ABSTRACT

JANASHVILI, AMIRAN. Strain Aging Effects on the Fracture Initiation in Structural Steel
Subjected to Monotonic and Cyclic Loading. (Under the direction of Dr. Andrew Ziccarelli).

This study investigates the mechanism of static strain aging in modern structural steels
and its influence on the accuracy of predicting ductile fracture initiation. Two commonly
used structural steels, A992 and A572, were examined through a combined experimental
and computational approach. Smooth cylindrical tension coupons and circumferentially
notched bars were tested under various monotonic and cyclic loading protocols to evaluate
the effects of pre-strain level, aging duration, loading direction, and geometric configuration.
The study includes results from 108 experimental tests complemented by finite element
analyses.

The experimental data were used to calibrate the Armstrong-Frederick constitutive
model using a Particle Swarm Optimization algorithm and to define parameters for the
Stress-Weighted Ductile Fracture Model (SWDFM). Finite element analyses were conducted
in ABAQUS, where aged material behavior was simulated by updating the constitutive
parameters to reflect post-aging changes in strength and ductility. These simulations were
then used to assess the predictive accuracy of SWDFM.

Additionally, the study was expanded to include other structural steels. Experimental
results were obtained by digitizing published data from Kaufmann et al. (2001) and Yang et al.
(2022). The same computational approach was then applied to investigate the influence of
strain aging on the accuracy of predicting ductile fracture initiation.

The material characteristics, experimental procedures, constitutive model and SWDFM
calibration, finite element simulation procedures, model descriptions, and the resulting

analyses and conclusions are all presented in this study.
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CHAPTERL

INTRODUCTION

1.1 Motivation

In seismic engineering, fracture is often a critical limit state for a number of members. A
fundamental understanding of the fracture process is vital for designing new structures or
assessing existing ones. The importance of understanding fracture became evident in the
rst half of the 20th century. Following the catastrophic failure of Liberty Ships, fracture
mechanics emerged as a distinct engineering eld. Initial concepts included classical
stress-based failure criteria, followed by energy-based fracture criteria. Later, Linear Elastic
Fracture Mechanics (LEFM) was developed and subsequently extended to Elastic-Plastic
Fracture Mechanics (EPFM). These concepts laid the foundation for what is now known as
conventional fracture mechanics.

Conventional fracture mechanics is based on several assumptions that are not always



valid in real-world situations. These assumptions include the presence of initial aws in
steel elements and limited plasticity. Since 1994 Northridge earthquake, modi cations have
been made to the common welded moment connections. These modi cations successfully
prevent the connections from brittle fracture by ensuring large inelastic deformations in
the prede ned regions. Because of the signi cant yielding before fracture, conventional
fracture mechanics are inapplicable for the analysis of post-Northridge connections. Due
to such limitations, the need for alternative approaches became evident (Kanvinde and
Deierlein 2004).

One such alternative is based on local stress-strain states obtained through nite el-
ement analysis. This approach is not constrained by the assumptions of conventional
fracture mechanics and can be applied to a broader range of problems, including fracture
under earthquake loading. The local approach focuses on the underlying mechanisms of
fracture, which vary depending on the speci c situation. Unlike high-cycle fatigue, which
is governed by Paris law, ductile fracture during earthquakes is characterized by a few large
inelastic cycles - referred to as Ultra-Low Cycle Fatigue (ULCF) - and is governed by the
mechanism of void growth and coalescence.

This mechanism was rst analytically described by Rice and Tracey (1969) and later
extended by other researchers. In 2004, Kanvinde and Deierlein proposed the Cyclic Void
Growth Model (CVGM), which was capable of predicting ductile fracture initiation under
both cyclic and monotonic loading. This was later followed by the development of the
Stress-Weighted Ductile Fracture Model (SWDFM), which covers a wide range of stress
triaxiality and incorporates the effects of the Lode angle (Smith et al. 2021).

Although SWDFM has demonstrated accuracy in predicting ductile fracture initiation
under ULCF, there are certain scenarios where additional factors may play a role, hence
their in uence should be investigated. One such factor is strain aging. It is unclear whether

strain aging affects the void growth and coalescence mechanism, altering fracture behavior.



1.2 Objective and Scope

Strain aging is a physical phenomenon in metals wherein the mechanical properties of a
plastically deformed material change over time due to interactions between dislocations
and interstitial atoms, such as carbon or nitrogen. This process typically results in an
increase in yield strength and ultimate tensile strength, accompanied by a reduction in
ductility (Baird 1963). These changes are particularly relevant in structural steel components
that have undergone plastic deformation, for example, during seismic events or forming
processes. Although several studies have examined how strain aging alters the mechanical
properties of structural steel, they have largely focused on strength and ductility under
monotonic loading. Since ductile fracture is a complex process, which includes necking
and post-necking behavior, using only ductility for assessing the fracture capacity of a steel,
cannot provide a suf cient information, instead, an appropriate fracture model should be
used.

The results from existing literature (Kaufmann et al. 2001; Yang et al. 2022) suggest that
strain aging may in uence the accuracy of fracture prediction under monotonic loading;
however, strain aging in steel under cyclic loading has not yet been investigated. Additionally,
the vast majority of studies have focused on evaluating changes in yield strength, ultimate
tensile strength, and elongation at fracture, while the relationship between strain aging
and the accuracy of fracture prediction remains largely unexplored. This research aims to

Il these gaps and expand the understanding of the interaction between strain aging and
ductile fracture behavior.

The objectives of this study are to:

» Collect and analyze data from existing literature as well as from experimental testing
to investigate the in uence of strain aging on the accuracy of ductile fracture initiation

predictions using SWDFM under both monotonic and cyclic loading.



» Examine the effects of different steel types, specimen geometries, loading protocols,

levels of pre-strain, and aging durations on fracture behavior.

 Lay the groundwork for future investigations.

1.3 Thesis Outline

Chapter 2 of this thesis provides background on two main concepts: strain aging and
micromechanical fracture models, with a speci ¢ focus on the Stress-Weighted Ductile
Fracture Model (SWDFM). The chapter begins by outlining the development of conven-
tional fracture mechanics and highlighting the need for alternative approaches. It then
introduces the concepts of ductile fracture and Ultra-Low Cycle Fatigue (ULCF), followed
by a detailed explanation of the functional form of SWDFM. The second part of the chapter
is dedicated to strain aging. It begins with an overview of strain aging and its classi cations
(i.e., static/ dynamic, natural / accelerated), then explains the underlying mechanisms in
detail. Finally, the effects of strain aging under monotonic and cyclic loading are reviewed
based on the available literature.

Chapter 3 describes the experimental procedures used to collect data. Experiments
were conducted on two different structural steels. The chapter presents the mechanical
properties and chemical composition of each steel. It also includes details about the testing
equipment, specimen geometries, and test setup.

Chapter 4 outlines the computational analysis of the experimentally obtained data
and provides the necessary background. The rst section focuses on the nite element
analysis (FEA) model. Commercial FEA software ABAQUS/CAE (ABAQUS 2016) was used to
simulate the lab tests and extract local stress-strain histories at points of interest. The model

geometry, element types, material parameters, and analysis step size are all discussed. The



next section details the Particle Swarm Optimization (PSO) process, which is employed
to improve the speed and accuracy of constitutive model calibration for each steel. The
chapter concludes with the SWDFM analysis, including a step-by-step description of the
model calibration and application procedures.

Chapter 5 follows a similar structure to Chapter 4 but excludes the PSO subsection. This
chapter focuses on extracting and processing data from existing literature sources.

Chapter 6 compiles the results from the entire study and presents a discussion that leads
to conclusions about the relationship between strain aging and the accuracy of ductile
fracture initiation prediction.

Finally, Chapter 7 summarizes the key ndings of the thesis and suggests potential

directions for future research.



CHAPTERZ

Background on Current State of Research in Ductile Fracture

Initiation and Strain Aging

This chapter reviews the existing literature on strain aging in structural steel. Its primary
objective is to provide a fundamental understanding of strain aging in structural steel and
lay the groundwork for understanding its in uence on the accuracy of predicting fracture
initiation.

The rst part of the chapter provides a concise overview of the history of fracture
mechanics, followed by a description of micromechanical fracture models. It also discusses
void growth and coalescence, which is the governing mechanism of ULCF in steel.

Although micromechanical fracture models have proven effective in predicting ductile
fracture initiation under large-scale low-cycle loadings, the in uence of strain aging on the
accuracy of these models remains unexplored. The second part of this chapter prepares

a groundwork for addressing this gap by exploring the phenomenon of strain aging in



structural steel.

2.1 Fracture Models

2.1.1 Background

Fracture mechanics is about a century old discipline with still ongoing developments. Its
origins date back to 1913 when Inglis analyzed stress concentrations around an elliptical
hole in a thin plate, quantifying stress at the ellipse's tip. However, his ndings introduced
the issue of stress singularity at sharp cracks. To address this, Grif th (1920) proposed a
fracture theory in 1920 based on energy principles rather than local stress. While Grif th's
theory accurately predicted fractures in brittle materials, it failed to explain ductile fracture

in metals.

The eld gained renewed attention during World War 1l due to catastrophic failures in
Liberty Ships. Subsequent research by Westergaard (1939), Irwin (1957), Sneddon (1946),
and Williams (1957) led to the development of the stress intensity factor approach, known
as Linear-Elastic Fracture Mechanics (LEFM). LEFM characterizes the stress eld near a
sharp crack in terms of a single parameter, K, the stress intensity factor, which depends on
applied stress and aw size. When K reaches a critical value, fracture occurs due to unstable
crack growth.

While LEFM is widely applicable, it assumes plastic deformation is con ned to a small
zone near the crack tip, limiting its utility in cases with large plasticity. To overcome this,
alternative fracture criteria were developed. In 1961, Wells introduced the concept of Crack
Tip Opening Displacement (CTOD), and in 1968, Rice developed the J-integral. These
approaches extended fracture mechanics beyond the plasticity constraints of LEFM but

remain inapplicable to scenarios involving large-scale yielding. Additionally, traditional



fracture mechanics assumes the presence of an initial aw, which is not always the case in
structural components. Consequently, neither LEFM nor CTOD or J-integral methods can
reliably predict ductile fracture initiation in steel under large-scale yielding conditions or
without pre-existing aws.

To address these challenges, researchers have shifted their focus to stress and strain elds
at the microstructural level. Emerging micromechanical models built on this approach will

be discussed in subsequent sections.

2.1.2 Ductile Fracture and Ultra-Low Cycle Fatigue

Studies indicate that structures subjected to seismic events experience Ultra-Low Cycle
Fatigue (ULCF), characterized by fewer than 20 large-amplitude inelastic cycles. Unlike
conventional fatigue governed by crack tip blunting and resharpening (Paris law fatigue),
ULCEF is driven by microvoid growth and coalescence. This mechanism is central to under-
standing ductile fracture initiation, particularly in mild steel, where fracture is typically
accompanied by large-scale plastic deformation.

Ductile fracture is primarily governed by the mechanisms of microvoid nucleation,
growth, and coalescence. Void nucleation occurs around secondary particles or inclusions
in steel under suf ciently high stress. Stress causes bonds between the particles and the
steel matrix to break, initiating voids. The fracture process is controlled by void nucleation if
the interfacial bonds are strong. Conversely, weak bonds make void growth and coalescence
the dominant stages.

After nucleation, voids grow independently until they reach a critical size where inter-
actions occur. Plastic strain accumulates in the ligament between voids, leading to local
necking instabilities. These instabilities cause individual voids to coalesce into a macro-

crack. For many steels, this stage is critical to fracture, emphasizing the importance of



understanding void growth and coalescence for accurate prediction of ductile fracture
initiation.

McClintock (1968) and Rice and Tracey (1969) quanti ed the growth of single cylindrical
and spherical voids in elastic-perfectly plastic materials subjected to plastic strain and
triaxial stress states. Their ndings revealed that void growth rates are exponentially related
to stress triaxiality as shown in equation (2.1).

<

dR ‘15
=~ d", (2.1)

— =0.283ex
R p

Y
where R is the instantaneous void diameter, is the yield stress, and d" , is the incre-

mental equivalent plastic strain de ned as:

By integrating the equation (2.1), the total growth during the loading history can be

calculated as:
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Even though Rice and Tracey didnt propose the failure criteria, it is straightforward
to set based on the above equation (2.2). Once the demand (right hand side) reaches the
critical value (left hand side) a fracture initiation occurs. Left hand side can be seen as a
“void growth index” throughout the loading history, which would be a material property.

Later in 1979, d'Escatha and Devaux replaced the yield stress by the effective or von
Mises stress  to account for the hardening behavior of the material, which was not
considered by Rice and Tracey's Void Growth Model (VGM). Therefore, the equation  (2.2)

becomes:
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Where . isvon Mises stress, also called effective stress and it is de ned as:
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The ratio of the mean stress to the effective stress is called triaxiality, which is an impor-
tant measure of stress state in the context of ductile fracture behavior of steel. triaxiality is
expressed by the equation (2.4).

T=—" (2.9

In 2004 Kanvinde and Deierlein proposed a failure criterion for the VGM as follows:

monotonic — C = EXp (1-5T) d" p (2-5)
0

where onotonic 1S the material capacity in terms of void growth, normalized by a coef -
cient C, which is a material property that can be calibrated through notched bar tensile tests
and complementary nite element analyses. After validating the VGM model for predicting
fracture initiation under monotonic loading, Kanvinde and Deierlein extended the model
to cyclic loading and proposed the Cyclic Void Growth Model (CVGM), in which the loading
history is decomposed into tensile and compressive cycles to account for the expansion

and contraction of voids expressed by the following equation:

X 2 X "p2

monotonic  €XP " p = exp(1.5Tj)d", exp(1.5Tj)d",  (2.6)

T>0 "pa T<0 "pa

where is a material damageability coef cient.
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CVGM has been proved to accurately predict ductile fracture initiation under high stress
triaxiality, but it wasnt developed for ULCF under low triaxiality stress states.

In 2014 Smith et al. proposed Stress-Weighted Damage Model (SWDM) which incorpo-
rates the additional parameter, called the Lode angle parameter. The Lode angle is a stress

invariant describing the deviatoric stress state, given by:

3,
2 \]23:2

where J, and J; are the second and third invariants of the deviatoric stress tensor. The

Stress-Weighted Damage Model (SWDM) has the form:

Z.

p
Dswom =€ ° c e*T e”Telld" (2.7)

where A" and A control the triaxiality in uence on damage growth and reduction. The
valuesA* = A = 1.3are recommended by the authors. The parameter  governs the relative
rate of damage during tension and compression, and is assumed to have a value of 1. The
parameter is material-dependent and de nes the in uence of the Lode angle parameter

on material ductility. C is the dominant material parameter and governs the overall
ductility of the material. controls the rate of stress-independent capacity degradation
during compressive loading.

Later, the SWDM was re ned and transformed into the Stress-Weighted Ductile Fracture

Model (SWDFM) Smith et al. (2021), which is a current state-of-the-art micromechanical

fracture model, given in the following form:

Z. . ~

p
D = Cswoem exp(1.3T) exp( 1.3T) exp[ksworm( ] D]d", 1 (2.8)

0 SWDFM

where Csworm,  sworm» @and Ksywoew are free material-dependent parameters.
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Itis important to note that every fracture criterion described above must be satis ed over
a nite material length in order to trigger fracture initiation. The parameter that accounts
for this length is referred to as the characteristic length, denoted as | . This parameter
becomes signi cant in situations where steep stress gradients exist, as the fracture process
is in uenced by the size of the highly stressed region. In such cases, | mustbe determined
separately, either by visual inspection (e.g., measuring the spacing between dimples) or by
calibration after the other model parameters have been identi ed (Kanvinde and Deierlein
2004). In the present study, however, the tested specimen geometries have relatively at
stress pro les; therefore, the characteristic length parameter is not critical and will not be
further discussed.

Micromechanical fracture models are continuously evolving to incorporate additional
variables for more accurate predictions of ductile fracture initiation in structural steel.
However, an important variable that remains unaddressed is the effect of time between
plastic loading excursions, commonly referred to as  strain aging . This study aims to explore
the impact of strain aging on partially damaged modern structural steel and assess the
capability of the SWDFM to capture its in uence on the residual capacity of the steel. The
next section provides an overview of existing literature on the effects of strain aging in

structural steel.

2.2 Strain Aging

Strain aging is a physical phenomenon in metals, where physical-mechanical properties of
plastically deformed material change over time (Abbaschian and Abbaschian 2009; Baird
1963). Strain aging is a broad term covering changes in a wide range of steel properties
caused by the interaction of dislocations with diffusing solute atoms. Strain aging can be

categorized based on the conditions under which it occurs:

12



1. Static and Dynamic Strain Aging:

 Static Strain Aging occurs when a material is plastically deformed, unloaded,
and then allowed to rest before being reloaded. During the resting period, inter-

stitial atoms migrate to dislocations, altering the material's properties.

» Dynamic Strain Aging , onthe other hand, occurs when the aging process (solute
atom migration) and the mechanical loading of the material happen simultane-
ously. This phenomenon is typically observed at elevated temperatures, where

atomic diffusion is more active.

2. Natural and Accelerated Strain Aging (Based on Temperature):

 Natural Strain Aging occurs at ambient temperatures, relying on the slow diffu-

sion of solute atoms over time. This process can take days, weeks or months.

» Accelerated Strain Aging occurs at elevated temperatures, which signi cantly
speeds up the diffusion of solute atoms and the associated changes in the mate-

rial's properties.

These classi cations highlight the different mechanisms and conditions that de ne
the strain aging process in materials, each affecting steel's mechanical behavior in unique
ways.

Dynamic strain aging is a common phenomenon observed in automotive manufactur-
ing and steel production, particularly during processes like deep rolling or drawing that
are carried out at elevated temperatures. For the purpose of this literature review, dynamic
strain aging is not the primary focus and is included solely for the sake of completeness.
The main focus of this review will be on the effects of static strain aging, which can have a
detrimental impact on partially damaged structural steel. From this point forward, static

strain aging will be referred to simply as strain aging.
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Strain aging phenomenon depends on several variables, which will be discussed in detail
in the subsequent sections, and have a few characteristic features such as reappearance
of the discontinuous yield point and increase in yield strength, many times accompanied
by increase in the ultimate tensile strength (UTS) and reduction in ductility (Baird 1963).
These key characteristics of strain aging make it important to consider its effects in the
evaluation of partially damaged structures or structural components. Numerous loading
scenarios, such as static, thermal, seismic loadings, or foundation settlements, can result in
partial damage to steel structures (Hosseini et al. 2015). In many cases, it is more practical
and cost-effective to repair these structures rather than demolishing and reconstructing
them. However, repairing a structure or its individual elements often requires time, during
which strain aging may occur. To accurately assess their residual strength and ensure their
structural integrity, it is crucial to quantify the damage precisely, hence the effects of strain
aging should be taken into consideration.

In the context of earthquake engineering, strain aging can play a signi cant role in
evaluating the long-term performance and safety of steel structures. For example, buckling-
restrained braces (BRBs) are designed to undergo large deformation cycles during seismic
events. These components are often intended to remain in service after an earthquake,
provided they retain suf cient load-carrying capacity. Strain aging, however, can alter
their mechanical properties by increasing yield strength and reducing ductility, potentially
affecting their ability to perform during aftershocks or throughout their intended service
life. Proper assessment of BRB capacity must account for these changes to ensure reliability
under future loading conditions.

Another pertinent case involves yielded moment connections in steel frames, which
are designed to deform plastically during seismic events to dissipate energy. While these
connections provide critical ductility during an earthquake, they may become suscepti-

ble to strain aging over time. The increase in yield strength and ductile-brittle transition
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temperature, and the corresponding reduction in ductility can compromise their ability to
accommodate further deformation during aftershocks or long-term service. Additionally,
strain aging may play a signi cant role in altering the load hierarchy. Originally designed
strong column-weak beam connection might turn into a strong beam-weak column con-
nection (Loporcaro et al. 2019). This highlights the importance of integrating strain aging
effects into the evaluation and repair strategies for such connections.

Overall, addressing strain aging is important in post-earthquake evaluations to ensure
that repaired or retained components meet the necessary safety and performance standards
for future use. By understanding and quantifying these effects, engineers can develop more
effective repair methodologies and make informed decisions about the viability of damaged
structures.

Analyzing the above-mentioned cases, suggest that strain aging can potentially change
the expected behavior of a steel, hence it should not be ignored while assessing the residual
capacity of partially damaged structure. Although, strain aging is not a recently discovered
phenomenon, there is still a lack of data related to fracture prediction in partially damaged
modern structural steel (Yang et al. 2024).

Researchers starting from 1940s have been studying strain aging, but their focus was
more on the production (from the materials science and engineering perspective) and
application of metals in pressure vessels and pipeline, automotive and aircraft industries
(from mechanical engineering perspective). However, an analysis of the available literature
reveals the existing gap in the understanding of strain aging effects on the accuracy of
fracture prediction especially, in structural steel subjected to large plastic amplitudes.

The following subsections describe the relationship between the factors causing strain

aging and the changes in physical properties of steel.
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2.2.1 Mechanism of strain aging

Strain aging in steels occurs due to the migration of interstitial atoms, primarily carbon
or nitrogen, to dislocations within the metal's crystal structure (Cottrell and Bilby 1949).
This process results in a phenomenon that alters the mechanical properties of the steel,
particularly its strength and ductility. The time it takes for strain aging effects to manifest
depends on two critical factors: the diffusion rate of interstitial atoms and the dislocation
density in the material.

The diffusion rate governs how quickly interstitial atoms can move through the crystal
lattice. Higher temperatures generally accelerate diffusion, as thermal energy enhances
atomic mobility. Dislocation density, on the other hand, determines the average distance
interstitial atoms must travel to reach dislocations. When dislocations are densely packed,
interstitial atoms have shorter diffusion paths, leading to faster strain aging. Conversely, in
materials with sparse dislocations, interstitial atoms must travel longer distances, slowing
the process. Strain aging in metals can be categorized into four distinct stages (Baird 1963;

Wilson and Russell 1960a; Yuan et al. 2018):

1. Formation of Cottrell Atmospheres: In the initial stage, interstitial solute atoms
diffuse toward dislocations and cluster around them, forming what are known as
Cottrell atmospheres. These atmospheres effectively pin dislocations, preventing
them from moving freely. As a result, the material experiences an increase in upper
yield strength, lower yield strength, and Liders strain. Luders strain refers to the
visible localized deformation that occurs during yielding, often seen as “bands” on

the material's surface.

2. Precipitation of Solute Atoms: In the second stage, the solute atoms begin to precipi-
tate out of the solid solution, further strengthening the material. This precipitation

leads to a signi cant increase in ultimate tensile strength but also contributes to a
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reduction in fracture elongation, indicating a loss of ductility.

3. Growth of Precipitates: As strain aging progresses, the precipitates formed in the
second stage grow in size. While this growth can enhance certain properties, it also
leads to a further reduction in ductility as the material becomes less capable of

sustaining uniform plastic deformation.

4. Coarsening and Over-Aging: Inthe nal stage, the precipitates undergo coarsening.
Over-aging occurs when the precipitates grow excessively large, which can reverse
some of the strengthening effects. Over-aged materials typically exhibit reduced
strength and toughness, as the coarse precipitates act as stress concentrators, making

the material more prone to fracture.

Strain aging is a multivariable phenomenon. Itis in uenced by several factors including
chemical composition, temperature, type and amount of pre-strain, previous heat treat-
ment, and strain rate (Baird 1963; Hosseini et al. 2016). Changes in any of these factors
can in uence the aging mechanism, thereby altering the effect of aging on the physical
properties of steel e.g. increasing the temperature can accelerate the aging process, or
changing the chemical composition can intensify or weaken the aging effects (Baird 1963).

In the subsequent subsections, the effects of these factors on the physical properties of

steel will be explored in greater detail.

2.2.2 Strain aging effects under monotonic loading conditions
2.2.2.1 Chemical Composition

The chemical composition of a metal is a key factor in the strain aging process. Researchers
have examined strain aging across various metals and alloys (Liu et al. 2018; Dong et al. 2015;

Lindholm et al. 1980; Nakada and Keh 1967). Given that different chemical compositions
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yield different effects, this section will mainly focus on the material of interest in structural
engineering — low-carbon structural steel.

The presence or lack of different elements cause the corresponding strain aging effects.
These elements can be categorized into two classes: the producers and the in uencers.
Alloying elements which can diffuse in metal matrix and lock dislocations in the new
positions are the main contributor to the strain aging. On the other hand, there are elements
which are not vital for strain aging, but their presence or absence can alter the concentration
or mobility of solute atoms, hence changing the strain aging effects on the mechanical
properties of steel.

Today it's widely accepted that nitrogen and carbon are the main cause of strain aging
in metals. This statement has been proved by numerous researchers (Abbaschian and
Abbaschian 2009; Leslie and Hornbogen 1996; Baird 1963; Low and Gensamer 1944). The
effect of these elements is well understood in literature: generally, increasing the solute

level intensi es and accelerates the aging effects (Baird 1971; Loporcaro et al. 2019).

Effects of carbon and nitrogen

Low and Gensamer (1944) demonstrated that carbon and nitrogen are key contributors

to strain aging. Even minimal amounts of these elements—Iikely less than 0.001% by
weight—are enough to induce aging effects (Low and Gensamer 1944; Pussegoda 1978).
They also observed that beyond a certain carburizing threshold, the yield point and strain
aging characteristics become independent of further carburization, indicating that while
increased solute levels initially raise yield strength, this effect eventually plateaus. A sim-
ilar trend was noted for nitriding as well (Low and Gensamer 1944). Wilson and Russel
(1960Db) tested low-carbon rimmed steels with 4% pre-strain and different solute content
and showed that steels with higher concentration exhibited larger increase in yield strength

after aging as it's shown in Figure 2.1. Unlike Low and Gensamer, they did not observe
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plateau inyield strength because the highest concentration tested by the authors was 0.014%
wt. which is insuf cient to reach the saturation threshold for yield strength enhancement.
While a change in yield strength is the primary indicator of strain aging effects, an
increase in ultimate tensile strength (UTS) also typically accompanies the strain aging
of structural steel. The change in UTS usually becomes evident during the second stage
of aging, which does not occur in ultra-low carbon steel but is present in structural steel
due to its relatively higher interstitial content, exceeding 0.02% (Pussegoda 1978). Given
the described condition, the impact of strain aging on ultimate tensile strength (UTS),

in uenced by chemical composition, follows the same trends observed for yield strength.

Figure2.1: Effectof dissolved solute contenton changesinloweryieldstress(  Y), ultimate
tensile strength (U ), and Luders strain, due to strain aging after 4% pre-strain. Estimated
available solution in wt.%: (1) 0.014, (2) 0.0022, (3) 0.0005, (4) 0.0002 (Baird 1971).
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Effects of other alloying elements

Having discussed the primary contributors to strain aging, the effects of other alloying
elements can be addressed. While these elements are not essential for strain aging, they
can still signi cantly in uence the process. Based on their interactions with carbon and

nitrogen, they can be categorized into four groups:

1. Elements that interact weakly or not at all with nitrogen and carbon: Elements like
copper (Cu) and nickel (Ni) can actually enhance the increase in yield strength. In
contrast, manganese (Mn) and phosphorus (P) tend to slow down low-temperature

strain aging in steel (Baird 1963, 1971).

2. Nitride formers: Elements such as aluminum (Al), silicon (Si), and boron (B) generally

reduce strain aging (Baird 1963, 1971).

3. Carbide formers: According to Baird (1963), molybdenum (Mo) appears to have no
signi cant effect on strain aging; however, he mentions that the available evidence is
limited. Later, Pereloma et al. (2010) found that addition of Mo accelerates aging by

reducing the required time by a factor of 0.7.

4. Nitride and carbide formers:  Elements like chromium (Cr), vanadium (V), niobium
(Nb), and titanium (Ti) can effectively eliminate strain aging in steel if suf cient

guantities are provided.

Seraj and Serajzadeh (2016) demonstrated the effect of silicon, showing that 1.1 wt.% signif-
icantly reduces strain aging effects. Other studies (Loporcaro et al. 2019; Pussegoda 1978;
Erasmus and Pussegoda 1980; Restrepo-Posada et al. 1994), found that 0.06% vanadium
can effectively eliminate strain aging below 150 °C. Additionally, research on titanium re-

vealed that adding 0.02—0.03% Ti can prevent aging effects in steels with 0.005-0.006%
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nitrogen (Smaill et al. 1976). Pereloma et al. (2010) reported that 0.74 wt.% chromium
cannot completely eliminate strain aging but can reduce the aging rate by a factor of three.

It should be noted that these trends are not universally applicable in every case. Since
strain aging is a multivariable phenomenon, the effects of these elements can be in uenced
by prior heat treatments or variations in interstitial content.

A notable characteristic of strain aging is the reduction in ductility. Typically, as the yield
strength of steel is increased due to strain aging, its capacity to elongate before fracture
decreases. Any unusual in uence of chemical composition on ductility that does not align
with this trend has not been reported.

Although this is a well-documented trend in the literature, the reason for this reduction
is not clearly explained; usually this effect is attributed to the strength—ductility trade-
off. However, understanding the underlying mechanism of reduction in ductility is a key
component for modifying micromechanical fracture models, making them capable of

taking into account the detrimental effects of strain aging.

2.2.2.2 Time

Strain aging is a time-dependent phenomenon. As aging period increases, interstitial atoms
have more time to migrate and segregate to dislocations, pinning them in new locations.
This results in a greater number of pinned dislocations, which leads to changes in the
mechanical properties of steel. This trend has been both theoretically explained (Cottrell

and Bilby 1949) and experimentally con rmed (Hosseini et al. 2015; Loporcaro et al. 2019;
Wilson and Russell 1960a; Erasmus and Pussegoda 1980; Restrepo-Posada et al. 1994; Yang
et al. 2022). However, the relationship between the mechanical properties of steel and time

is not linear. According to Pense (2004) most metallurgical reactions respond exponentially

to time, i.e. the rst 1 minute has about the same effect as the next 10 minutes, which has

about the same effect as the next 100 minutes.
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The time required for strain aging effects to become noticeable varies signi cantly
based on aging conditions, including chemical composition, pre-strain level, and aging
temperature. Depending on these variables, strain aging effects can become evident within
minutes or take several months (Pense 2004). Due to this multivariable nature, itis chal-
lenging to generalize results from previous studies and accurately predict the exact aging
time for a speci c case. However, it is possible to approximate an interesting time frame for
investigation.

For instance, tests on grade 350 mild steel (approximately equivalent to ASTM A633A)
indicated that the majority of strain aging happens within the rst 24 hours at room temper-
ature (Hosseini et al. 2015). In another study, Loporcaro et al. (2019) observed that in New
Zealand Grade 300E reinforcement steel, strain aging effects appeared after seven days and
continued for up to ayear at 15 °C. Similarly, Yang et al. (2022) observed that Q355B steel
showed signi cant strain aging effects on mechanical properties after 12 hours at room
temperature, with the process continuing over a year. Based on these results, it is logical to
investigate strain aging effects after 12h, 24h, 2 days, 7days, 30 days, 90 days, 180 days, and
1year.

Although time is a favorable factor for strain aging, a too long aging period, especially
at elevated temperature, can cause coarsening of precipitates, leading to over-aging. Over-
aging is characterized by a slight decrease in yield strength and UTS, and slight increase in
elongation at fracture. The possibility of over-aging is especially high in the case of high
temperatures but it is also observed at lower temperatures. For example, Figure 2.2 displays
the signs of over-aging at 60 °C. Additionally, Yang et al. (2022) observed over-aging at room
temperature after 1 year in Q460C steel. In the same study, over-aging wasnt evident in
Q355B steel. This difference was explained by the presence of active carbide and nitride
formers such as vanadium, niobium, and titanium in Q460C steel weakening the aging

effects.
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Figure 2.2: Effect of aging time on changes in tensile properties due to strain aging in low
carbon rimmed steel pre-strained at 4% and aged at 60 °C. Over-aging occurs in stage 1V
(Baird 1971).

2.2.2.3 Temperature

The effect of temperature on strain aging in steel has been widely studied, revealing that
elevated temperatures signi cantly accelerate the strain aging process without necessarily
altering the overall trends or magnitudes of changes in tensile properties.

Loporcaro et al. (2016), who investigated New Zealand Grade 300E reinforcement steel,
found that while aging trends at both ambient and high temperatures followed similar
paths, the effects appeared more rapidly at elevated temperatures. This temperature-driven

acceleration implies that the aging process is faster at higher temperatures, though the
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ultimate magnitude of the changes in the long run remains consistent.

For instance, it's been found that the amount of pre-strain has only a small effect on
the magnitude of total change in yield strength (Baird 1963; Loporcaro et al. 2019; Arani
2015) (assuming pre-strain is enough for strain aging to initiate) but the rate at which
this change becomes evident is a function of pre-strain, meaning that larger pre-strain
results in faster change in yield strength. At ambient temperature (natural aging), the
difference in the rate of change creates a lagging effect between specimens with higher
and lower pre-strain. Figure 2.3 show the “lag” between the specimens with different levels
of pre-strain. Lower pre-strain takes more time but eventually reaches the same amount
of increase in yield strength. At higher temperatures (accelerated aging), the lag typically
observed in specimens with different pre-strain (e.g., 3% versus 5%) disappears, meaning
that temperature effectively offsets the in uence of pre-strain on the rate of change of yield
strength. The Figure 2.4 show that aging at high temperature eliminates the lagging effect
between 3% and 5% pre-strained specimens. At higher temperature the two specimens
show similar changes in yield strength from the beginning. This example illustrates that
increased temperature doesnt enhance the magnitude of the strain aging effects rather

than accelerating the aging process itself.
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Figure 2.3: Change in lower yield strength versus aging time for accelerated aging (Lopor-
caro et al. 2019).

Figure 2.4. Change in lower yield strength versus aging time for accelerated aging (Lopor-
caro et al. 2016).
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Besides changes in yield strength, we can have a look at changes in the UTS and see
that elevated temperature only accelerated the aging and didnt change the magnitude of
increase in UTS (Figure 2.5). Instead of gradually increasing the UTS over a year at ambient

temperature, it increased rapidly in 60 minutes at high temperature and leveled off.

(a) Natural aging (b) Accelerated aging

Figure 2.5: Change in the Ultimate Tensile Strength (UTS) (Loporcaro et al. 2016).

To quantify the effect of elevated temperature, Hundy (1954) derived a theoretical
relationship between the time of aging at ambient temperature and the time of aging at
elevated temperatures. Later Loporcaro et al. (2016) demonstrated the reliability of that
relationship. Table 2.1 lists equivalent aging times at different aging temperatures, obtained
from Hundy's (1954) relationship. This table clearly shows the signi cance of temperature

in strain aging process, speci cally in uencing rate of change of the tensile properties.
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Table 2.1: Equivalent times for natural and accelerated strain aging (Loporcaro et al. 2019).

Temperature 15 C 21C 100C 120C 150C

1lyear 6 months 4h 1lh 10 min

6 months 3 months 2h 30min 5 min

Aging 3months 6 weeks 1h  15min 23 min
time 1month 2weeks 20min 5 min

1 week 4 days 5 min

3 days 36h 2 min

Additionally, studies have shown that temperature has a signi cant in uence on the
strain aging mechanism. Aging below 100 °C is solely driven by nitrogen atoms while above
100°C carbon has a bigger effect (Baird 1963, 1971; Pussegoda 1978).

Other effects of temperature during aging include shift in ductile-brittle transition tem-
perature (DBTT). A shiftin the DBTT occurs with increasing aging temperature, re ecting
changes in the steel's toughness and fracture behavior. Based on reviewing a number of
studies, Pense (2004) observed that up to a certain point increasing the temperature en-
hances the strain aging effects, resulting in a higher DBTT and potentially reduced fracture
toughness. Besides dynamic toughness, static toughness of structural steel was also af-
fected due to strain aging. However, further increases in temperature beyond this threshold
lead to a diminished magnitude of the DBTT shift (Figure 2.6). This phenomenon is likely
due to competing mechanisms, such as over-aging or precipitate coarsening, which can
be considered as a result of elevated temperature during aging. Baird (1963) noted that

over-aging may be well noticeable above 250 °C and it occurs almost instantly above 350 °C.
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Figure 2.6: Changes in ductile-brittle transition temperature due to different aging tem-
peratures (Pense 2004).

Aging at elevated temperatures, therefore, primarily impacts the aging rate rather than
the magnitude of changes. It also affects DBTT and can cause over-aging.

It is important to note that while previous studies establish general trends that provide
a baseline understanding of strain aging effects at different temperatures, the specic
outcomes can vary signi cantly depending on the characteristics of the steel. Factors such
as chemical composition, pre-strain level, grain size, and microstructural features all can
alter the exact nature and extent of temperature effects on strain aging. Consequently,
predictions based on generalized data must be interpreted cautiously and adapted to

account for the unique properties of each steel grade under investigation.
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2.2.2.4 Pre-strain

The level of pre-strain is one of the most important factors in uencing strain aging of steel.
Although time and pre-strain are interdependent variables, pre-strain effects outweigh time
effects, therefore pre-strain has higher impact (Yang et al. 2022; Hosseini et al. 2015; Pense
2004). The main trend found in the literature is that with larger pre-strain the return of
discontinuous yield point happens sooner. Also, changes in UTS and elongation at fracture
becomes more signi cant with increasing pre-strain (Baird 1963; Kaufmann et al. 2001,
Herman 1981).

Many studies showed that strain aging does not take place when the level of pre-strain
is less than a certain value. Usually, this value is at the onset of strain hardening region
(Loporcaro et al. 2016; Hosseini et al. 2015; Yang et al. 2022; Momtahan et al. 2009). On
the other hand, higher pre-strain levels expedite the onset of strain aging, but they do not
inde nitely increase the mechanical properties. Larger pre-strains initially lead to faster
increases in yield strength, yet eventually, the strain aging effect reaches a saturation point
and becomes independent of pre-strain level.

In the study on grade 350 mild steel by Hosseini et al. (2015), a low pre-strain (1.5%)
showed minimal strain aging effects on tensile properties even over a long aging period.
However, at higher pre-strain levels (13% and 19%), strain aging effects were considerable
within a short time frame, showing increases in yield strength and UTS within just two days.
Additionally, Hosseini et al. showed that strain hardening vanishes in grade 350 mild steel
when the pre-strain level reaches 7%. This nding aligns with the study by Yang et al. (2022)
on Q355B steel, stating that 7% pre-strain introduces a severe strain aging effect, such that
strain hardening disappears during the aging process.

Furthermore, Loporcaro et al. (2019) noted that small pre-strain levels (e.g., 1%) did

not lead to yield strength changes even after prolonged aging, while higher pre-strains
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(3% and 5%) produced noticeable changes. These ndings indicate that small pre-strains,
particularly within the yield plateau or Luders strain region, are insuf cient to trigger
signi cant aging effects. Conversely, as pre-strain moves beyond this range, aging effects
are accelerated, and the return of a discontinuous yield point becomes apparent after aging.
This phenomenon was particularly visible in steel specimens aged for extended periods,
with pre-strains in the Liders strain region failing to exhibit increases in yield strength, yet
pre-strains beyond this range showing clear aging effects. Similar trend was observed in
Momtahan et al.'s (2009) study where strain aging effects were apparent only beyond the
pre-strain levels 10 times larger than yield strain.

It is worth to mention that according to Baird (1963) if strain is applied by increments
followed by aging after every increment, then the effect on tensile properties was greater
than if aging was carried out all at once after the entire strain was applied.

In summary, pre-strain is a critical factor in determining the rate and extent of strain
aging in steel, often having a more pronounced impact than aging time itself. Higher pre-
strain levels lead to faster, more signi cant changes in yield strength, UTS, and ductility
loss, with incremental and segmented pre-straining and aging amplifying these effects.
These ndings underline the importance of considering pre-strain in applications where

strain aging could affect structural integrity.

2.2.3 Strain aging effects under cyclic loading conditions

All the studies reviewed up to this point have discussed strain aging in the context of
monotonic loadingi.e. specimenis deformed plastically in one direction, aged and reloaded
in the same direction. In real-world load reversals such as earthquakes are a common source
of plastic deformation. In this section, existing studies on strain aging of cyclically deformed

structural steels will be reviewed. Unlike conventional high-cycle fatigue, earthquakes are
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characterized by a few load cycles with large (10-20 times yield strain) strain amplitudes.
Therefore, the focus of this paper is on the ultra-low-cycle fatigue damage and subsequent
strain aging of structural steels. Based on the reviewed literature a few trends are evident in
the strain aging of cyclically damaged steels.

Restrepo-Posada et al. (1994) tested grade 300 steel at room temperature under reversed
loading condition. He investigated two loading protocols. In the rst case, virgin specimen
was pre-strained up to 1%, then loaded in the reverse direction, compressed down to
0.3% and unloaded. The specimen was reloaded after 37 days and 147 days up to 3%. In
the second case, virgin specimen was pre-strained up to 2%, then loaded in the reverse
direction and compressed down to 1% and unloaded (Figure 2.7). Similarly, after 37 days
and 147 days the specimens were strained up to 3%. Tests showed that the Bauschinger
effect was reduced as pre-strain and aging time increased. For the specimens pre-strained
up to 1% increase in yield strength was evident but it didnt reach the yield strength of
monotonically loaded specimen. Additionally, the increase in yield strength was almost
identical for specimens aged for 37 days and 147 days. The saturation of increase in yield
strength can be due to small amounts of pre-strain. For the specimens pre-strained up to
2% the increase in yield strength was more signi cant. After 37 days yield strength reached
248 MPa while after 147 days it reached 302 MPa, which is approximately same as the yield
strength of the monotonically loaded specimen. Changes due to strain aging in the ultimate
stress and strain werent signi cant neither for monotonically loaded specimens nor for

cyclically loaded specimens.
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Figure 2.7: Strain aging effects under reversed loading condition (Restrepo-Posada et al.
1994).

Similar observations were made by Arani (2015). He studied the effects of strain aging in
steel pipes subjected to forward and reverse torsional deformation with 0.8%, 5%, and 10%
pre-strains. He found that as the aging time and level of pre-strain increases the Bauschinger
effect is reduced, however yield strength in reversed cycle didnt reach the original ow
stress. Additionally, he observed larger change in yield strength when reversed loading
was applied after aging. Also, he stated that unlike the forward re-straining, yield strength
during reversed re-straining increases with an increase in the level of pre-strain.

Increase in yield strength was noticed by other researchers too. Li et al. (2022) studied
strain aging effect on seismic response of Buckling-Restrained Braces (BRB). The authors

observed about 33% increase in the yield strength after 7 months of aging compared to the
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unaged material. However, the increase in yield strength was evident in the rst cycle only
and diminished after that, shown in the Figure 2.8. This phenomenon was explained by
reduced isotropic hardening after aging, meaning aged material does not harden much
after the rst cycle. Changes in the ultimate strength were less signi cant (8% in tension

and 14% in compression) compared to yield strength (33%).

Figure 2.8: Comparison of aged and unaged braces subjected to cyclic loading (Li et al.
2022).

Similar observations were made by Taniguchi et al. (2020). He tested coupons in in-
creasing cyclic strain amplitudes 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5t0 4.0%, each
amplitude repeated twice. After applying the initial damage by cycling up to lor 2%and

aging for 3 months at room temperature, the loading protocol was resumed or restarted.
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Reappearance of yield plateau and rise in yield strength was noted in the rst tension
cycle only, leading to the conclusion that strain aging tends to exhaust the room for stress
increase with loading cycle. The ultimate strength of the coupons has not been changed
due to strain aging. Even though Li et al. and Taniguchi et al. observed increase in yield
strength, changes in the Bauschinger effect have not been reported by these researchers.

Loporcaro et al. (2022) studied the strain-aging effects on the residual low-cycle fatigue
life of low-carbon steel reinforcement. After obtaining the fatigue life of the benchmark
specimen, the author pre-cycled the test specimens to 33% and 66% of their fatigue life
and then aged at elevated temperature to get the equivalent results of 1-year aging at 15 °C.
It was concluded that strain aging reduces the fatigue life of the specimens. The residual
fatigue-life loss for the specimens pre-cycled to 33% was on average 43% and for specimens
pre-cycled to 66% was on average 53%. Therefore, the larger the amount of pre-cycling the
higher the residual fatigue-life loss. However, it should be noted that if the large amplitude is
employed, small number of pre-cycles should be applied to avoid the exhaustion of fatigue
life in pre-cycles, otherwise the residual fatigue-life is not suf cient to show the loss due to
strain aging. Additionally, large strain amplitudes trigger the void growth and coalescence
mechanism, whereas smaller amplitudes are governed by conventional fatigue processes.
Potentially, the difference in fracture mechanisms can alter how strain aging in uences
fatigue life.

Loss of fatigue-life was also reported also by Li et al. (2022). Four BRBs were tested,
where two were aged and the other two were used as benchmarks. During the rst stage
test specimens were axially deformed by applying the ground motion record of the 1994
Northridge earthquake with intensities ranging between 50%-200%. After 7 months of aging
the specimens were cycled to fracture with different amplitudes. One specimen was cycled
to 2.0%, while the other was cycled to +1.5% to -1%. Finally, the total number of cycles

were compared to the benchmark specimens. Braces cycledto  2.0% completed 10 cycles
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while the corresponding benchmark braces completed 19 cycles. Braces cycledto +1.5% to
-1% completed 37 cycles, while the corresponding benchmark fatigue-life was 41 cycles.
Therefore, it seems that strain aging reduces the fatigue-life and the larger the pre-strain

the greater the loss of fatigue-life.

2.2.4 Summary

This review describes the micromechanical fracture models and explores the phenomenon
of strain aging in structural steel, its underlying mechanisms, and its effects on mechanical
properties under monotonic and cyclic loading conditions. Strain aging, driven by the
interaction of interstitial atoms like carbon and nitrogen with dislocations, changes the
material's yield strength, ultimate tensile strength (UTS), and ductility. The chapter high-
lights key factors in uencing strain aging, including chemical composition, temperature,
pre-strain, and aging time.

In conclusion, the ndings underscore the potential signi cance of incorporating strain
aging effects into the evaluation, design, and repair of structural steel components, particu-
larly in seismic applications. While many scholars have contributed to the understanding
of strain aging, further research is needed to address its impact under large-scale yielding

conditions, ultra-low cycle fatigue, and prolonged service life scenarios.
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CHAPTER3

Experimental Procedures for Monotonic and Cyclic Tests

A series of mechanical tests were carried out to generate the data required for analyzing the
effects of strain aging on ductile fracture behavior in structural steel. The objective was to
simulate realistic conditions that steel components might experience during and after seis-
mic events, where both plastic deformation and time-dependent material changes occur.
To achieve this, two different grades of structural steel commonly used in construction were
selected for specimen fabrication. The mechanical properties and chemical compositions
of these steels are presented below.

A total of 108 specimens were tested under controlled uniaxial monotonic and cyclic
loading protocols. These protocols were developed to induce speci ¢ levels of plastic
damage in the material, corresponding to different stages of ULCF. The target damage
levels were identi ed using the SWDFM, as discussed in Section 4.3. After the loading stage,

selected specimens were subjected to different aging durations, chosen based on previous
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experimental studies and relevant literature on strain aging behavior. To collect benchmark
data and calibrate the material and fracture models, some specimens were tested under
monotonic and cyclic loading without any aging treatment. These results were used both
for model calibration and as a reference to evaluate the changes in mechanical properties
after aging.

Although the specimens were fabricated externally to ensure consistency and precision,
all experimental testing - including setup, execution, and data collection - was conducted by
the authors. The following sections describe the materials used, specimen design, loading

equipment, and detailed testing procedures employed throughout the experiments.

3.1 Material

Experimental tests were conducted on two commonly used modern structural steels — A992
and A572. A992 is popular material for wide- ange (W) and channel (C) shapes, while
A572 is preferred for plates, H-piles (HP), and angles (L). Their popularity stems from a
favorable combination of strength, ductility, and weldability, making them suitable for

seismic applications.

3.1.1 Mechanical Properties

To determine the mechanical properties, three uniaxial tensile tests were performed on
smooth cylindrical specimens for each steel type (see Figure 3.1a). The average values of
yield strength, ultimate tensile strength, and the estimates of true strain at fracture are
summarized in Table 3.1. The reported stress values were directly calculated from the

experimental data using Equation 3.1.:
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eng = K (3-1)

where F is the applied force and A, is the initial cross-sectional area of the specimen.
Once necking occurs, the strain distribution becomes non-uniform, and the extensome-
ter can no longer provide reliable measurements. To prevent damage at the moment of
fracture, the extensometer was removed once necking initiated. For this reason, the true
strain at fracture was determined using an alternative approach. According to Bridgman
(1964), the true fracture strain can be calculated as:
i

nt —
e (3.2)

where A; isthe nal cross-sectional area of the specimen at the fracture surface. This
method provides an estimate of the fracture elongation, as it relies on simplifying assump-
tions in the derivation of the equation and may be affected by measurement uncertainties

in determining A;.

Table 3.1: Comparison of Properties for A992 Gr. 50 and A572 Gr. 50.

Steel Yield strength (ksi)  Tensile strength (ksi)  True fracture strain
Test Test
result ASTM result ASTM Test result
A992 Gr. 50 52 50-65 67 65 1.28
A572 Gr. 50 56 50 85 65 1.21

Some tests were invalidated due to interruptions during execution, such as equipment

malfunction or grip failure. The results from these specimens are excluded from the dataset.
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Table 3.2 provides comparison between the recommended and experimental values of the

coef cient of variation. ASTM provides these values for general reference and states that

they shouldnt be used for judging the usability of the steel.

Table 3.2: Comparison of Experimental CV% and ASTM Reference Values.
Yield strength offset = 0.2% Tensile strength
Steel
Test CV% ASTM Ref Test CV% ASTM Ref
A992 Gr. 50 3.2 14 0.9 0.9
A572 Gr. 50 3.4 2.8

3.1.2 Chemical Composition

The chemical compositions of both steels were obtained from the corresponding mill

certi cates provided by the manufacturer. No additional chemical analysis was conducted

beyond the certi cate data. A detailed breakdown of the elemental composition for each

steel is provided in the Table 3.3.
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Table 3.3: Chemical composition of A992 and A572 steels (wt%).

Element Content (Wt%)
A992 A572
C 0.07 0.2
N 0.0053 -
Mn 1.03 1.28
P 0.007 0.013
S 0.026  0.002
Si 0.26 0.23
Al - 0.029
B 0.0003 0.0009
Ca - 0.0012
Cr 0.04 0.08
Cb - 0.002
Cu 0.17 0.23
Pb - 0.001
Mo 0.01 0.02
Ni 0.05 0.08
Sn 0.0109 0.008
Ti 0.001 0.002
Vv 0.002 0.079
Nb 0.029 -
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3.2 Specimen Geometries

For testing purposes, smooth and notched cylindrical tension bars were used. These speci-
mens are straightforward to fabricate and, as a result, relatively inexpensive. In addition to
being cost-effective, this geometry offers several key advantages for fracture testing.

One of the major advantages of notched cylindrical bars is their ability to achieve a
wide range of stress triaxiality values. By simply altering the notch radius, different levels
of triaxiality can be obtained (see Table 3.5). Another signi cant practical bene t of using
cylindrical bars is that they can be modeled as axisymmetric in nite element analysis
(FEA), which reduces computational cost and complexity.

Additionally, due to the presence of a pre-existing notch, fracture tends to occur almost
simultaneously across the entire cross-section. As a result, crack initiation and nal fracture
happenin close succession, making the detection of fracture initiation more straightforward.
Moreover, the at damage pro le near the notch, eliminates the need for the character-
istic length parameter calibration in the fracture model. This simpli cation streamlines
the modeling process. Finally, the notch reduces risk of instabilities such as necking and

buckling during cyclic loading.

(a) Smooth bar (b) Notched bar

Figure 3.1: Specimen Geometries.
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Table 3.4: Specimen dimensions (inches) and designations.

Geometry Steel D Dyn Dnr Ry Designation

A992 05 04 - _ AO
Smooth 016 3 3 Al
A572 075 05  — - BO

05 04 02 005 A2

A992 0.1 A3

0.2 A4

Notched 075 05 025 0.06 B1
A572 0.125 B2

0.25 B3

Table 3.5: Triaxiality for different geometries.

Steel Geometry Triaxiality

AO 3
Al 3
A992 A2 1.6
A3 13
A4 1.0
BO 3
Bl 1.4
AST2 B2 11
B3 0.9

3.3 Test Setup

The experimental specimens were tested in a 55-kip servo-hydraulic MTS load frame at
North Carolina State University. Each specimen was mounted in hydraulic wedge grips

at both ends, and the load was applied uniaxially through displacement control of the
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actuator. Displacement rates ranged from 0.00012 to 0.0003 in /s, depending on the stage of
the loading protocol; for cyclic loading, testing began at the lower rate and was increased
after one cycle. A 1-inch extensometer was attached to the specimen to measure the gauge
displacement for both notched and smooth bars. Throughout the procedure, force, exten-
someter displacement, actuator displacement, and time were continuously monitored,
and the data were recorded for each specimen. Figure 3.2 illustrates the typical test setup

used in the experiments.

Figure 3.2: Typical test setup.

The experimental program used in this study followed a multistep process that com-
bined computational analysis with physical testing. Each specimen was rst measured
to verify that it met the intended geometry speci cations. Once con rmed, the specimen

was strained to a predetermined level of damage. This damage level was de ned using the
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SWDFM as discussed in Section 4.3.

While existing literature typically focused on relatively small plastic strain levels, this
study aimed to extend the understanding of strain aging by pre-straining specimens up
to 40% of their predicted fracture damage. After reaching the target plastic strain, the
specimens were unloaded and removed from the testing machine to undergo the aging
process.

As described earlier, static strain aging involved two distinct phases: plastic deformation
followed by a period of aging. Two different approaches were used for strain aging. The rst
one was natural aging. For this purpose, the specimens were stored at room temperature for
either 2 days or 7 days. The second approach was accelerated aging where, after the initial
deformation, specimens were placed in boiling water for two hours, which is equivalent
to 6 months of aging at 15 °C (Loporcaro et al. 2019). Aged specimens then were naturally
cooled down before re-loading. These aging durations were selected based on ndings from
the literature studies.However, considering the in uence of factors such as temperature,
deformation level, and chemical composition, it is bene cial to investigate a range of aging
times speci c to each steel.

Once the aging period was complete, the specimens were re-mounted and re-strained
until they fractured. Throughout both loading stages, data were collected for complemen-

tary FE analysis.

3.4 Loading Protocols

To investigate the effects of strain aging on fracture behavior, specimens were pre-strained
and re-strained using a range of loading protocols. The monotonic tests followed a straight-
forward procedure in which each specimen was pre-strained to a desired level of plastic

deformation, unloaded, aged, and then pulled to fracture. The only monotonic test with a
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slightly modi ed protocol involved one of the smooth bars that underwent a double-aging
treatment. In this case, after the rst aging stage, the specimen was re-strained to a higher
level of plastic deformation, unloaded, aged for a second time, and nally pulled to fracture.

For the cyclic loading tests, a wider variety of loading protocols was examined to capture
the different aspects of strain-aging effects under repeated loading. The general types of
protocols for cyclic loading include cyclic-monotonic, and cyclic—cyclic loading during pre-
straining and re-straining stages respectively. These protocols were applied with different
amplitudes and phase con gurations to simulate a broad range of loading conditions. The
amplitudes were taken as a percentage of fracture elongation of benchmark monotonic
tensile tests.

Loading can be either symmetric or asymmetric. Additionally, the unloading and re-
loading sequences are varied to capture a wide range of stress histories. For instance,
after the pre-straining stage, a specimen may be re-loaded starting with eithera  tensile
(Figures 3.3b and 3.3c) or compressiveexcursion (Figure 3.3a). During the reloading phase,
specimens may be subjected to either cyclic or monotonic loading. Under cyclic loading,
specimens are alternately strained in tension and compression until fracture occurs. Under
monotonic loading, specimens are continuously loaded in tension without reversal until
fracture. This variety of loading paths allows for a comprehensive evaluation of how strain

aging interacts with different mechanical loading histories.
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(a) Protocol 1 (P1): reloading stage starts with a compressive excursion.

(b) Protocol 2 (P2): reloading stage starts with a tensile excursion.

(c) Protocol 3 (P3): reloading stage starts with a monotonic tensile excursion.

Figure 3.3: Loading Protocols.
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CHAPTER4

Computational Analysis of Experimentally Obtained Data

The purpose of the experimental tests is to collect data for computational analysis aimed at
investigating the effects of strain aging on ductile fracture behavior, with a particular focus
on evaluating its in uence on the accuracy of SWDFM predictions.

The computational analysis was carried out following the procedure outlined below:

« Calibrate the SWDFM using benchmark test results.

« Using calibrated SWDFM determine the target damage level for the planned loading

protocol and conduct laboratory tests accordingly.

» Simulate the laboratory tests in ABAQUS and compute the damage value at fracture

for the aged specimens.

The SWDFM relies on the evolution of stress triaxiality and equivalent plastic strain. To

gather the required input data for the analysis, a commercial nite element analysis (FEA)
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software, ABAQUS (ABAQUS 2016), was used. After modeling the specimen geometries
and calibrating the constitutive parameters, the physical experiments were simulated in
ABAQUS. During the simulations, stress triaxiality and equivalent plastic strain histories
were extracted at critical locations within the specimens.

For the geometries used in this study, the critical points are located at the center of the
specimens. This s the location where crack initiation occurs and fracture rapidly propagates
through the cross-section. Once the stress triaxiality and equivalent plastic strain histories
are obtained, calibration of the SWDFM becomes possible.

A detailed explanation of the SWDFM calibration process is provided in the following
sections. In this study, all unaged (benchmark) notched bars were used to calibrate the
SWDFM; however, in practice, fewer tests are suf cient to achieve accurate results. The
calibration of SWDFM is essentially an optimization problem and is relatively straight-
forward for notched bars. In contrast, the calibration of constitutive parameters is more
computationally intensive and time-consuming.

The sections that follow provide a detailed description of the SWDFM formulation, the

material constitutive models, and the setup and execution of the ABAQUS simulations.

4.1 ABAQUS Model Description

4.1.1 Geometries and Element Types

For the FEA, each specimen geometry used in the experimental program was modeled
in ABAQUS. Axisymmetric models were employed using reduced integration elements
to improve computational ef ciency while maintaining accuracy. Additionally, by taking
advantage of the specimen's geometric symmetry the computational cost was further

reduced (Figure 4.1). The element type used was CAX4R—a 4-node linear axisymmetric
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quadrilateral element with reduced integration. The element size was approximately 0.005-
0.01 (in) near the notch, and the total number of elements per model ranged from 410-580
depending on the notch radius.

Displacement histories recorded from the 1" gauge during the laboratory tests were
applied directly to the model as boundary conditions. Support reaction at the constrained
node was taken to allow for direct comparison between the experimental and simulated

force-displacement responses.

Figure 4.1: ABAQUS model: Notched Bar.
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4.1.2 Material Parameters

To simulate the cyclic plastic behavior of the structural steel specimens, an extended version
of the Armstrong—Frederick (A-F) constitutive model—known as the Chaboche model—was
used (Lemaitre and Chaboche 1990). This model is widely implemented in commercial FEA
software, including Abaqus. The Chaboche model is based on the von Mises yield criterion
and is capable of capturing both strain hardening and the Bauschinger effect through the
use of multiple backstress components. Backstress represents the translation of the yield
surface in stress space during plastic deformation, modeling the material's resistance to
further plastic ow in the direction of prior loading. It is the key parameter used to describe
kinematic hardening, allowing the model to account for phenomena such as Bauschinger
effect. In this study, two backstresses were employed to represent kinematic hardening
behavior. Combined kinematic and isotropic hardening was used to capture the cyclic strain
hardening of steel. Figure 4.2a graphically illustrates A-F hardening response for a uniaxial
stress-strain condition, and Figure 4.2b shows translation of the von Mises yield surface in
the projected principal stress plane. As shown in Figure 4.2, the total yield stress, v, canbe
decomposed into an isotropic hardening component, iso» Which changes the size (radius)
of the yield surface, and a kinematic hardening component represented by the backstress,
(Smith 2009). The following equations de ne the relationship between each hardening
component and the plastic strain. Equations 4.1-4.3 describe each hardening component,
and Equation 4.4 de nes the total yield stress (Smith et al. 2014). These expressions serve
as the foundation for the Particle Swarm Optimization (PSO)-based calibration procedure

described in the next section.
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Figure 4.2: Armstrong-Frederick Plasticity Model (Smith et al. 2014).

Compared to manual calibration, PSO offers improved speed and accuracy. While the
core idea of both methods involves matching the computational response to the experi-
mental results, PSO employs a more rigorous and systematic approach to minimize error. A
detailed explanation of the PSO process and its implementation is provided in the following

sub-sections.
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4.1.3 Step Size

As mentioned above, each individual nite element analysis is computationally inexpensive.
For consistent and stable convergence, an analysis step with a maximum increment size
of 0.005 was used. This provided suf cient resolution for capturing the evolution of stress
and strain during loading without compromising simulation ef ciency. Depending on the
loading protocol and geometry, each simulation required approximately 2 to 5 minutes to

complete on a standard workstation.

4.1.4 Points of Interest

In each simulation, data was collected from the center of the specimen, which is considered
as the critical point. This location consistently experiences the highest stress triaxiality and
suf ciently high equivalent plastic strain, making it the primary site for crack initiation in

test specimens. Therefore, all fracture-related parameters, including stress triaxiality and

equivalent plastic strain (PEEQ), were extracted from this central point.

415 Obtained Data

Three key datasets were obtained from each simulation: force—displacement response,
triaxiality history, and equivalent plastic strain history. Although the micromechanical
fracture model used in this study incorporates Lode angle effects, the Lode angle parameter
was not recorded because, for an axisymmetric condition, its value is always 1.

Force—Displacement ResponseThe global response of the specimen was captured by
applying the experimental displacement history and summing the reaction forces at the
constrained nodes. This response was used to validate the overall mechanical behavior of
the FEA model by comparing it to experimental test results.

Stress Triaxiality History : Stress triaxiality, de ned as the ratio of mean stress to von
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Mises equivalent stress, is a critical parameter in ductile fracture modeling. Its evolution
throughout the loading history plays a key role in the calibration and application of the
SWDFM. Tracking triaxiality at the critical point allows for accurate prediction of fracture
initiation under varying loading paths.

Equivalent Plastic Strain (PEEQ) : The accumulated equivalent plastic strain was mon-
itored throughout the analysis. This parameter is used in combination with triaxiality
to assess damage progression and to calibrate the fracture model. The history of PEEQ
provides insight into the material's inelastic deformation prior to fracture.

These datasets collectively provide the local and global mechanical response required
for SWDFM calibration and subsequent fracture prediction. The data also enables a direct
comparison between experimental and computational results, ensuring the validity and

accuracy of the modeling approach.

4.2 Particle Swarm Optimization Algorithm for Constitutive

Model Calibration

Calibrating the material constitutive model in the large strain regime presents a signi cant
challenge. In small strain ranges, stress and strain elds remain relatively homogeneous
throughout a prismatic tensile coupon, allowing for direct measurement and parameter
identi cation. However, under large plastic deformations , this homogeneity is lost due

to localization effects, such as necking. The same situation is in case of non-prismatic
specimens, such as notched bars. Due to specimen's geometry, stress and strain arent
homogeneous, which means that they cannot be directly obtained from the experimental
data. In such cases, direct measurement becomes unreliable, and complementary nite

element simulations are necessary. These simulations enable indirect calibration of the
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constitutive model by matching the global force—displacement behavior from experimental
tests with that predicted by the simulation.

Identifying a set of parameters that yields a close match between computational and
experimental responses is a tedious and nonlinear task. Traditional manual calibration
relies on a trial-and-error method, which may require tens of iterations and signi cant
human judgment. Due to the complex nature of structural steel behavior at large strains,
establishing clear, intuitive relationships between speci ¢ model parameters and the global
force-displacement response is often not feasible.

To accelerate the calibration process and eliminate subjective bias, Smith et al. (2014)
proposed an automated, robust method using Particle Swarm Optimization (PSO). PSOis a
population-based metaheuristic optimization technique inspired by the social behavior of
birds ocking or sh schooling. In the context of constitutive model calibration, PSO is used
to minimize an objective function that quanti es the difference between experimental and
simulated responses.

For this study, a two-backstress variation of the Armstrong-Frederick (A-F) model was
adopted for constitutive modeling. This formulation captures the cyclic plastic behavior of
structural steel and incorporates both isotropic and kinematic hardening. The challenge
with automated calibration is that some of the model parameters are interdependent,
resulting in multiple sets of parameters with similar qualitative response. For example,
total saturated hardening de nes the maximum possible hardening value for a particular
material and it is given by the Equation 4.5.

G, G

sat — Ql +—+— (4-5)
1 2

The total saturated hardening has a strongin uence onthe overall tofload-displacement

response, however as illustrated in Equation 4.5 it depends on multiple material parameters,
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meaning same response can be achieved by different combinations of these parameters.
Such interdependence is challenging for optimization algorithms because it requires si-
multaneously traversing multiple parameters in search space to nd the optimal solution.
To address this issue, model parameters were redesigned for optimization algorithm with
the goal of maximizing independence between the optimization parameters. Seven trans-

formed optimization parameters are listed below  Z; through Z-.

VAR

ZZ sat

Zy b

Zy 1

Z. Ci= 4
sat

Ze

z, Co= >

Once the PSO algorithm identi es a set of optimized parameters, they are mapped
back to the corresponding material model inputs. The overall calibration procedure can be

broken down into two primary steps:

1. Generating new parameters.

2. Computing the error function to evaluate how well the simulated response matches

the experimental data.

The proposed error function is shown in Equation  (4.6), which is also graphically illus-

trated in Figure 4.3:
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Using this equation, the error is computed for each set of parameters  Z, for all the tests
S. PSOis used to search for Z, which results in the minimum combined error.  Feas @nd Fegpm
refer to the experimental and simulated force values at a given analysis step. d |, denotes
incremental plastic strain, and ! ; is a weight factor, which allows for assigning higher or

lower importance to different tests. For a homogeneous data set, ! ; = 1.0 for all tests.

Figure 4.3: lllustration of Error Function (Smith et al. 2014).

A potential drawback of this error function is its inherent bias toward tests with a larger
number of loading cycles. If every cycle were included in the error calculation, once the
hysteresis loop has stabilized, the error would continue to accumulate with each repeated
loop, even though no new material behavior is being revealed. This would unfairly weight
such tests in the optimization process. To mitigate this issue, only the rst two half-cycles

that exceed the previously reached extreme displacement—either in tension or compres-
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sion—are considered in the error evaluation. This approach ensures that the calibration
focuses on capturing meaningful changes in material response, rather than overemphasiz-
ing redundant cyclic data from stabilized loops (Smith et al. 2014).

PSO was selected as the search algorithm due to its ef ciency and robustness. Orig-
inally proposed by Eberhart and Kennedy (1995), PSO has been re ned through several
subsequent studies (e.g., Bratton and Blackwell 2008; Eberhart and Shi 1998). In PSO, a
group (or "swarm") of candidate solutions (called "particles") is initialized using a uniform
random distribution across the search space. At each iteration, the position of each particle
is updated based on its previous best-known position and the global best found so far. Each
particle has an associated velocity, which determines its movement within the search space.

The velocity is updated using the following equation:

Vi+1:WVi+ gug(g Xi)+ pup(p Xi) (4-7)

where:

v; is the velocity of the given particle at step i.

U p) @re stochastic perturbations.

X; is the current location of the particle.

p (personal best) is the location in parameter space of the best solution so far for a

given particle.

g (global best) is the location in parameter space of the best solution yet found across

all particles.

w is the inertia of the particle, providing a degree of randomness. It is suggested to

setw initially to 0.55 and make it linearly decrease to a value of 0.275.
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* (.,p) @re constants determining the degree to which the particle is attracted to the

global and personal bests, respectively. Suggested values for both are 1.5.

Due to the random perturbation included in the velocity update, particles do not con-
verge directly on the current best solution. Instead, they scatter slightly, allowing exploration
of the surrounding region. Suggested population size by authors is 20 particles, and the
optimum number of iterations is determined to be 13.

The PSO search and objective function evaluation were implemented in MATLAB, while
the FE simulations were conducted using ABAQUS. Communication between the two
platforms was achieved via the ABAQUS / Python scripting interface, enabling automated

data exchange and simulation control.

4.3 SWDFM Analysis

The Stress-Weighted Ductile Fracture Model (SWDFM) analysis is a multistep process used
to predict ductile fracture initiation based on local stress—strain histories. The functional
form of SWDFM is shown in Equation 4.8, where T (triaxiality), PEEQ(equivalent plastic
strain), and X (Lode parameter) are obtained from FE simulations, while C, ,and are

calibration parameters.

Z. o ~

p

D=C exp(1.3T) iexp( 1.3T) exp[ (Xj 1Jd", 1 (4.8)
In this model:
» C governs strain hardening behavior.
* accounts for asymmetry between compressive and tensile cycles.

* introduces the in uence of the Lode angle.
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In speci ¢ cases, such as axisymmetric monotonic loading, and canbesetto 1.0,
simplifying the calibration process.

The SWDFM calibration process begins with the collection of experimental data. For
calibration, circumferentially notched bars were selected because they provide a wide
range of triaxiality values. Their at stress pro le eliminates the need for a characteristic
length parameter, while the axisymmetric stress state xes the Lode angle, allowing =1
throughout the calibration. The remaining parameters ( C and ) were identi ed using a
simple optimization routine. After completing monotonic and cyclic tensile tests, global
displacement histories were applied as input loading in FE simulations. Triaxiality and
PEEQ histories were recorded for each calibration specimen. The optimization algorithm
evaluated the mean squared error across all calibration specimens for each candidate
parameter pair, selecting the set with the smallest error. Ideally, the SWDFM value should
reach D = 1.0 precisely at the moment of fracture initiation in each specimen. Once C
and were calibrated, the model could be used to predict damage accumulation under
any arbitrary loading protocol, enabling precise determination of the desired level of pre-
strain. In this study, specimens subjected to cyclic loading were pre-strained to 40% of
the predicted fracture damage ( D = 0.40). Depending on specimen geometry and loading
protocol, it typically required three to ve inelastic load cycles to reach the target damage
level.

After determining the target damage level and conducting the laboratory tests, the
experimental data were used to simulate the tests in the nite element model to capture
the changes in the aged specimens and to evaluate the accuracy of SWDFM predictions.

The aging effects were most pronounced in the monotonic tests, which were simu-
lated using a three-step analysis procedure in ABAQUS. Initially, the model was assigned
unaged material properties. In the rst step, the model was elongated to the prescribed

pre-strain value and subsequently unloaded to a zero-force condition. In the second step,
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the unaged material properties were replaced with the aged ones. This was achieved by
associating eld variables with the corresponding stress—strain data and changing the active
eld variable between steps to switch the material behavior. In the third step, the model
was reloaded up to the experimentally observed fracture point. Figure 4.4 illustrates an
example comparison of the experimental and simulated force—displacement curves for
aged specimens. It is noted that for monotonic tests exhibiting large changes in mechanical
properties after aging, the plastic behavior was represented by von Mises yield surface with
isotropic hardening directly through the stress—strain envelope instead of using the A—F
material model. This approach provided a better agreement between the simulated and
experimental force—displacement responses, improving the accuracy of the analysis.

For cyclic tests, however, signi cant changes in the force—displacement response were
not apparent; therefore, updating the material parameters after aging did not notably affect
the nal results. Consequently, the entire cyclic test was simulated using the base material
parameters obtained through PSO.

Ideally, if the SWDFM were fully applicable without modi cation, the predicted damage
value would also reach 1.0 at the fracture point of the aged specimen. However, signi cant
deviation in the damage value at fracture between the aged and unaged specimens would
suggest that strain aging alters the void growth and coalescence mechanism, indicating
the potential need to modify or extend the SWDFM to capture these effects. Calculated
damage values for each test and average aged and unaged damage values for each steel is

presented in Chapter 6.
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Figure 4.4: Comparison of experimental and simulated stress-strain response for smooth
aged specimen.
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CHAPTERD

Computational Analysis Using Literature Data

5.1 Materials and Specimen Geometries

Besides lab test, data for this study was collected from the available literature to investigate
strain aging effects in different structural steels. A number of researchers have studied
strain aging in for different purposes. For this study, data from Kaufmann et al. (2001) and
Yang et al. (2022) was used. Tables 5.1 and 5.2 below summarizes chemical composition

and mechanical properties of the used steels and Figure 5.1 provides specimen geometries.
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Table 5.1: Chemical composition of steels (wt%).

Content (wt%)

Element A572-Kaufmann A913-Kaufmann Q355-Yang

C 0.067 0.085 0.20
N 0.0032 0.0033 0.012
Mn 151 1.20 1.47
P 0.022 0.023 0.024
S 0.005 0.020 0.028
Si 0.28 0.18 0.47
Al 0.032 0.002 0.28
B < 0.0001 0.0002 -
Ca < 0.001 < 0.001 -
Cr 0.028 0.11 0.57
Cu 0.31 0.22 0.08
Pb 0.006 0.003 -
Mo 0.065 0.072 -
Ni 0.23 0.11 0.05
Sn 0.004 0.013 -
Ti 0.002 0.001 -
\Y 0.15 0.005 -
Nb 0.003 0.008 -
Co < 0.001 0.01 -
w < 0.001 < 0.001 -
As 0.003 0.011 -
Zr 0.001 0.001 —
Sb 0.0034 0.0044 -
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Table 5.2: Mechanical properties of steels.

Steel Lower yield strength (ksi) Ultimate tensile strength (ksi)
A572 - Kaufmann 58 76
A913 - Kaufmann 50 70
Q355 - Yang 54 76

() A572 and A913 Steel Specimens (C0O and DO respectively) - Kaufmann
(inches)

(b) Q355 Steel Specimen (EO) - Yang

Figure 5.1: Specimens from literature data (a) Kaufmann specimen, (b) Yang specimen.

5.2 Analysis Procedure

Experimental procedures in these studies were similar to each other. Tests were conducted
in two stages: rst, specimens were pre-strained to selected values and unloaded, then
stored for different periods and re-strained until fracture. The purpose of both studies was

to investigate changes in the mechanical properties, such as yield strength and the ultimate

tensile strength, of strain-aged steel.
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The procedure utilized for investigating the effects of strain aging on fracture initiation
through reported data in the literature was conceptually similar to the laboratory inves-
tigations. The published stress—strain or force—displacement plots were digitized using a
free, publicly available application PlotDigitizer (PlotDigitizer 2025). These plots showed
the specimen response before and after strain aging, thereby providing useful information.
The material model calibration using the obtained data was straightforward, since the
tests reported in the literature involved smooth bars under monotonic loading, meaning
that stress and strain were uniformly distributed and cyclic hardening effects were absent.
SWDFM calibration was also simpli ed for monotonic tensile tests, since the values of
and were kept constant at 1. These and other small differences between the procedures
for data processing obtained from experiments and from literature sources are presented

below.

5.2.1 ABAQUS Model Description

As shown in Figure 5.2 Yang et al. (2022) used rectangular tensile coupons in their study.
Tests on rectangular coupons cannot be simulated using axisymmetric FE models, instead
3d solid shapes were modeled in ABAQUS. Taking advantage of symmetry, only one eighth
of the specimen was modeled, reducing computational cost.

The nite element model employed C3D8R elements. The element size ranged from
approximately 0.02 inches in the middle section of the specimen to 0.13 inches near the
ends, resulting in a total of about 3000 elements. To replicate the experimental setup, the
following boundary conditions were applied: the X—Z face was constrained in the Y direction,
the Y—Z face was constrained in the X direction, and the X-Y face was constrained in the Z
direction, as illustrated in Figure 5.2. Displacement histories digitized from the published

plots were imposed directly as boundary conditions. The reaction forces were obtained
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by summing the support reactions at the constrained nodes, enabling direct comparison
between the experimental and simulated force—displacement responses. In both of the
studies smooth specimens, without pre-existing notch, were used. To trigger necking, the

specimens were modeled with 0.5% taper towards the center.

Figure 5.2: ABAQUS model: Rectangular Smooth Bar.

Because the reported tests in the literature were monotonic tensile, calibration of cyclic

hardening parameters was not required, which simpli ed the material model calibration.
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