding with
increasing temperature. A significant reduction in fatigue life, with an 82% decrease in
cycles to failure observed between 25°C and 700°C. Additionally, the energy
dissipation density of corroded specimens declined by 52% within the same temperature
range, highlighting reduced energy absorption capacity. Additionally, the stress
softening factors reveal the impact of exposure temperature and fatigue strain amplitude
on the stress response, while the Coffin-Manson equation provides predictive models
for temperature-dependent coefficients. Experimental and estimated cycles to failure
closely align, affirming the reliability of the average SED approach. These findings
offer crucial insights for engineering applications and structural integrity assessments.

SEM analysis revealed a distinct dependency of fatigue fracture morphology on
temperature. At room temperature, fine and closely spaced striation marks dominated
the fracture surface. As the temperature increased, the striation marks became coarser
and additional features like tear-like structures and clamshell marks emerged.
Furthermore, microcrack size and spacing increased significantly with rising
temperature, indicating faster and more extensive crack growth. EDS analysis
confirmed this trend, showing an increase in oxygen and carbon content with
temperature, which suggests the formation of iron oxides and enrichment of carbon at
the fracture surface.

Experimental investigations into HCF behavior of constructional steel containing
multiple pit sites revealed that that corrosion significantly reduces the fatigue life of
structural steel, and this reduction is exacerbated by higher levels of corrosion and
applied stress. The fatigue test results demonstrate a clear inverse relationship between
fatigue life and both corrosion severity and maximum stress levels. Additionally, the
study highlights the importance of minimizing stress levels to ensure structural
integrity, particularly in corrosive environments. Fractographic analysis reveals that
corrosion leads to a transition from fatigue crack growth to rapid fracture, indicating a
loss of material ductility and increased susceptibility to fracture. Furthermore, the
presence of multiple corrosion pits accelerates fatigue failure, emphasizing the
detrimental effect of corrosion on the structural performance of steel. These findings
underscore the importance of considering corrosion effects in engineering design and
maintenance practices to ensure the durability and safety of structures made from

structural steel, particularly in corrosive environments.
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8.3 Recommendations for future work
The present study provides recommendations for future investigations as follows:

1. This study focused on the influence of pitting corrosion on the fatigue behavior of
constructional steel. Future research could be expanded to investigate other corrosion
types, such as crevice corrosion or stress corrosion cracking, in conjunction with
elevated temperatures. Future research might involve testing different bar diameters,
different lengths, different grades, different manufacturers, and alkaline and acidic
conditions to see if the fatigue life results vary significantly.

2. It is important to note that the current research utilized accelerated corrosion process
that did not consider factors like water-to-binder ratio, cement composition, and
temperature. This may limit long-term durability insights, especially for combined
pitting and elevated temperatures. Future studies should consider these factors for more
robust findings.

3. Experimental investigations could be extended to conduct creep-fatigue tests on
corroded constructional steel specimens under elevated temperature conditions.
Microstructural investigation can be conducted on the creep-fatigue behavior induced
by both corrosion and elevated temperature.

4. To further enhance understanding and prediction, developing empirical and analytical
models to evaluate the fatigue behavior of structural members experiencing combined
pitting corrosion and elevated temperature can be taken up.

5. Exploring surface engineering techniques, such as coatings, treatments, or
modifications, holds potential for improving the corrosion resistance and maintaining
the surface integrity of steel rebar under elevated temperature conditions. Research in
this area can contribute to optimizing the performance and durability of reinforced
concrete structures.

6. Implementing advanced corrosion monitoring techniques, such as electrochemical
impedance spectroscopy or corrosion potential measurements, could provide valuable
insights into the progression of pitting corrosion. Correlating these measurements with
changes in surface topography and fatigue life will help establish quantitative

relationships for improved damage assessment and prediction.
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