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Abstract

In the automatization of the infrastructure engineering trade, large time sav-
ings during construction may be obtained. One possibility is prefabrication of
reinforcement units on the construction site where assembling is executed by
industrial robots. The reinforcement unit needs to obtain sufficient stiffness in
order to keep together during the lifting sequence into the mold. Welding is an
option to achieve stiffness to the unit, however welding of reinforcement bars
come with reduction in fatigue strength.

Material fatigue was examined in order to develop an understanding of dif-
ferences between static and cyclic loading as well as available approaches on the
subject.

Present design regulations in Eurocode 2 are conservative regarding welding
and fatigue issues and perhaps robot welding outperform design S-N curves.
The standard was written in the 1980’ies and scientific support for fatigue of
reinforcement bars were available up to approximately 2 · 106 cycles. Longer
fatigue life, are hence pragmatic guesses as well as curve inclination after 2 · 106

cycles.
An experimental program was carried out where 23 welded reinforcement

bars were subjected to fatigue loading until failure. The welds were non load-
carrying and performed by industrial robots with a MAG135 method. Stress
ranges of 280, 176, 164 and 148 MPa were selected and fatigue lives between
approximately 400 · 103 and 800 · 103 cycles were noted.

It can be concluded that for the selected stress ranges, MAG135 robot weld-
ing performs in good agreement with design S-N curves. No benefits were seen as
to these stress ranges. However, this may change regarding lower stress ranges
since fatigue lives longer than 2 · 106 cycles are pragmatic assessments in the
standard.

Finally, fracture surfaces were studied with optical microscope in an attempt
to capture different fatigue stages, described in the literature. Fatigue fracture
surfaces are different compared to static loading fracture and pictures highlight-
ing the differences were produced.
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Sammanfattning

Automatisering av anläggningsbranschen kan spara mycket produktionstid. En
möjlighet är prefabricering av armeringsenheter p̊a arbetsplatsen där sammansättningen
kan göras av industrirobotar. Armeringsenheten m̊aste vara tillräckligt styv för
att kunna lyftas ner i gjutformen. Svetsning är ett alternativ för att uppn̊a
tillräcklig styvhet, dock innebär svetsning av armeringsjärn att utmattningsh̊allfastheten
reduceras.

Materialutmattning undersöktes för att utveckla en först̊aelse för skillnader
mellan statisk och cyklisk belastning samt tillgängliga angreppssätt av ämnet.

Nuvarande bestämmelser i Eurocode 2 är konservativa när det gäller svet-
sning av armeringsjärn där det uppst̊ar utmattningslast men eventuellt kan
robotsvetsning överträffa nuvarande S-N kurvor. Normen skrevs under 1980-
talet och vetenskapligt underlag, vad gäller utmattningsliv i cykler, var ansen-
ligt upp till ungefär 2 ·106 cykler. Utmattningsliv längre än 2 ·106 cykler utgörs
av pragmatiska bedömningar, s̊a ocks̊a kurvlutning efter 2 · 106 cykler.

En serie av experiment utfördes där 23 svetsade armeringsjärn utmattningslas-
tades till brott. Svetsarna var icke lastbärande och utförda av industrirobotar
med svetsmetod MAG135. Spänningsvidder om 280, 176, 164 och 148 MPa
valdes och utmatningsliv mellan ungefär 400 ·103 och 800 ·103 cykler noterades.

Sammanfattningsvis uppvisade provkropparna provningsresultat i enlighet
med normen. Robotsvetsningen uppvisade inga fördelar vid dessa spänningsvidder.
Emellertid, kan lägre spänningsvidder ge bättre resultat eftersom dessa livslängder
best̊ar av pragmatiska bedömningar d̊a normen skrevs.

Avslutningsvis, studerades brottytor med optiskt mikroskop i ett försök att
f̊anga olika utmattningssteg, som beskrivs i litteraturen. Utmattningsbrottytor
är utmärkande jämfört med brottytor fr̊an statisk belastning och bilder p̊a detta
har tagits fram.
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Chapter 1

Introduction

Fatigue evaluation for structures of reinforced concrete is mainly a concern for
bridges and offshore installations since high live load levels are anticipated.
Material fatigue in infrastructure engineering is in all essence originating from
varying live loading causing stress ranges to appear in different elements. The
load situation is however hard to anticipate since future traffic volumes never
are known, which render the number of loading cycles and corresponding stress
ranges unknown [1]. A typical bridge is designed for a technical life time of 120
years which in practice would imply a total amount of stress cycles well above
109 cycles for a bridge exposed to high frequency heavy traffic. When fatigue
design of reinforced concrete is considered, welded reinforcing steel is usually a
limiting factor in design.

The main topic herein, is welded reinforcement bars (rebars) and associ-
ated fatigue behaviour when industrial robots have performed the welding. A
detailed background of the thesis is presented in the next section as to the
automation process in infrastructure engineering. Furthermore, scope with lim-
itations are introduced to confine the subject to a graspable size. Finally, a
chapter disposition is briefly presented in order to obtain an overview of the
thesis.

1.1 Background

Swedish tradition regarding the production of reinforcement units such as meshes
and cages, concerning in-situ cast concrete, is well-established. When longitudi-
nal and transverse reinforcement bars are connected to ensure that the bars are
kept together during concreting, a simple rebar wire tying is conducted, which in
practice means that the crossing of two bars is lashed together by a small wire.
In infrastructure engineering, in-situ casting is more or less standard procedure.
The process of constructing the reinforcement unit is time consuming and de-
manding for the skilled workers. This brings out the question whether this part
of the casting process can be automated. It turns out that it might be possible
to use industrial robots in the construction of reinforcement units. However,
to use industrial robots implies that welding of the reinforcement crossings be-
comes of interest since this may be beneficial in the automated production. If
reinforcement units are prefabricated (prefab) on site and lifted into the mold

1



1.1. BACKGROUND CHAPTER 1. INTRODUCTION

before concreting, the units need stability and rigidity, properties which do not
exist when rebar wire tying is used. Welding provides sufficient stability to the
reinforcing unit during lifting phases.

The overall possibility to use welded connections between reinforcement bars
is in present day highly limited due to low reference fatigue strength values in
the standard. Welding frequently affects the reinforcement bars, whereon it is
hard to evaluate the remaining strength in the bars. This results in the low
reference fatigue strength values in the standard, i.e. ∆σRsk, see Section 2.6.1.
It is thus not the weld itself that is interesting, but the remaining strength of the
rebar subjected to welding treatment. Following the standard entails in practice
untenable design situations and welded rebars in fatigue prone structures are in
reality rarely used.

In order to facilitate the use of welding in the manufacturing of reinforcement
units, it should be concluded that present reference fatigue strength values are
not representative for welds performed by industrial robots. A probability exists
that industrial robots can perform welding in such a way that the reinforcement
bars are kept sufficiently unaffected.

Developments of an automated production of reinforcement units have be-
gun. In short, the idea is to establish a reinforcement unit installation station on
site, consisting of a cutting- and bending machine and three robot arms mounted
on overhead cranes. The cutting- and bending machine prepares reinforcement
bars whereon robots proceed by assembling the prepared reinforcement bars
with tying or spot weld to desired units. A reinforcement unit is subsequently
lifted into the mold whereat concreting is initiated. Figure 1.1 is a sketch of the
intended reinforcement station.

Skanska (construction company) and ABB (automation company) have suc-
cessfully constructed reinforcement units through the above process, however
only in prototype environment and on small scale. The concept of a manual
reinforcement construction station on site has also been tested in practice with
promising results. An area where reinforcement was assembled into units with
welding and then lifted into the mold was established on full scale at a Skanska
construction site. The finished structure was however designed with low fatigue
loading which enabled welding of reinforcement units.

Figure 1.1: Schematic view of an intended reinforcement unit construction sta-
tion.

2



CHAPTER 1. INTRODUCTION 1.2. SCOPE

A logical next step is to evaluate fatigue properties of reinforcement bars
influenced by welding, where welding has been performed by industrial robots.
Furthermore, the results should be compared to the present design standard,
i.e. Eurocode 2 (EC2) [3a].

1.2 Scope

Fatigue of materials and structures has become a vast area of research and sev-
eral sub domains can be defined under the concept of fatigue. The tested and
evaluated reinforcement bars are dealt with as as received bar thus influence
from concrete is completely disregarded. Studies imply safe side when rein-
forcement bars are tested in air as test results show lower fatigue strength when
compared to bending tests of reinforced concrete beams [1, 2d]. Bond breaking
fatigue between concrete and reinforcement and any other positive or negative
interaction effects are thus not covered.

Fatigue performance of reinforcement bars differ when bending and axial
fatigue are compared; however, bending fatigue is left out and only uniaxial
tension fatigue is evaluated.

Questions of corrosion effects on fatigue performance is of high concern when
service life assessments are conducted on in-service bridges. The tested rein-
forcement bars herein, have by a small extent been corroded, see Figure 1.2,
since all were received from a construction site. By extension, all reinforcement
bars were not identical and no pre-conditioning was performed on any surfaces
implying that some differences between starting conditions are expected. How-
ever, since the reinforcement bars are as new as possible, an assumption of
negligible effects from small corrosion is reasonable and also entails plausible
situations when it comes to in-situ cast reinforced concrete, where minor corro-
sion is expected. Corrosion fatigue will not be dealt with further.

Although the fatigue life of reinforcement bars is of high importance, atten-
tion is also necessary for the concrete itself when design is performed. Fatigue
of concrete is not covered and only the reinforcement bars are considered.

Pre- and post tensioning of concrete structures are also an interesting subject
regarding fatigue. Design standards, e.g. Eurocode 2 [3, 4] and fib Model
Code 2010 [5], distinguish between tensioned reinforcement and ”traditional”
reinforcement. Pre- and post tensioned reinforcement is disregarded hereinafter
in this study.

Considering design codes as Eurocode 2 (EC2) [3, 4] or fib Model Code 2010
(MC2010) [5], bending of reinforcement bars clearly has a negative impact on

Figure 1.2: Overview of a specimen showing the as received status with limited
corrosion.

3



1.3. DISPOSITION CHAPTER 1. INTRODUCTION

fatigue life. Only straight bars are investigated and bent bars are not discussed
further.

In Sweden, design of reinforced concrete structures applied in infrastructure
engineering, are governed by numerous standards and regulations beyond EC2.
TRVFS [6], TRVK [7, 8] and TRVR [9, 10] are important regulations and
function as amendments to the Eurocode design standard. In the analysis of
the results, only EC2 will be considered since it is the most essential standard
regarding fatigue design of reinforced concrete structures.

In literature and design, a distinction is made between load-carrying and non
load-carrying welds. The purpose of the welds is to keep the reinforcement unit
together during concreting and perhaps sustain some minor accidental mistreat-
ment during construction. Once concreting is finished the welds are no longer
needed. With this in mind, the welds are treated as non load-carrying in design
calculations and the interesting part is not the weld itself, but how the welding
process affects the longitudinal rebar.

1.3 Disposition

An outline of chapter content is briefly treated next.

Chapter 1 - Introduction

An overview of the thesis is presented which should provide an overall glimpse
to the project. Project background is described together with scope and thesis
disposition.

Chapter 2 - Theory

The concept of material fatigue is introduced regarding governing parameters
and different fatigue approaches. Furthermore, crystalline microstructures are
scrutinized as to material damage in general and the concept of dislocation
movement. Thence metal fatigue, in connection to important microstructural
characteristics are discussed concerning specific material damage from cyclic
loading. The general fatigue stages, crack initiation, crack propagation and
failure, are subsequently treated whereon differences in static and cyclic loading
are presented. Next, reinforcing steel microstructure is treated in relation to
fatigue and the implications from welded rebars are also introduced. Previous
literature and papers deemed relevant, are integrated all through Chapter 2
when necessary. Finally, governing design regulations in EC2 are presented
with relevant parameters to experimental testing herein.

Chapter 3 - Method

Welded specimens were tested in fatigue and the experimental procedure is de-
scribed in detail regarding specimen configuration, steel material and loading
conditions. Selected and tested stress ranges are presented and succeeding sta-
tistical analysis of the test results is also shown as to linear regression and 5%
lower tolerance limit. The usage of an optical microscope is briefly discussed
where fracture surfaces were studied.
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Chapter 4 - Results

The different tested stress ranges with corresponding fatigue life are presented
graphically and in tables. Fracture surfaces from selected specimens are ob-
served both with ordinary camera and from optical microscope.

Chapter 5 - Discussion

An overall discussion of the test results is carried out. The theory is interweaved
with the test results and final conclusions are presented.

1.4 Objectives

A profound investigation as to background and selection of the present refer-
ence fatigue strength values will be the start of the thesis. To thoroughly clarify
the intent, assumptions, underlying theory and previous test results from which
present reference fatigue strength values are based is of importance. The out-
come from the background to the fatigue sections in EC2, might be insightful
facts when proceeding to the next step.

Reinforcements bars with transverse rebars connected by welds performed
by industrial robots will be tested uniaxially in fatigue until failure. The results
will be compared to present reference fatigue strength values and the outcome
will indicate whether present reference fatigue strength values are representative
for welds performed by industrial robots.

The results from laboratory testing are to be evaluated with the objective
of introducing reference fatigue strength values that are more suitable for welds
performed by industrial robots.

1.5 Approach

Initially a literature study along with contact with authorities and universities
will be conducted in order to establish background and selection of the current
reference fatigue strength values.

Laboratory testing of robot-welded connections as to crossings of reinforce-
ment bars will be performed. The reinforcement bars will be tested uniaxially
in fatigue until failure. A specimen will be a simple structure consisting of two
reinforcement bars where one has been welded to the other as a transverse bar,
see Figure 1.2. The important point is that the reinforcement bars, which will
be tested uniaxially, have been altered by the welding.

The data from the testing will consequently be evaluated in order to obtain
recommendations for reference fatigue strength values for welding performed by
industrial robots.
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Chapter 2

Theory

Material fatigue is studied in great extent, especially for ductile solids as met-
als. The field of fatigue is ascribed the work of pioneer August Wöhler who
studied fatigue performance of railway locomotive axles in the middle of the
19th century. Wöhler discovered damage to the axles which could not be ex-
plained from static loading and later found differences to material damage from
static contra cyclic loading. Since then, the research has increased drastically
and fatigue design of fatigue prone structures is today always under consider-
ation. However, fatigue design approaches and fundamental assumptions have
not developed that much since the work of Wöhler.

The available approaches for fatigue performance evaluation of a structural
component will be addressed in forthcoming sections as well as relevant pa-
rameters for fatigue loading endurance. Furthermore, fatigue of metals and
the importance of microstructural properties are also dissected which pave the
way for a general description of metal fatigue life domains as to microstructural
damage, crack initiation and crack propagation. Rebar microstructure and its
implications for rebar fatigue strength are the next subject which also will be
narrowed down to some scrutinizing over fatigue performance of weld affected
steel and rebars and suitable testing methods as of the same. Background to
present design standard, Eurocode 2 (EC2) [3a], has been examined as far as
possible where some selection of design parameters are reviewed. Finally, a brief
overview over the chosen statistical evaluation method of the test series as to
linear regression is discussed.

2.1 Fatigue Life Parameters

When fatigue, in relation to a components expected life span is considered, the
fatigue life, Nf , is a fundamental quantity which is the number of cycles at
a constant stress range that a component can endure before failure. Several
parameters influence the fatigue life of materials and are in general stress range,
stress ratio, mean stress, discontinuities and temperature, as summarized in the
list below [1, 11b].

• Stress range, ∆σ

• Stress ratio, R
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Figure 2.1: Definitions of fatigue parameters visualized in a stress over time
diagram. Inspired by [12].

• Mean stress, σmean

• Discontinuities

• Temperature

These parameters will be discussed further in forthcoming sections, see sections
2.1.1, 2.1.2, 2.1.3, 2.1.4 and a graphic interpretation of one load cycle, stress
range, stress ratio and mean stress is shown in Figure 2.1.

2.1.1 Stress Range

The difference between maximum and minimum stress is the stress range, ∆σ,
and is calculated according to (2.1). By definition of cyclic loading, the stress
range is very important when fatigue performance is considered and occasionally
the cyclic loading is expressed as stress amplitude, σa, which also is defined in
(2.1). It should be emphasized that within the very concept of material fatigue,
a cyclic loading and by extension an acting stress range is the definition of
fatigue loading.

∆σ = σmax − σmin; σa =
1

2
∆σ (2.1)

Since the first discovery of material fatigue by Wöhler, a fundamental difference
between cyclic and static loading is the stress range which is alternating stress
between a maximum and a minimum. The cyclic loading causes specific material
damage which is different from static loading, see Section 2.4.4.

2.1.2 Stress Ratio

The ratio of minimum to maximum stress is the stress ratio, R, and is defined
in (2.2).

R =
σmin

σmax
(2.2)
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If the cyclic loading has equal parts in compression and tension, i.e. σmax =
−σmin, the stress ratio is −1 and is refered to as fully reversed cyclic loading. A
stress ratio equal to 0 implies that σmin = 0, hence the component is unloaded
during bottom part of the loading cycle. Static loading is obtained if R = 1, i.e
σmax = σmin.

The stress ratio affects fatigue performance where an increased stress ratio
extends the fatigue life. If the stress range is constant an increase in stress ratio
lowers applied mean stress and on the other hand, if mean stress is constant
an increase in stress ratio decreases applied stress range. From this reasoning,
comprehending the direct stress ratio effects are not difficult. The stress ratio
is usually kept constant and a common choice in tests are 0.2 [2c] and will also
be adapted in the experiments herein.

Stress ratio might also influence the fatigue life of a component in the stage of
fatigue crack growth, i.e. propagation and it has been shown that fatigue crack
growth rate increases with a high stress ratio [13]. It is well established that
the degree of crack closure increases with a decrease in stress ratio, however
the effect of crack closure is debated regarding if the effect is present during
early stages of crack initiation or merely develops during crack propagation [14].
Consequently, stress ratio may, in addition to above, also have microstructural
effects which influence the fatigue life. Regardless, it is well established that
differences in stress ratio alters fatigue test results.

The stress ratio for a real bridge in service is a function of the ratio of dead to
live load and Tilly [1] reports in an overview article from 1979 that a common
service stress ratio for bridges is between 0.2 to 0.4. Few newer stress ratio
suggestions for real bridges have been found in literature, however Yafei et al.
[13], suggested in 2017, that stress ratios in bridges are below 0.5.

2.1.3 Mean Stress

The middle value of the stress cycle is the mean stress, shown in (2.3).

σmean =
1

2
(σmax + σmin) (2.3)

If the mean stress is increased, the allowable stress range decreases for a given
number of cycles to failure [1]. Mean stress effects are many times overlooked,
for instance in design codes such as Eurocode 2 [3] and fib Model Code 2010 [5].
The reason for this is somewhat unclear though a feasible assessment could be
the stress concentrations at rib-bar locations and residual stresses from welding
and manufacturing process yielding minor mean stress effect. Fatigue crack will
always initiate at a material zone where stress concentration is large. Since
rebars have both geometric discontinuities as well as residual stresses, mean
stress effects might be less important when compared to a component where
these properties are minimized.

2.1.4 Discontinuities and Temperature

As mentioned in Section 2.1.3, discontinuities have a major influence on fatigue
life. Overall geometrical changes has the same effect in cyclic loading as in static,
i.e. stress concentrations become an evident effect at these sites. For a rebar
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the zones between bar and ribbing pattern are zones of stress concentrations as
well as any welded surfaces.

Temperature has a clear effect on fatigue properties in two ways. Firstly, a
change in temperature might alter material microstructure, hence the fatigue
performance is not as intended. Secondly, thermal fatigue is also an issue where
fluctuating temperature causes alternating stresses in the material similar to
stress ranges. Temperature effects become more apparent at large alterations
and are assumed negligible from now on.

2.1.5 Connection Between Stress Range, Stress Ratio and
Mean Stress

A delicate problem becomes evident when stress range, stress ratio and mean
stress are studied in more detail. When it comes to experimental procedure it
should be desirable to only alter one parameter in order to isolate its effect on
results. However this is not possible in the case of fatigue testing. Given that
stress range effect is tested, stress ratio and mean stress should be held constant
yet if the stress ratio is constant, that implies alteration in mean stress. And vice
verse, if a change in stress range is performed with a constant mean stress, this
consequently changes the stress ratio. This is not surprising since all parameters
are functions of maximum and minimum stress, c.f. (2.1), (2.2) and (2.3).

2.2 Fatigue Approaches

Perhaps the most classical approach in fatigue design is the total fatigue life,
Nf , an approach in which the number of cyclic loadings for a given stress range
(or strain range) to develop catastrophic failure are counted and plotted in a
S-N curve (also Wöhler curve). S (or ∆σ) is the stress range and Nf are the
number of load cycles to catastrophic failure. Fatigue strength is the reverse
situation, i.e. the stress range for which a structural component can endure
given a specific number of loading cycles. Figure 2.2 presents design S-N curves
from EC2 [3a] where reduction in fatigue life for weld affected rebars are obvious,
which are further discussed in Section 2.5.3. From Figure 2.2 it appears that
welded rebars have a fatigue strength which exceeds that of unaffected rebars
at high stress ranges, approximately ∆σ ≥ 225 MPa. This is however from
mathematical aspects and not the case in reality. When design is performed, it
is the S-N curve for unaffected rebars at these high stress ranges which apply
since it is more conservative.

Another approach is the defect tolerant approach which also is known as
fracture mechanics where by numerical simulation it is possible to asses a com-
ponents crack propagation given a starting flaw. Both the total fatigue life
and the defect tolerant approach are discussed more closely in Section 2.2.1 and
Section 2.2.2.

A distinction is necessary to introduce between low-cycle fatigue (LCF) and
high cycle fatigue (HCF). Low cycle fatigue characterizes of high maximum
stresses where macro plasticity stresses occur in different extent in the steel
during a loading cycle yielding low fatigue life. Load cycle stress levels entirely
in the elastic material domain provide longer fatigue life and are defined as
high-cycle fatigue [15p]. A precise and general limit for the number of cycles
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Figure 2.2: S-N curves from EC2 for straight unaffected rebars as well as weld
affected rebars [3a]. The upper horizontal limit is the yield strength.

between LCF anf HCF is difficult to ascertain and is related to material prop-
erties and stress concentrations, however a reasonable assessment is somewhere
in the region of Nf = 104 cycles [16].

Current fatigue evaluation approaches all rely on empirical data based on
experiments and fracture mechanics, thus no analytical model exist. The physics
of material fatigue are not yet fully understood, still an overview of current
research position are reviewed.

2.2.1 Stress - Life Approach

The original Wöhler approach, i.e. where the total life, Nf , in terms of cycles
to catastrophic failure, is connected to a specific loading level, such as stress
range, ∆σ, or stress amplitude, σa. Below a certain cut-off limit or endurance
limit in the loading level, a detail is assumed to endure an infinite number of
cycles and in Figure 2.2 the endurance limit can be seen where S-N curves turn
horizontal. If this limit exists in reality can be questioned, however S-N curves
show an obvious decrease in curve inclination when the number of cycles grow
large from a decreased stress range. Typically, inclination changes somewhere
in the range between 106 and 107 loading cycles, depending on material and
starting conditions for a component or specimen [15q]. For smooth specimens,
the total fatigue life approach, represents in many ways design against crack
initiation since smooth specimens show a major part of their total fatigue life in
crack initiation phase [15c]. In contrast, rebars are far from smooth and stress
concentration as well as other surface defects are always present, especially at
construction sites.
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In 1910, Basquin suggested that fatigue life could be described by a power
law function, presented in (2.4), where Nf is the fatigue life in number of stress
cycles, ∆σ is the applied constant stress range and k and C are material con-
stants.

Nf = C∆σ−k (2.4)

By using logarithms (2.4) becomes linear, as shown in (2.5).

logNf = logC − k log ∆σ (2.5)

From (2.5) it is evident that the material constant k describes curve inclination
in log scale and C is the ordinate crossing.

The aforementioned description of a stress-life approach for determining fa-
tigue life assumes a constant stress range throughout the entire life of the struc-
ture. In reality, this is not the case, where fatigue prone structures are subjected
to varying stress range, mean stress and stress ratio. A more reality descriptive
approach is available by the Palmgren-Miner cumulative damage rule, see (2.6),
in which it is assumed that each load cycle, with a specific stress range, induces
damage to the material. The damage from each cycle is added together and
when the cumulative sum reaches a critical value (often 1) the detail fails. If
ni is the number of load cycles corresponding to a constant stress range, m
is the total number of blocks of different stress ranges and Nf,i is the fatigue
life corresponding to the same stress range, (2.6) provides an estimation of the
remaining fatigue life.

m∑
i=1

ni
Nf,i

≤ 1 (2.6)

The Palmgren-Miner rule should be used with caution. It can provide both
accurate and inaccurate results, since the rule is load history sensitive, i.e. the
outcome can differ vastly depending on assumptions of loading sequences. Fur-
thermore it is a linear damage rule which overestimates damage from stress con-
centration such as notches and residual stresses. It is established that notches
and residual stress concentration locations have the ability to non-linear stress
redistribution when plasticity occurs. Finally, effect of crack closure is not con-
sidered, an effect more prominent the more minimum tensile stress is decreased
and in particular during compressive loading [15s]. In summary, the Palmgren-
Miner rule can be very helpful used under plausible conditions and assumptions.

2.2.2 Fracture Mechanics Approach

A different route can be chosen, if a defect tolerant approach is the basis, which
is a fundamental assumption in fracture mechanics. The starting point is as-
suming the presence of flaws in all structural components. This premise is not
hard to comprehend, however sizes and extent of flaws need to be determined,
which in most cases are very qualitative and thus difficult to perform in an
objective manner. Several techniques are available for examination of a speci-
men, yet none of which are perfect. Once initial flaws or crack sizes are settled,
calculations determining the number of cycles to propagate the initial crack
to a predetermined crack size or fracture, are performed [15b]. This can be
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performed with satisfying result, given enough available experimental result for
model calibration.

The overall idea, in fracture mechanics, is that by introducing a stress in-
tensity factor, ∆K, the behaviour of crack growth can be assessed. Through
numerical simulation, crack propagation can be modeled with finite element
analysis [17g]. The well known Paris law, which still is most widely used, states
that crack propagation rate is a power law function, as shown in (2.7).

da

dN
= C∆Km (2.7)

where da/dN is crack propagation rate as crack growth, a, per cycle, N , ∆K is
elastic stress intensity factor at crack tip and C and m are material constants
which are functions of material microstructure, environment, temperature and
stress ratio. As a consequence, it is not surprising that (2.7) only holds for
constant stress ratio loading, as well as fixed environment and temperature
[15u].

2.3 Material Microstructure

In order to describe the phenomenon of material fatigue behaviour properly,
material microstructure content and texture are of great importance in all ma-
terials. Hereinafter, metal microstructure is the main focus which in literature
is grouped under a material subdomain as ductile solids or semi-ductile solids.
Generally a coarse delimitation between ductile, semi-ductile and brittle solids
is necessary since differences in fatigue behaviour are known, however brittle
materials are not discussed further.

Crystalline materials are composed of a distinguishing atomic arrangement
which is important if material damage and fracture are studied and by extension
fatigue damage. The crystalline microstruture as well as inevitable microstruc-
tural defects are discussed in forthcoming sections.

2.3.1 Crystal Types and Unit Cells

Metal microstructure is in essence crystals of various sizes which forms grains
in the metal structure as a lattice. Crystals are arrangements of atoms in spe-
cific patterns which repeats itself in three dimensions [18a]. A crystal in the
metal lattice can have an arbitrary rotation compared to other crystals in the
lattice even though the atom arrangement remains the same. A distinction is
made between single crystalline metals and polycrystalline metals where single
crystalline metals are composed of only one chemical specific crystal structure.
All other types are polycrystalline metals where different types of crystals are
present in the metal microstructure. Polycrystalline metals are by far the most
common metals since most engineering applications use alloys, which quite fre-
quently show polycrystalline structure [15g].

When crystals form and grow, various manufacturing processes as well as
chemical composition dictate which specific crystal structures are created. The
smallest compound in a crystal is the unit cell which is a specific structuring
of atoms. When a metal is manufactured, crystals grow from stacking of these
unit cells face to face thus, unit cells are the building blocks in a crystal [18a].
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Crystals/grains Unit cell stacking

Figure 2.3: Rebar cross-section showing an arbitrary crystal structure as well
as stacking of BCC unit cells within a crystal.

Figure 2.3 depicts how stacking of unit cells forms small crystals with vary-
ing size and orientation whereby the crystallographic lattice shapes the rebar
steel. Several different unit cells exist and common crystal structures, relevant
to metal microstructure, are face centered cubic (FCC) crystals, body centered
cubic (BCC) crystals and body centered tetragonal (BCT) crystals. Differences
in crystal structure result in varying general properties thus also fatigue char-
acteristics. A FCC unit cell is shown in Figure 2.4 and is characterized by the
face structure where six atoms, one at each cube face, are split at the faces
between different adjacent unit cells. Each corner of a unit cell has one eighth
atom thus shares this atom with seven other unit cells, see Figure 2.4a. The
atom structuring over the cube faces is outlined in Figure 2.4b. A BCC unit
cell still shares one eighth atom at the corners of the cell, yet one atom is at
the center of the unit cells not shared with any other adjacent unit cells, which
is presented in Figure 2.5a. Figure 2.5b highlights the atom structuring and
specifically the centering of one atom to the cube body. FCC and BCC unit
cell both are of cubic form, however different geometries are possible. If, for
instance, the height of a unit cell increases, yet the same atom structure, a
tetragonal geometry appears. A body centered tetragonal (BCT) structure is
an example of this where the atoms are structured as in a BCC cell, however
with a cell geometry of a cuboid. The only difference between BCC and BCT
unit cells are thus the side lengths of the unit cell [18b].

2.3.2 Crystal and Structural Defects

An ideal crystal where stacking of unit cells are without flaws do not exist
in real metal. On the contrary, all crystals contain defects which origin from
either point, line, surface or volume imperfections. These defects are sources
of disturbance to regularity of atoms and may significantly modify material
characteristics which can be both positive and negative. The disturbance from
defects introduce atom dislocations due to energy reasons. Dislocations are
line defects and are of great concern in fatigue behaviour, however all defects
influence fatigue properties [18c]. Dislocations are further discussed in Section
2.3.3.

In a perfect crystal all atoms are at specific and regular sites. As mentioned
above, in a real atom structure point defects are present to some extent which
may be intrinsic defects, i.e. positions where atoms are either left out as va-
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(a) Schematic view showing atom par-
titioning.

(b) Schematic view outlining atom
structuring over cubic faces.

Figure 2.4: One unit cell of a face centered cubic (FCC) crystal. Inspired by
[18m].

(a) Schematic view showing atom par-
titioning.

(b) Schematic view outlining atom
structuring where an atom is centered
to the cube body.

Figure 2.5: One unit cell of a body centered cubic (BCC) crystal. Inspired by
[18l].
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V

I

Figure 2.6: Schematic view of a metal plane showing point defects, impurities
and geometry notches. V is for vacant atom position, I is for self-interstitial
atom and black circles marks impurity atoms. Inspired by [18n].

cancies (V) or extra atoms are squeezed in as self-interstitial (I) atoms. Such
positions are schematically shown in Figure 2.6 as ”V” and ”I”. These intrinsic
defects originate from energy entropy where a thermodynamically stable con-
figuration generates imperfections, however vacancies or self-interstitial sites in
atom arrangement, can also arise from plastic deformation or irradiation [18c].
Described point defects in atom structure are from atoms of the same base ma-
terial, e.g. iron (Fe) in steel. Impurities are different atoms and are considered
as extrinsic point defects. Impurities can have both positive and negative ef-
fect on material behaviour and are shown as black circles in Figure 2.6 [18c].
For instance, carbon (C) is added to some extent to Fe, in order to produce
high strength steel but may also introduce dislocation to atom structure. Point
defects interfere with the surrounding unit cells within the crystal yielding dis-
tortion effects to energy balances between atoms. The distortion may either
increase or decrease the elastic strain energy within the crystal thus altering
crystal loading performance [18j]. Point defects can introduce continuous atom
dislocations over planes in the material which are line and surface imperfections,
see Section 2.3.3. Volume imperfections can be of geometrical nature from atom
dislocation originating from component shape.

Up until now, imperfections have been discussed as to intra crystal defects.
A real crystalline material does not consist of one big crystal with flaws, further-
more crystals are not large compared to material macro scale, as for instance a
rebar. Each crystal can be seen as a grain in the metal matrix with varying size
and complex form, see Figure 2.3. Together these grains form the construction
material and grain sizes and boundaries are other important features of mate-
rial performance. Grains have different crystallographic orientation in the metal
matrix yielding a very complex atomic arrangement at grain boundaries [18c].
Grain boundaries are important since these zones also present dislocation of
atoms and a feasible assessment is the possibility of grain boundary dislocations
affecting surrounding crystals hence inducing further dislocation within adjacent
crystals. Moreover, during crystallization, grains grow in all directions yield-
ing that some grains grow at the expense of others, thus dislocations in grains
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are introduced from pushing and squeezing between adjacent grains [18i]. There
are evident differences between single- and polycrystalline metals when it comes
to deformation and yielding. In polycrystalline material structures, grains are
more prone to have different crystal orientation and size as well as the obvi-
ous disparity between unit cells, compared to a single crystal material. This
feature presents differences in micro plasticity, where the resolved shear stress
may vary in individual crystals causing grain yielding to occur grain by grain.
Boundaries between grains are also known to act as locking mechanisms during
micro plasticity which is one explanation of the material hardening often seen
in stress-strain curves between macro elastic- and plastic regions. As mentioned
above, dislocations can pile-up at grain boundaries from locking mechanisms
between crystals, however shape changes of grains and dislocation pile-up can
induce dislocations in adjacent grains. This implies that macro plasticity, the
stress at which all grains yield, is strongly related to average grain size [18k].

2.3.3 Dislocations and Slip Systems

The importance of material microstructure was emphasized in Section 2.3.1
and 2.3.2. Discussed defects, imperfections and stacking faults of unit cells,
all contribute to dislocation in the atomic structure which are irregularities in
metal bonding [18d]. Such dislocation sites in the atom arrangement are zones
of possible microstructural movement, especially during loading. An important
concept to grasp is resolved shear stress which induces dislocation movement.
Consider Figure 2.7: if a material is subjected to a force, F , this force can
be resolved over a slip plane area, A/ cosα, where dislocations are prominent,
hence a resolved shear stress, τr, is acting over that area. Dislocation movement
is atom planes gliding over each other on account of the resolved shear stress.

F

Slip direction

Slip plane
normal

Resolved
shear stress on
slip plane in
slip direction

β

α

Figure 2.7: Definition of resolved shear stress. A force, F, acts in longitudi-
nal direction which can be resolved as shear stress on a slip plane with a slip
direction. Inspired by [18o].
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Resolved
shear stress
on slip plane

(a) Slip plane movement before atom
translation.

Resolved
shear stress
on slip plane

(b) Slip plane movement after atom
translation.

Figure 2.8: Slip plane movement induced by resolved shear stress where dislo-
cations in atom structure are prominent. Inspired by [18p].

When several dislocations are involved in movement over a plane in the material,
it results in a slip plane which is the first indication of plastic deformation. From
the slip plane area along with the slip direction the resolved shear stress, τr,
can be calculated according to (2.8) [15d, 18e].

τr =
F

A
cosα cosβ (2.8)

Figure 2.8 shows atom bonds switching when a slip plane is activated from
resolved shear stress causing gliding of atom planes. The surrounding metal
matrix remains undistorted during slip and further deformation occurs either on
existing slip planes or by the formation of new slip planes. Generally, slip planes
emerge where atoms are most widely spaced and slip directions are often shown
in the direction where atoms are most closely spaced. This implies that atom
structuring, as to unit cells and dislocations, are governing of slip plane locations
and movement direction of slip planes in the material. A slip system is a slip
plane with an associated slip direction and the number of possible slip systems
are limited for a crystal structure [18e]. It should be noted that dislocations
and slip systems in general are irregular and figures herein are simplifications
of real slip systems [18f]. In general, by increasing unit cell complexity as well
as introducing other atoms, e.g. for enhanced function of an alloy, slip systems
rapidly become complex [18g]. As will be discussed in forthcoming Section 2.5,
BCC and BCT crystals are of special interest due to rebar microstructure where
a major part of the steel consists of either of these crystallographic structures.
In a BCC crystal, slip directions most frequently are directions were atoms are
most closely packed and slip planes are often located to planes of maximum
resolved shear stress. In general, any plane with dislocations and resolved shear
stress is a potential slip plane, however for a BCC crystal at room temperature,
slip planes tend to show at maximum resolved shear stress. Slip systems are
anisotropic when it comes to applied stress in order to induce slip, i.e. a stress
level needed to dislocate atoms in one slip direction is not necessarily the same
level to dislocate in opposite direction, given the same slip plane [18h].
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2.4 Fatigue of Metals

Fatigue in material science is, by definition, cyclic loading causing damage and
subsequently failure to a detail or structure. The cyclic loading can be, relative
to the ultimate static loading, small for a failure to occur. The straining of the
material microstructure, given enough loading cycles, entails microstructural
damage as dislocation movement and slip systems where cracks can initiate.
Furthermore, initiated cracks later propagate which leads to large visible macro
cracks and total collapse. The fatigue life of a structural component may with
the above in mind be divided into different stages, where the most general and
wide description is presented below [15b].

1. Microstructural changes cause permanent damage.

2. Microscopic crack initiation.

3. Microscopic crack growth and coalescence forms more dominant cracks,
hence a demarcation between crack initiation and propagation.

4. Propagation phase and dominant macrocrack accrue.

5. Failure, often as complete fracture.

The surrounding conditions and microstructural contexture strongly influences
the rate between these phases and boundaries are seldom obvious. In practical
engineering applications such as design of structures or experiments the above
five stages are often simplified to three stages as crack initiation, crack propaga-
tion and catastrophic failure phases. These three demarcations are more visible
when a fracture surface is studied without high-end equipment thus more rele-
vant to engineering applications. A fatigue fracture surface is typically charac-
terized by these three stages when studied by eye inspection. Cracking initiates
at some site where stress concentrations are large together with flaws in the ma-
terial surface. The crack starts to propagate which develops a smooth surface
on macro scale and a somewhat jagged or wavy surface on micro scale from each
load cycle known as striations. The cracking causes stress to rapidly increase
over the remaining cross-sectional area by which a sudden and brittle fracture
occurs when a critical stress is reached. This marks the third part of the surface
fracture area and is rough and grainy from brittle failure [11a]. Figure 2.9 shows
fatigue stages from a schematic view, where striations are displayed in zone two,
together with a picture from specimen one, where the smoothness of zone two
is evident on macro scale.

2.4.1 Fatigue Deformation

The fatigue phenomena is not fully understood despite significant research
progress during the past decades. The first reports and attempts to describe the
fatigue phenomena in a physical manner dates back to the early 1900’ies where
active slip planes were first reported in studies from cyclic loading. The electron
microscope enabled substantial progress of microstructural material behaviour
during cyclic straining. Pure single crystalline FCC metals have the most con-
clusive results when it comes to fatigue deformation mechanisms. On the other
hand, polycrystalline metals are more complex and thus quantitative treatment
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1
2

3

(a) Schematic view highlighting 1. per-
pendicular (to propagation direction)
large cracks at initiation site, 2. propa-
gation zone with striations and 3. frac-
ture surface.

(b) Picture of fracture surface from
specimen 1 from experiments where
the differences between zone 2 and 3
is evident. Zone 2 show the smooth
propagating phase in macro-scale and
zone 3 display the sudden and brittle
failure with a rough surface.

Figure 2.9: Schematic and pictorial view of a rebar cross-section showing fatigue
stages as 1. crack initiation, 2. crack propagation and 3. brittle fracture.

is hard to obtain when viewed under microscope since several mechanisms might
be active simultaneously [15a].

As listed and discussed in Section 2.4, microstructural changes causing dam-
age to the material is obtained from fatigue deformation on micro material level.
For a single crystalline metal, active slip planes can be identified during cyclic
straining, which are planes where atom dislocation movement occur. As defined
in Section 2.3.3 a force, F , acting in an uniaxial direction is resolved over a
slip plane of the material whereby slip is initiated, see Figure 2.7. According
to the Schmid law a crystalline solid flows plastically when a critical value of
the resolved shear stress, τc, acting on the slip plane and in the slip direction
is reached. Accordingly, if this critical stress, τc, is reached, micro plasticity by
shearing to a slip plane implies irreversible slip in the material. In summary, if
the straining induces slip in the material the cyclic loading generates a ”back
an forth” motion to slip planes in the slip direction, i.e. active slip planes.
For a polycrystalline metal dislocation movement occurs by the same principle,
however since the material is composed of varying crystals as to orientation
and unit cells, multiple slip systems can be activated simultaneously in different
directions and on different planes generating complex microstructural behavior
[15d].

During loading three stages of fatigue deformation on microstructural level
can be distinguished as shown in Figure 2.10. First of all, it should be empha-
sized that a constant plastic resolved shear strain, γr,pl, results in resolved shear
stress which in general is a non-linear relation. For every cyclic loop in the load-
ing, given constant plastic straining the resolved stress changes slightly until a
the stress strain relation is more or less constant. This is known as the hysteresis
loop and when a stable configuration for the stress - strain relation is reached,
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Figure 2.10: Saturation stress - strain curve, i.e. Resolved shear stress as a
function of resolved plastic shear strain. Inspired by [15w].

saturated resolved shear stress, τs, has evolved. For every resolved plastic shear
strain there is hence a corresponding saturated resolved shear stress [15e].

Cyclic work hardening occurs in region A, see Figure 2.10, which is activa-
tion of primary slip planes as dislocations, most prone to movement, are set in
motion. Continued cycling accumulates dislocations and networks of disloca-
tions arise which are referred to as veins, bundles or loop patches. The material
hardening causes resolved shear stresses to increase over the slip planes never-
theless, when strains reach a certain value the material hardening decreases. For
a single crystalline material with uniform crystal orientation a clear plateau is
noticed after initial hardening, see curve 1 in Figure 2.10 and stress saturation,
τs,1, is reached. This plateau marks the beginning of region B and the formation
of persistent slip bands (PSBs). Persistent slip bands are a very typical feature
of initial stress saturation and are a banded structure of slip planes. In region
B, the saturated stress increases much less for an increase in plastic strain which
is typical for PSB formation in single crystals. For polycrystalline metals, slip
planes can be oriented in multiple directions independent of each other and are
thus referred to as multiple slip. From multiple slip, polycrystalline materials
exhibit varying saturated stress strain curves and a generalized curve is non-
existing. For instance the clear plateau during PSB formation is not a necessity
in general as curve 2 shows in Figure 2.10 where cyclic hardening continues in
region B [15e].

PSBs are thus slip systems activated from resolved shear stress forming a
banded structure on the material surface. It has been shown that fatigue crack
initiation can be discovered along PSBs where slip is intense, furthermore these
PSBs keep reappearing at the same locations of specimens during cyclic loading
even after PSBs have been removed and cycling resumed. Studies have shown
that PSBs are softer than the surrounding metal matrix implying that the initial
material deformation, i.e. before cyclic saturation, is entirely carried by the
PSBs. There seems to be some connection between the formation of PSBs and
the stress-strain relation where a clear plateau is noticed during PSB formation,
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however, in present day, no absolute explanation can be provided as to this
phenomenon [11a, 15e]. The PSBs are composed by large number of slip planes
and the damage mechanisms governing this are difficult to model since very local
parameters such as grain size, grain boundaries, local stress concentrations and
specific and local crystalline structure determine these mechanisms [11a].

As mentioned above, single crystalline metals oriented for single slip show
two main features; the plateau region after cyclic saturation and the formation
of PSBs with its prominent wall structure. When the subject is expanded to
polycrystalline metals, which have a more complex microstructure, these fea-
tures are not as obvious. Polycrystalline metals show different slip orientations
as well as multiple slip systems when cyclic deformation occurs. Plateau re-
gion and PSBs are sometimes less pronounced and sometimes not present at
all. A possibility might be that crystallographic direction as well as crystal
type in relation to applied load influence the plateau region and its superven-
tion. A polycrystalline metal would by this idea have varying fatigue properties
since several different crystal structures are present, hence the microstructural
changes from cyclic deformation are varying and unclear in polycrystals [15j].
In summary, during cyclic loading on metal prone to multiple slip systems, the
clear fatigue damage characteristics for single slip systems is still present. How-
ever, due to the multiple slip, these features disappear amongst each other from
interference- and interlocking of slip systems.

In region C in Figure 2.10, secondary hardening starts and formation of a
labyrinth and cell microstructure can occur. This is often pronounced in mate-
rials with multiple slip and cross slip between different slip systems. Suggestions
have been made to the origin of region C. One explanation is that secondary
slip systems emerge at interfaces between PSBs and metal matrix which spread
in the PSBs along with additional material hardening. This secondary slip
causes initially a labyrinth and eventually a cell-like structure in the PSBs from
multiple and cross slip between primary and secondary slip systems [15f].

Interesting geometrical features can be shown for these labyrinth structures
where the formation of walls are oriented in two directions and orthogonal to
each other. One wall direction is always parallel two the loading direction, i.e.
[0, 0, 1] in a Cartesian coordinate system and the other wall structure is always
directed in one of three possibilities, [1, 0, 0], [2, 1, 0] or [1, 2, 0]. The possibility of
multiple slip and cross slip causes interacting locking mechanisms and a higher
cyclic hardening rate is achieved compared to single slip [15g].

Commercial polycrystalline metal can significantly deviate from single crys-
talline metal in fatigue properties from the presence of impurities, precipitants
and inclusions. The rise of PSBs can start from within the bulk of the material
and travel through grains if the grain-PSB angle is small enough, hence grain
sizes and PSB angles are of importance. Grain sizes are relevant for the initial
period of cyclic hardening of the material where coarser grain texture show less
hardening [15i].

It should also be noted that stress ratio may influence the appearance of
stress-strain curves during cyclic loading. For fully reversed cyclic loading, rapid
cyclic strain hardening is noticed. This effect is also present in tensile-tensile
loading however not that apparent. One possible explanation is the rotation of
the active slip planes. Consider Figure 2.7: if fully reversed loading is considered
the slip plane angle β remains unchanged when loading is 0, i.e in the middle
of the load cycle. If a tension-tension loading situation is considered, the β
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angle has a permanent changes compared to the unloaded configuration hence
the distortion of the slip planes are different for various stress ratios.

2.4.2 Fatigue Crack Initiation

Exactly when a crack is initiated is hard to define, since it generally is a question
of the scale of observation. For instance, small dislocations in nano scale could
be defined as crack initiation as well as a small crack visible to the naked eye.

A basic fatigue phenomena is that repeated cyclic straining leads to active
slip on different slip planes in the material, as previously discussed in Section
2.4.1. A slip is a translation of atoms across a slip plane where a solid block
moves with respect to the other in a slip direction. As previously mentioned,
slip planes accumulate at certain positions in the steel crystal structures which
appears as bands or lamellars of slip planes, as persistent slip bands (PSBs).
Furthermore, these persistent slip bands facilitates irreversible shearing between
bands and yields surface roughening where slip bands appear on the material
surface. This surface roughening is manifested as hills and valleys in relation
to the original surface area and are referred to as extrusions and intrusions,
presented in Figure 2.11. The surface roughening from extrusions and intrusions
function as micro notches and yields stress concentrations which induce further
slip. If an extrusion grows large enough, a protrusion is formed containing
several intrusions and extrusions [15k].

The interface between a PSB and the unaffected metal matrix is a discon-
tinuity plane where abrupt gradients in density and dislocations are present.
Such interfaces are sites in which cracks are initiated thus surface roughening
is a strong indication of crack nucleation [15k, l]. As mentioned in Section
2.4.1, PSBs can grow from within the material, however these PSBs are often
constrained by surrounding metal grains and are thus confined to individual
grains. Surface roughening is consequently not possible for interior PSBs and
is limited to near-surface PSBs. This implies that crack initiation is located at
surface regions which underlines the established view of fatigue being a surface
phenomenon. The importance of surface conditions have been demonstrated
several times by electropolishing fatigued specimens after the appearance of
protrusions whereby fatigue life is significantly enhanced [15m, n].

Intrusion

Undeformed
metal
matrix

Undeformed
metal
matrix

PSB

Extrusion

Figure 2.11: Intrusions and extrusions at PSBs zones where the typical occur-
rence of hills and valleys are shown. Inspired by [15x].
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Commercial alloys are not pure or perfect, hence several defects and flaws
exists whereby it is impossible to determine where a crack initiation is likely to
occur. For reinforcing steel in particular rib structure, corrosion and welding all
introduce notches and stress concentration in the metal matrix providing com-
plex geometry as well as residual stresses [2c] all of which account for nucleation
of persistent slip bands at these zones.

As discussed in Section 2.4, a distinction is necessary to make between duc-
tile, semi-ductile and brittle material in order to describe crack initiation prop-
erly. For reinforcing steel of quenched and self-tempered (QST) type, there are
mainly two different crystal structures, see Section 2.5.1. The rebar core of
mainly ferrite (and some pearlite) show ductile behavior and is a BCC metal
structure. The hard outer shell of martensite is of a BCT crystal structure and
exhibits a semi-brittle material behaviour. This is not general material charac-
teristics for BCC and BCT crystals, however it holds for ferrite and martensite
respectively. A more brittle material is less prone to plastic flow and thus slip
planes from dislocations is not the only factor that can initiate a crack. For a
semi-brittle material bond rupture between atoms is also in play and with an
increasing brittle material a shift is seen between dislocation mobility and atom
bond rupture. In summary, for a highly ductile material the governing factor
for crack initiation is dislocation planes and for a highly brittle material main
factors are atom bond rupture. Thus, for a semi-brittle material both phenom-
ena can cause crack initiation and to separate the one from the other is of course
difficult in reality [15o]. A direct consequence is that cyclic deformation effects
are harder to identify for more brittle materials.

2.4.3 Fatigue Crack Propagation

As mentioned in Section 2.4, the fatigue life can be divided into fatigue crack
initiation, propagation and catastrophic failure. Once a crack initiation results
in a small macro crack, this crack can propagate with increasing speed and
complete fracture might develop rapidly. Crack propagation is influenced by
mean stress and stress ratio as discussed in Section 2.1.2. In general, the rate
of crack growth is related to crack length or depth into the material which in
fracture mechanics are described by the increment da/dN , see Section 2.2.2. The
crack propagation rate increases by the increase in crack length which results
in the increase of growth rate with increasing number of load cycles [15u].

Fatigue crack growth is strongly influenced by microstructural texture which
relate to slip characteristics at microstructural dimensions. Stress level affect
propagation of course, where an increased stress level increases the material
volume in which micro plasticity occur around crack tips. Crack propagation
is intense local deformation at initiation zones or crack tips where macroscopic
slip bands has emerged as discussed in Section 2.4.2 [15v].

The fatigue crack growth stage can itself be divided into additional subdivi-
sions of stage I and stage II, shown in Figure 2.12. Stage I is obviously when
macro cracking still is relatively small and identified as the crack being smaller
than a few grain diameters. Furthermore, crack growth in stage I mainly occur
through single shear in the direction of primary slip bands, creating a zigzag
pattern when a crack finds a path along different slip systems in the material.
When a crack grows, the plastic zone at crack tip intensifies due to an increase
in stresses from decrease in cross-section area and plastic deformation in an in-
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I II

Figure 2.12: Schematic view of crack propagation stegs I and II. Initially crack
growth follows the banded structure in stage I whereon crack cuts through bands
in stage II. Inspired by [15y].

creasing amount of metal grains occur. When micro plasticity reaches a certain
level, i.e the plastic zone becomes large enough, two slip systems can simulta-
neously be activated resulting in a duplex slip mechanism which is by definition
stage II. This results in an end of the zigzagging of crack path and a planar crack
growth pattern commences normal to the tensile loading which cuts through the
slip bands. Figure 2.12 illustrates the differences between stage I and II where
the crack at first finds a way parallel to slip bands whereon at a certain plastic
loading level the crack evolve normal to loading direction and cuts through the
slip bands. Stage I has thus a serrated profile while stage II exhibits a more
smooth surface. During stage II a typical phenomena named striations appear
on the crack surface as small ripples and the distance in between these striations
correlate with crack growth during peak tension loading. Striations form in all
ductile solids, however in steel they might be barely visible and infrequent from
varying crystal structure [15v].

2.4.4 Static and Cyclic Loading - Differences

All the way back to the work of Wöhler, it has been obvious that cyclic loading
differs from static. An absolute physical explanation is not available to this day,
however differences in material damage have been documented [15h].

Initial material hardening can be seen during both cyclic and static loading.
Material damage starts to differ at the formation of PSBs which is unique for
cyclic deformation. Furthermore, the density of dislocations in persistent slip
bands from cyclic loading is higher compared to monotonic slip bands produced
under static loading. This is visualized in Figure 2.13 where the more compact
banded structure is seen for cyclic loading in Figure 2.13a and less dense slip
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Figure 2.13: Differences in material damage from cyclic and static loading re-
spectively. Inspired by [15x].

bands for static loading in 2.13b [15h].

The clear plateau during cyclic loading, discussed in Section 2.4.1 and shown
in Figure 2.10, is a typical feature of cyclic loading. As also mention, this plateau
does not always appear due to alloying and complex material microstructure
[15h]. Nevertheless, cyclic saturation in a material is an important feature,
strongly related to material fatigue.

The back and forth motion of cyclic loading forms dislocation pile-up in
crystals which may develop a high density of point defects a local spots in a
crystal [15h]. This pile-up induce additional disturbances in energy balances as
to atom structuring which intensify dislocation movement.

Finally, the specific pattern of surface roughening is a major difference be-
tween static and cyclic loading. The formation of extrusions and intrusions
at material surface is typical to cyclic loading whereas static loading show a
staircase pattern with clear steps, which is seen in Figure 2.13 [15h].

2.5 Reinforcing Steel

Structural concrete is almost exclusively reinforced with rebars. In forthcoming
sections, rebar microstructure is discussed in relation to fatigue performance.
Available literature from previous test result deemed relevant, is incorporated
at appropriate paragraphs and the implications from welding are examined.

2.5.1 Microstructure of Reinforcing Steel

As mentioned in Section 2.4, steel microstructure has a strong influence on fa-
tigue behaviour. Common reinforcing steel for concrete applications are manu-
factured by a TEMPCORE process eventuating in a quenched and self-tempered
(QST) steel. In essence, the rebars are conventionally hot rolled, obtaining a
temperature of approximately 1000◦ C resulting in austenite steel, which has a
FCC crystal structure. Immediately after the hot rolling, the rebars are sub-
jected to an instant high pressure water cooling thus the surface austenite under-
goes a transition to martensite, a BCT crystal structure. The cooling process is
performed only to retrieve a hard case of martensite, thus a hot core of austen-
ite remains after the cooling. The rebars are now allowed to slowly cool down

26



CHAPTER 2. THEORY 2.5. REINFORCING STEEL

Martensite

Transition zone

Ferrite & pearlite

Rib

Figure 2.14: Schematic cross-section of quenched and self-tempered (QST) re-
inforcing steel where morphology is displayed.

to room temperature where the hard martensite is tempered by the hot core
whereby some minor softening occurs. Finally the austenite core shifts to mainly
ferrite, a BCC crystal structure. To an extent, the austenite core also shifts to
cementite and the tempering of the martensite also results in some cementite
precipitation. When ferrite and cementite is combined in a lamellar structure
it is called pearlite, however, ferrite and cementite can also be combined in a
non-lamellar structure which is known as bainite. To sum up, the resulting
product is a ductile steel core of ferrite and pearlite and a hard outer case of
martensite. In between these two steel crystal structures, a transition zone ex-
ists, composed of mainly bainite and ferrite. From the manufacturing process,
both tensile and compressive residual stresses are known to develop, mainly on
the surface and outer layers of the rebar cross-section [19]. Figure 2.14, shows a
schematic cross-section of a QST rebar where the different zones of steel crystal
structures are presented. The demarcations between zones are in a real rebar
of course not that apparent however the general idea is shown.

Quenched and self-tempered (QST) rebars were investigated by Rocha et al.
[20] as to residual stresses, imperfections along with a numerical analysis of rib
spacing. Grain sizes increased with increased diameter of the rebar, however it
was concluded that the grain size of QST rebars were smaller compared con-
ventional to hot-rolled rebars. Samples from QST rebar cores showed ferrite
grain sizes in the range of 7.9-11.2 µm and the area fraction of pearlite between
11-25%, still at the core. Tensile residual stresses near surface of the bars were
no higher than 23% of their yield stress. Furthermore, it could be concluded
that imperfections originating from the manufacturing process often were lo-
cated near the ribs which give rise to stress concentrations. Numerical analysis
also showed stress concentrations near rib and bar intersection, which could be
lowered with decreased height of the rib along with an increase of radius between
rib and bar, i.e a smoother transaction zone [20].

The microstructure of the material is of great importance to fatigue proper-
ties and resistance. Fatigue testing commonly experiences experimental scatter
which for lower stress ranges can be significant. QST reinforcement bars with
a core of ferrite-pearlite and a coat of martensite were examined by Rocha et
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al. [21] as to a single short crack propagation in an attempt to understand and
model experimental scatter. Martensitic microstructure contributed to a reduc-
tion in experimental scatter compared to ferrite-pearlite microstructure when
stress ranges above fatigue limit were considered. Area fractions of ferrite-
pearlite along with grain and phase boundaries were shown to affect the short
crack growth rate thus increasing the scatter in fatigue crack initiation period.
Since crack initiation mainly is a surface phenomenon an approximation could
be provided postulating that half of the experimental scatter originates from
specimen surface microstructure [21].

Yafei et al. [13] performed a study, where reinforcing steel was subjected
to fatigue loading in an attempt to elucidate microstructural influence on crack
patterns. The following microstructural analysis of crack paths revealed cracks
running through the ferrite grains and deflecting once the crack encountered
pearlite.

2.5.2 Fatigue Characteristics of Reinforcing Steel

Many studies are conducted on unaffected reinforcement bars which are sum-
marized in for example [1, 2, 22]. Very seldom structural failure of reinforced
concrete is due to fatigue damage in the concrete material. When concrete
deforms, it cracks, thus the stresses are thereafter mainly carried by the rein-
forcement bars which also are more prone to fatigue failure compared to the
concrete material [11g].

Fatigue in concrete structures is difficult to detect. The concrete itself shows
few signs of fatigue symptoms and it is hard to distinguish causes between
different cracks. The reinforcing steel is embedded in concrete making it hard
to examine at all. Nevertheless, catastrophic failure of structures are rare and
seldom linked to an isolated mechanism. Failures due to only fatigue have not
been reported, however fatigue of concrete and rebars accelerates crack opening,
crack width magnitude and by extension second- and third order stresses as
well as corrosion of rebars. It should also be added that rebars can fail from
fatigue without any outwards sign except concrete cracking where it is difficult
to determine exact origin to a crack in the concrete. From the uncertainty of the
loading and assumptions, calculations of stress ranges are difficult and design
stress ranges are most likely to be high when compared to real stresses [1].

Since fatigue crack initiation of rebars tends to originate from surface con-
ditions, these conditions may determine fatigue properties of reinforcement
bars. Hot-rolled and cold-worked (HR-CW) rebars as well as quenched and
self-tempered (QST) rebars were examined by Rocha et al. [23] with a Navarro
and De Los Rios model trying to elucidate main characteristics influencing the
fatigue behaviour of rebars as to crack initiation, including short crack growth
and propagation. The model captured the scatter when compared to experimen-
tal result implying crack initiation phase is a major part of the fatigue life. The
initiation phase is a stochastic process including the growth of microstructural
short cracks. By simulations it could be concluded that 80% and 60% of the
fatigue life for QST and HR-CW rebars respectively was linked to crack initia-
tion phase. Furthermore, short cracks are allowed to grow to 10 times the grain
size (∼ 0.2 mm) before macro crack propagation phase starts. Finally, surface
microstructure was deemed influencing the scatter in fatigue life by 50%.

Stress concentrations in the vicinity of the ribs on the rebar surface often
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induce fatigue cracking as discussed above. Rib spacing is vital in order to
reduce these stress concentrations as shown by Majumdar et al. [24] where
rib spacing was studied while maintaining bond strength of the reinforcement-
concrete interaction. Laboratory testing along with FE-modeling revealed that
most of the fatigue failure initiated at the root of the ribs. It was concluded that
rib spacing could be increased in some extent without affecting bond strength.

QST reinforcement bars were tested by Rocha et al. [25] and 80% of the
21 rebars survived more than 30 million cycles at stress levels near 50% of
the yield limit. Fatigue cracks were hard to detect unless fracture was close
in time. Finally it could be concluded that fatigue cracks initiated at surface
imperfections located near the ribs.

Apostolopoulos and Rodopoulos [26] studied low-cycle fatigue of QST rebars,
where focus was seismic application. However as received bars were used which
entails the fact of small corrosion on rebar surface. The rebar surfaces were
examined and it could be shown that these contained evident porosity, perhaps
from trapped oxygen. Residues from copper (Cu) was also present at pores.

As previously mentioned a vast amount of reasearch exists on rebars in
general. The perception on the field is however that many studies are somewhat
outdated since the introduction of quenched and self-tempered (QST) steel.
Overviews on rebar fatigue are dated back to the 1980’ies, see for example Tilly
[1] and Bulletin 188 [2]. Of course they are still indeed relevant, however steel
from this time shows differences to modern rebar steel when it comes to fatigue
performance, as for instance QST steel. It has been pointed out by Tilly [1]
that there is very little improvement of fatigue strength using steel with higher
yield limit than 420 MPa. High strength steels might thus be questionable for
structures having very high live loading causing cyclic straining if fatigue is
limiting in design. Zheng and Abel [19], compared fatigue performance of QST
rebars to other types of reinforcing steel where result points to a higher fatigue
resistance of QST rebars. The result indicate that existing models fail to predict
fatigue life of QST rebars and it is suggested that metallurgical microstructure
and residual stresses from this specific manufacturing process is a contributing
factor to the enhanced fatigue properties. The fatigue cracks were initiated from
transverse rib roots in the martensitic layer. Zheng and Abel also state that
fatigue properties in QST steel mainly are a function of the hardened tempered
martensitic layer containing compressive residual stresses, claiming that fatigue
performance is not significant to the core material of ferrite-pearlite.

2.5.3 Welded Reinforcement Bars

Welds tend to induce weakness to the structure because of regions of stress
concentrations and poor material properties which vary through the weld and
ambient heat affected zone. This is a major problem in industrial assessments
where the difficulty lies in defining the weld geometry with sufficient accuracy
along with required simplicity for design. Finite element analysis (FEA) can be
used to model welds but a detailed analysis is required which results in imprac-
tical design situations where the number of welded components are countless
[27].

Some case studies have been performed for concrete structures where fatigue
issues were detected on in service structures and a general conclusion is that
welding should be avoided for reinforcing steel [2a, b].
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For reinforcing steel, the dominating parameters are stress range, number of
stress cycles, and discontinuities, c.f. Section 2.1. Due to stress concentrations
always present from manufacturing such as ribs and residual stresses from, e.g.
quenching, it is assumed that mean stress is negligible [11b]. If a rebar further-
more is subjected to welding, this underlines above conclusion since the welding
process introduces high residual stresses.

Welding of all types show very high vulnerability to fatigue damage and
failure, thus the large reduction in fatigue strength in EC2 [3c] considering weld
affected reinforcement bars are understandable [11h]. The considered welding in
experiments herein is that of less impact on the reinforcement bar in question.
The welds in question can be considered as non load-carrying where their only
purpose is to keep the reinforcement in place during the concreting. The weld
should be as small as possible, affecting the longitudinal bar as little as possible
while still being able to maintain purpose. This is where industrial robots come
in play since their ability to maintain a high level of weld quality is constant
during production, i.e. there is not an lowering of weld quality from human
factors such as long working hours or tiresome weather.

Tong et. al. [28] performed a study, examining the fatigue behaviour of
reinforced concrete beams under bending loading. The concrete beams were
reinforced with reinforcing bars as well as an H-steel beam. Main focus were
fatigue behavior of the H-steel beam where fatigue fracture occurred in the
welded areas of the steel beam. The H-steel beams were constructed of a welding
procedure where flanges and web were welded together, hence it could be further
substantiated that welds are weak spots regarding fatigue issues.

In order to simulate very local corrosion, rebars were tested in fatigue after
artificially introducing notches at their mid span by light rasping of the mate-
rial. An increased notch depth was shown to decrease the fatigue life [29]. A
possibility might exist, that by introducing welds on rebars, the effect on fatigue
life could be comparable to defects as local corrosion or notch effect, hence un-
affected rebar cross-section area might show an important factor for fatigue life
of a specimen.

An American study have performed tests similar to tests herein where fa-
tigue life of rebars subjected to welding of crossing rebars were performed. The
testing aimed for design suggestions for welded-wire fabric (WWF) in the U.S.
hence the American standard was governing. Stress range and mean stress were
varied resulting in a performance loss from approximately 165 MPa (24 Ksi) to
approximately 110 MPa (16 Ksi) when weld affected rebars were compared to
unaffected rebars. It should be mentioned that these stresses are not directly
comparable to stress ranges as defined in (2.1) since American definitions of
fatigue stresses were applied which involves both stress range and minimum
stresses [30].

Welded-Wire-Fabric (WWF) is used in great extent in housing and other
non fatigue prone structures since prefabrication simplifies production imple-
mentation. Ayyub et al. [31] performed fatigue testing on a number of different
types of WWF, including with and without welded intersections, in order to
evaluate the ability to used WWF in bridge construction. The result indicated
that WWF meets the fatigue requirements for bridge decks. The stress range
was varied and a constant minimum stress was applied to the specimens, thus
maximum stress was altered, modifying the stress ranges. The experimental
arrangement was similar to the testing herein, however different bar sizes were
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used for different types of WWF making comparisons more difficult. It was con-
cluded that the fatigue life of a welded specimen is lower compared to a specimen
without a weld which appears as a parallel shift in a S-N curve. Accordingly the
fatigue life was shorter for WWF and all crack initiations were located in the
vicinity or in the welds. However all tested specimens had a fatigue life in excess,
when compared to the American design standard, (AASHTO), specifications for
bridges. Furthermore, the electrical welding process itself was important since
crack initiation appeared in some cases where pressure was applied, implying
the importance of the skilled workers welding proficiency.

Butt-welded- as well as cruciform rebar specimens were tested in low-cycle
fatigue attempting to simulate seismic loading. Results imply that butt-welding
should be avoided near plastic hinges, however properly performed spot weld
between stirrups and longitudinal rebars might safely be applied [32]. It re-
mains to be seen whether the same effect can be shown for high-cycle fatigue,
i.e. sufficiently unaffected longitudinal rebars providing prominent fatigue life
results.

2.5.4 Welded and Fatigued Steel

Few studies of weld affected rebars exist similar to the testing herein and con-
sidered papers are reviewed in Section 2.5.3. Fatigue research of steel in general
is more extensive and some fatigue studies on steel cruciform or T specimens
might be relevant. A T or cruciform specimen is more or less self explanatory
where two steel bars are welded together, forming a T or a cross. The weld-
ing is most often in plane hence two butt-welds are performed for a cruciform
specimen and one for a T specimen. The construction steel is generally more
ductile compared to rebars and has a lower strength, however similarities in
experimental set-up exists and some relevant conclusions might be transferable
to rebars.

Steel plate specimens, subjected to welding by a transverse cruciform joint
were tested in fatigue in axial direction, i.e. the welds were non load-carrying.
Specimens of thickness 20 mm and different widths all failed from fatigue cracks
in the weld toe [33]. The main focus was evaluation of tensile residual stress
magnitude, since small-scale specimen testing might have lower residual stresses
when compared to larger structures with extensive welding.

Similar to above description, cruciform specimens with non load-carrying
welds were tested in axial fatigue. Test results were compared to Eurocode 3
[34], concluding a good fit to the specified S-N curve [35].

Non load-carrying T fillet welded joints, i.e. two steel plates welded together
perpendicular, were tested in three point bending fatigue. Gaping spaces be-
tween the two welded plates were investigated and it could be concluded that a
gap showed higher fatigue performance compared to specimens where the weld-
ing was all out, i.e. there where no gap left between the two welded plates.
Furthermore, test result of CO2 welded specimens, were compared to fatigue
class design (FAT) categories, showing higher fatigue performance [36].

T- and X-joints were tested in axial tensile and bending fatigue by Ahola
et al. [37], evaluating fatigue differences between asymmetric and symmetric
welded joints. The joints were constructed of steel plates as transverse non-
load-carrying welded attachments and it could be concluded that T-joints had
a higher fatigue resistance than X-joints. The X-joint increased the notch effect
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at the weld toe, thus the decrease in fatigue life was expected. Furthermore,
results presented higher fatigue performance in bending compared to axial ten-
sile fatigue. Finite element analysis were also performed where the outcome
supports the experimental result.

Weld geometry is shown to influence fatigue performance, where parallels
can be drawn to rib geometry, i.e. geometry of imperfections are relevant to
fatigue performance. Test result presented higher fatigue performance than
design curves and it was observed that an increase in weld flank angle as well
as weld toe radius increased fatigue performance of specimens [38].

2.5.5 Test Methods

There are two principally different ways of testing fatigue of reinforcing steel.
Either an entire reinforced concrete component (usually a beam) of interest is
tested in bending fatigue, or unclad reinforcing steel is axially tested in air on an
as received bar without any concrete present. Axial testing in air is considered
to be conservative since typically a 20% lowering in fatigue life is in general
seen. Specimen failure at the gripping areas, due to high local stresses, is a
possibility which renders questionable result of that specific test. The increase
in fatigue performance in bending tests could be explained by the fact that the
highest stresses not necessarily are located at the vicinity of the worst defects
of the rebar which is the case for an axial test where the stress more or less
is constant through the length of the rebar. Advantages with axial air testing
is mainly that frequency can be high, up to 150 Hz without frequency effect
on the result. Bending tests on concrete beams are more relevant to service
conditions however frequencies are limited to about 5 Hz in order to avoid local
heating due to friction between rebar and concrete which significantly prolong
testing time. It can also be shown that fatigue test results, considering crack
initiation sites, differ somewhat when axial and bending tests are performed and
compared. For axial tests in air crack initiation is often located at surface defects
while bending tests more often show crack initiation in the vicinity of the ribs.
Another difficulty related to bending testing of a complete concrete beam is the
calculation of stresses where an assumption is necessary for the load-carrying
contribution of concrete as well as accuracy of reinforcement placing. Axial tests
in air are easily calculated by a nominal approach with fair precision [1, 2d].
Welding in reinforcement produces higher reductions in fatigue strength when
comparison is made between axial tests in air and bending tests of reinforced
concrete [1]. This is hence on the safe side and safe for use in design purposes
provided that corrosion is unlikely to occur.

2.5.6 Surface Attribute Effects

As discussed in Section 2.4.2, surface roughening with intrusions and extrusions
is a potential crack initiation site. By extension, an initially rough surface is
more prone to a crack initiation compared to a polished and smooth component.
For a rebar, the surface is very rough originating from mild corrosion as well as
ribs.

Surface treatment such as welding or quenching can introduce high residual
stresses of yield stress magnitude which might produce high stress concentra-
tions and local yielding of steel even for small succeeding loading. The tested
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rebars in this study are both quenched and weld affected with spot welds at
two locations, hence residual stresses are inevitably present. Residual stress
fields alter applied mean stress and are in general favorable if compressive and
unfavorable if tensile. Several methods exist, where the common objective is to
produce compressive residual stresses in order to prolong service life of compo-
nents [15t].

Studies of weld affected reinforcement bars are mainly focused on butt-
welded bars thus the weld spans the entire rebar cross-section. The weld ma-
terial itself is usually not an issue since it most often is stronger than the steel
material. However, the zone between steel and weld matrix is fragile and crack
prone. These tests are hence on load-carrying welds and parallels are hard to
draw to non load-carrying welds, since the later case has a smaller heat affected
zone as well as a partly unaffected cross-section.

2.5.7 Properties Influencing Fatigue Life of Rebars

Reinforcing steel has a pattern of ribs on the surface whose primary function is
to ensure good bonding between concrete and rebar as well as obtaining pull out
strength. The ribbing pattern is not chosen randomly since this ribbing highly
influences fatigue life. A too small rib radius should be avoided and intersecting
ribs are also unfavorable [24]. Since ribbing is needed, it is most important
to ensure that other defects are minimized as much as possible. Identification
markings and chipped mill roll are known causes of premature fatigue failure of
rebars [2e].

An increase in bar diameter lowers fatigue performance, being a general
size effect, not limited to reinforcement bars. This is explained by increased
likelihood of surface defects since the surface area increases with increased bar
diameter hence crack initiation is more feasible [1, 2f]. However, an increase
in bar diameter also decreases the weld affected cross-section, since the relative
heat affected zone is decreased compared to an increased cross-section area. It is
hard to draw any conclusions from this, regarding fatigue of weld affected rebars,
and experiments of different rebar sizes are necessary in order to determine how
this two-sided effect relates to fatigue life of different sized rebars. Size affect
also appears to be less pronounced in bending tests compared to axial tests
in air where the same argumentation as above can be made of the decreased
probability of a rebar defect coinciding with high stresses [1].

Bent bars reduce fatigue life and the reduction is a function of the bending
radius and bar diameter. Performance losses are connected to bending induced
stresses and stress concentrations at bending points during loading [2g].

Welding of rebars have been studied by several investigations, in order to
determine the fatigue performance losses due to the welding. Some results in-
dicate that the fatigue life can be as good as a straight unaffected rebar and
other results show a fatigue reduction by 50%. Tests in bending produce bet-
ter results than axial tests in air. A distinction is necessary between type of
welds, e.g. butt-welding and tack-welding, as well as whether the weld itself is
load-carrying. It is often unclear in literature what specific weld is addressed. Ir-
respective of this, welding of rebars in general reduces fatigue performance, thus
in design standards welding is overall discouraged for fatigue prone structures.

There are comparatively few published data of fatigue tested welded rebars
thus conservative design rules are not surprising. In general, axial tests in air on
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welded rebars produce test results which are lower compared to bending tests.
Since most tests have been performed in air this induces a conservative design
standard which may unnecessary prevent the use of welding [1, 2h, i].

2.6 Fatigue in Eurocode 2

Fatigue damage mechanisms and a complete understanding of fatigue phenom-
ena when it comes to reinforced concrete is still lacking. Present fatigue reg-
ulations for design are based on narrow knowledge when compared to other
domains of structural concrete. A worst case scenario of fatigue action effect is
considered in codes which often rely on experimental data with little scientific
background [11d, 39a].

Design of fatigue prone structures are usually limited to infrastructural
projects such as bridges or tunnels where live loading may result in prominent
stress ranges. For standard building constructions fatigue issues are usually
considered as negligible thus the design standard describes a calculation ap-
proach suitable for bridges. This approach is briefly presented in Section 2.6.1
and relevant parameters where an altering suggestion could be in question from
experimental result are highlighted.

Selected parameters in the fatigue section in EC2 is discussed in Section
2.6.2 where background and reasoning to choices are presented.

2.6.1 Fatigue Design According to Eurocode 2

Fatigue design for bridges in EC2 [4a, b] separates concrete and reinforcing
steel. For rebars an equivalent stress range is determined as shown in (2.9)
where adequate resistance is assumed if the condition is met. γ factors are
partial coefficients and ∆σRsk(N∗) = 58.5 MPa (welded rebars) is the stress
range at N∗ = 107 cycles which is determined from S-N curves in Figure 2.2.
This ratio is compared to a damage equivalent stress range, ∆σs,equ(N∗).

γF,fat ·∆σs,equ(N∗) ≤ ∆σRsk(N∗)

γs,fat
(2.9)

The damage equivalent stress range is calculated from (2.10) where ∆σs,Ec is
the calculated stress range from LM3 for road bridges and LM71 for railway
bridges and λs is the damage equivalent factor.

∆σs,equ = ∆σs,Ec · λs (2.10)

The damage equivalent factor is composed by a number of λs,i factors shown in
(2.11). The λs,i factors are calculated somewhat different depending on bridge
type, i.e. road bridge or railway bridge. Road bridge calculations are presented
next, however the significant parameters from S-N curves are the same regardless
of bridge type.

λs = φfat · λs,1 · λs,2 · λs,3 · λs,4 (2.11)

φfat is a damage equivalent impact factor depending on surface roughness. λs,1
takes into account effects from element type and influence area and are pre-
scribed in tables in EC2 [4b]. λs,2 is a factor considering traffic volume according
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to (2.12).

λs,2 = Q
k2

√
Nobs
2.0

(2.12)

The quantity Q is traffic type and k2 is the curve inclination after N∗ cycles in
appropriate S-N diagram. Nobs is the number of lorries per year tabulated in
EC2. λs,3 denotes influence of service life according to (2.13).

λs,3 =
k2

√
Nyears

100
(2.13)

The quantity Nyears is the design life of the bridge and k2 as described earlier.
λs,4 describes influence of multiple lanes according to (2.14).

λs,4 = k2

√∑
Nobs,i

Nobs,1
(2.14)

Nobs,i is the number of lorries per year on lane i and Nobs,1 is the number of
lorries per year on the slow lane.

The interesting parameters which could be altered after experiment are
∆σRsk(N∗) and k2 and three conclusions can be drawn from studying above
equations. Firstly, If the result exceeds provided S-N curves in the standard
that implies a parallel shift of the S-N curve which increases ∆σRsk(N∗). Sec-
ondly, curve inflection point, N∗, is important since an earlier shift between
curve inclination k1 and k2 also would increase ∆σRsk(N∗). Finally, if curve
inclination after N∗ cycles is more flat compared to the standard, an increased
value of k2 may be proposed.

2.6.2 Background to Fatigue Sections in Eurocode 2

When comparing fatigue design standards such as Eurocode 3 [34a] for construc-
tion steel with Eurocode 2 [3a] for reinforcing steel, some differences are noticed.
Construction steel have an inclination of 3 until 5 · 106 cycles whereon the incli-
nation changes to 5. For reinforcing steel the S-N curve for unaffected straight
rebars have an initial inclination of 5 which changes to 9 at 106 cycles. This
difference in performance can perhaps be explained by the difference in axial
and bending tests where full scale bending tests of concrete beams ensure that
fatigue failure in rebars occur where the concrete is cracked which not necessar-
ily is where the rebar have the most flaws, see Section 2.5.5. For welded rebars,
curve inclination is similar to ordinary construction steel, however inclination
switch between 3 and 5 is set to 107 cycles which differs from construction steel.

The european code for concrete design was developed during the 1980’ies
and is to an extent based on fib Model Code [5]. Linear elastic behaviour is
assumed which gives too high calculated stresses compared to real stresses, thus
conservative designs are obtained [11e]. Sections concerning fatigue verification
were written in Germany thus some influence from German design standards of
that time is incorporated. In short, the design S-N curves governing selection
of ∆σRsk(N∗) and N∗ values are have been developed from experimental result
analysis. Up to about 2 · 106 cycles the experimental basis is strong. After this,
fewer studies are available and pragmatic selections are necessary [40].
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For straight unaffected rebars the curve inclination before N∗ cycles is prob-
ably a good fit. The selection of N∗ = 106 is from the fact that inclination
switch is somewhere in between 106 and 5 · 106 cycles yet no exact inflection
point exists in reality. Curve inclination after 106 cycles is a conservative choice
due to a smaller available pool of test result [40].

Welded rebars have different quantity values compared to unaffected rebars.
Initial curve inclination of 3 inflects after 107 cycles. Whether good scientific
background is available until 107 cycles is unclear. Welded rebars show high
reduction in fatigue strength thus a conservative selection ofN∗ is not surprising.
Few studies exist where rebars have been tested above 107 cycles and curve
inclination after inflection is as well a pragmatic and conservative assessment
[40].

2.7 Stress Calculations

To determine an acting stress field can be both simple and complex depending
on selected method and component shape. Nominal Stress Approach, Structural
Hot Spot Approach and Effective Notch Stress Approach are presented next
which are common approaches.

The nominal stress is the stress in the considered area calculated with general
theories of structural mechanics. When the nominal stress approach is applied,
the stress is calculated in the sectional area under consideration. The local
stress effects from welds are ignored. However, macrogeometric effects, stresses
from concentrated loads and misalignments are to be included since both may
cause significant redistribution of section stresses [17b]. When these effects are
included, a modified nominal stress can be calculated which is the bases for
design. Fatigue resistance S-N curves of classified structural details in e.g. EC3,
are based on the nominal stress approach [17c].

A structural hot spot is a point where a fatigue crack may initiate in the
structure due to structural stresses, weld geometry and notches. The weld profile
itself is excluded [17d]. Commonly the structural hot spot approach is applied
when no clearly defined nominal stress can be identified due to complicated
geometry or when the structural discontinuity is not comparable to a classified
detail. The use of structural hot spot generally requires a finite element analysis
(FEA) of the detail [17e].

Assuming linear-elastic material behaviour, the effective notch stress is the
stress calculated at the notch root. An effective weld contour is introduced in
order to account for weld shape parameters and non-linear material behaviour
at the notch root [17f].

2.8 Statistical Evaluation Theory

Fatigue testing exhibits a significant variation in test results although testing
procedure is well controlled [41]. A fundamental assumption is a log-normal
distribution of experimental results for each stress range since experimental
error can origin from a vast number of sources. Sampling averages tend to be
normal distributed even though individual errors or result are not which is the
basis for the the central limit effect in statistics [42a]. Statistical approach is
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examined in detail in Section 3.4.

2.9 Discussion

Brittle and ductile materials show different fatigue properties, where ductile
material is less affected by cyclic loading. Since the tested K500C-T rebars
are manufactured by TEMPCORE processing hence providing a ductile core
which hopefully remains sufficiently unaffected by the welding, one possibility
is that fatigue life is preserved. The outer, more brittle, martensitic zone will
probably be affected by the welding, thus the question remains; to what extent
the heat affected zone will penetrate the rebars. Since the welding is performed
by industrial robots, the welds will be, more or less, identically executed, which
entails that variances of weld spots and heat affected zones are expected to be
negligible.

Tilly [1] reported that an increase in steel grade above 420 MPa did not
increase fatigue strength of rebars. Zheng and Abel [19] contradict this, in
some way, stating that fatigue resistance of rebars are strongly dependent on the
tempered martensitic outer layer. The martensite shows high fatigue resistance
and once this layer fails the core material of mainly ferrite crystals fails relatively
quickly. It is suggested that fatigue mainly starts in ferrite crystals and when
the martensite fails, there is not much fatigue resistance left in the fatigued core
of a QST rebar. For the testing herein this could implicate that fatigue life is
reduced if the martensite layer is destroyed or altered by the welding.

The main expectation of the testing herein, is that welding only has minor
effect on the fatigue performance, since non load-carrying welds are examined
where the tested longitudinal rebars fatigue life reduction, hopefully will show to
be low. As Section 2.5.3 and 2.5.4 describes, welding will to some extent decrease
the fatigue life, however a common finding in literature is also that fatigue life of
tested specimens with non load-carrying attachments, as reinforcement crossings
or cruciform specimens, presents higher fatigue endurance when compared to
design standards.

Fatigue life and behaviour of steel in general is studied in great extent and
a vast amount of different studies is available. The steel construction trade has
traditionally been more impelled to consider fatigue issues since fatal accidents
have occurred where causation to fatigue failure are very likely. For instance, the
first commercial jet airliner, the Comet, had several disasters originating from
fatigue failure, which at the time of the 1950’ies not was fully comprehended
[15a]. In infrastructure engineering the safety margins are in general higher
when compared to the vehicle industry and complete collapses entirely caused by
fatigue have never been reported [2]. Nevertheless, as the structures slenderness
increases along with material optimization and more frequent and heavier traffic,
fatigue issues appear.

When narrowing down the research area to reinforcing steel for concrete the
field of course diminished but is yet large. Many fatigue studies are performed
on reinforcement bars, both in air and in concrete and overview articles and
state of the art reports have been published, e.g. [1, 2].

Welding of reinforcing steel for concrete when it comes to fatigue behaviour,
is studied, however not that many studies are available. Available literature is
moreover frequently focused on load-carrying butt-welded details, which by no
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means are comparable to tests herein. A few studies have been performed quite
similar to the ones of this scope, showing the importance of separating butt-
welding and spot- or tack welding. In design standards, e.g. EC2 or MC2010
[3, 5], welded bars are all treated the same irregardless of to what extent the
welding procedure has affected the rebar. Furthermore, no distinguishing is
made between load-carrying and non load-carrying welding in design standards.

Judging by that EC2 was mainly written in the 1980’ies and keeping in
mind the limited number of fatigue tests performed on QST rebars in present
day (and hence also in the 1980’ies) a probability might be that S-N curves
not necessarily are representative for QST rebars, which also is pointed out by
Zheng and Abel [19]. Since present design models do not include microstructure
properties, there might thus exist a gap between Eurocode 2 and the research
field as well as material development.
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Chapter 3

Method

Fatigue tests of rebars with a stress-life approach has been conducted. Main
objectives of experiment and specimen descriptions will be examined as well as
loading specifications. Furthermore, statistical approach for result analysis is
also treated and a short hypotheses is presented next.

A brief overview of available standards for fatigue testing and succeeding
statistical evaluation was performed. Testing standards were not followed to
the letter, however they were used as guidelines when testing procedure was
drawn.

3.1 Objectives and Scope

In order to properly evaluate fatigue behavior of robot welded reinforcement
bars, an experiment was performed and the result was compared to reference
S-N curves from EC2 [3c], see Figure 2.2. In total, 23 specimens were tested
axially in air by cyclic loading with constant stress range until catastrophic
failure and the result was statistically analyzed. As discussed in Section 2.6.1,
three main possibilities exist in order to affect the design standard: show parallel
shift of the design curve, i.e. test result exceeds current S-N curve in EC2 and/or
present a curve inclination switch earlier than current N∗ = 107 cycles and/or
indicate that present curve inclination after infection point, N∗, is more flat
than currently prescribed.

3.2 Specimen Description

A specimen from two pieces of different rebars were welded together. Geometry
and material characteristics are presented next.

3.2.1 Specimen Geometry

A total of 25 specimens were manufactured by an industrial procedure where
two pieces of reinforcing steel, with length of 600 mm and 100 mm, were welded
together by robots according to Figure 3.1 and Figure 4.3. The diameter of
the longitudinal rebar was φ20 mm and the shorter transversal rebar was φ16
mm. The welding method was MAG135 which is a standard welding method
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according to [43b, c]. The length of 600 mm was chosen from the suggestion in
[2d] where it is stated that the specimen length should be 30 times the nominal
diameter of the rebar, as calculated in (3.1).

L = 30 · 20 mm = 600 mm (3.1)

In [43c] a ratio condition between minimum and maximum bar diameter is also
specified according to (3.2), which also is met.

φmin

φmax
≥ 0.4;

16

20
= 0.8 ≥ 0.4 =⇒ OK. (3.2)

A specimen was subsequently installed in a testing machinery as shown in Figure
3.3. Cyclic loading was applied according to Section 3.3.

3.2.2 Specimen Material

The reinforcing steel was of K500C-T type, a common steel type in infrastruc-
ture constructions in Sweden. It is a ribbed steel with yielding strength of 500
MPa together with a QST manufacturing process, described in Section 2.5.1.
The explicit steel composition is presented in Table 3.1.

Figure 3.1: Specimen design.
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(a) Overview of a
specimen. (b) Picture showing spot weld.

(c) Picture showing welded connection
between rebars.

(d) Picture showing welded connection
between rebars.

Figure 3.2: Pictures of a specimen before testing.
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Table 3.1: Steel composition for K500C-T used in the experiment, by weight
percent. CE1 and CE2 are carbon dioxide equivalents.

C
Max 0.204

Si
Max 0.250

Mn
Max 1.050

Aim 0.190 Aim 0.170 Aim 1.000
Min 0.170 Min 0.150 Min 0.950

P
Max 0.035

S
Max 0.030

N
Max 0.012

Aim - Aim 0.020 Aim -
Min - Min - Min -

Cr
Max 0.400

Ni
Max 0.400

Al
Max -

Aim - Aim - Aim -
Min - Min - Min -

Cu
Max 0.600

Mo
Max 0.100

Nb
Max -

Aim 0.500 Aim - Aim -
Min - Min - Min -

Sn
Max 0.040

Pb
Max -

Zn
Max -

Aim - Aim - Aim -
Min - Min - Min -

V
Max -

CE1
Max -

CE2
Max 0.454

Aim - Aim - Aim -
Min - Min - Min 0.355

Figure 3.3: Testing Machinery
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3.3 Loading Specifications

An axial force controlled method for fatigue testing was adapted. The stress
range was constant during each specific test series, however varied in between
test series in order to develop a S-N curve. Initially a large stress range was
selected whereat it gradually was reduced as shown in Table 3.2. Corresponding
force range for a φ20 mm rebar calculated by nominal stress approach is also
presented in Table 3.2. The longitudinal rebar was subjected to a sinusoidal
varying force in order to obtain cyclic stresses and by extension fatigue of the
material. Firstly, a quite high stress range of 280 MPa was selected in order to
establish a rather quick result to be compared to design curves in EC2. From
this result the next stress range was selected and gradually the stress ranges were
lowered in order to maximize the number of total cycles, given provided machine
time. 4 different stress ranges, 280, 176, 164 and 148 MPa, were evaluated with
5 specimens at each stress range as seen in Table 3.2. The last test series, of
148 MPa, contained 6 specimens because of available machine time.

Design according to EC2 is presented in Section 2.6.1. The curve inflection
point is chosen to 106 cycles for unaffected rebars which corresponds to a stress
range of 162.5 MPa. Thus the stress ranges of 176, 164 and 148 MPa were
selected in order to evaluate if an inflection point could be found earlier than
107 cycles, which is the inflection point for welded rebars.

The temperature was constant at approximately 20◦ C and testing was per-
formed at a frequency of 10-16 Hz. The variation of frequency is due to machine
limitation where higher frequencies were possible to apply during lower stress
ranges. Frequency effects are not present up until approximately 150 Hz, thus
the varying frequency should not be of concern [2c].

3.3.1 Maximum Stress and Stress Ratio

As defined in Section 2.2, high cycle fatigue prescribes stresses within the elastic
domain. It is necessary to avoid unacceptable plastic strains in the reinforce-
ment, thus the elastic stresses should not exceed 80% of the characteristic value
of the steel yield strength, as suggested in [44]. A common choice of stress ratio
is 0.2 which also was adopted for the testing herein [2c]. Given a stress ratio 0.2
together with a characteristic rebar yield strength of 500 MPa results in a stress
range limit of 400 MPa in order for σmax ≤ 500 MPa thus avoiding yielding of
the steel. From above reasoning, of maximum stress together with stress ra-
tio, the maximum stress was chosen to 70% of the characteristic yield strength,
fy = 500 MPa, in order to be on the safe side of steel yielding, hence σmax = 350
MPa. As discussed in Section 2.1.5, the maximum stresses will decrease with

Table 3.2: Evaluated stress ranges with associated force ranges for a bar diam-
eter of φ20 mm.

Specimen ∆σ [MPa] Fmax [kN] Fmin [kN]
1-7 280 110.0 22.0

8-11,13 176 69.1 13.8
14-18 164 64.4 12.9

12,19-23 148 58.1 11.6
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Table 3.3: Experimental loading values for each specimen as to stress range,
stress ratio, mean stress, max stress and min stress.

Specimen ∆σ [MPa] R [-] σmean [MPa] σmax [MPa] σmin[MPa]
1-7 280 0.200 210 350 70

8-11,13 176 0.200 132 220 44
14-18 164 0.200 123 205 41

12,19-23 148 0.200 111 185 37

the lowering of stress range, given a constant stress ratio. Table 3.3 presents a
clear view over σmean, σmax and σmin where the decrease is obvious.

3.3.2 Definition of Failure and Run-out

Specimens were tested until complete failure, i.e. separation into two parts.
In accordance with [45], any failure occurring within the distance of 2φ = 40
mm or closer to the machine grips, that particular specimen is to be considered
as invalid. Specimen 2 and 3 failed at gripping areas and were hence omitted
from analysis. Testing was aborted if a specimen survived more than 1.6 · 106

cycles which was the case for specimen 12. Specimen 12 was also excluded from
analysis which is discussed in Chapter 5.

3.4 Statistical Analysis of the Results

After failure, each test was examined in more detail. A test file was produced
by the testing machine which displays a more precise test data as to max de-
formation, min deformation, max force, min force and frequency connected to a
specific loading cycle. Needless to say, the test files are large, measured in rows,
and are hence not included in the appendix.

Exact stress range, stress ratio and fatigue life were gathered from the test
file and stress range to fatigue life could be displayed graphically in a log-log
plot, see Chapter 4.

The mathematical formulations regarding statistical evaluation of the test
result are presented in Section 3.4.1 which in all essence follows ISO-12107 [41].
A linear regression curve is drawn and the corresponding 5% fractile is compared
to present design curves in EC2 [3a].

3.4.1 Linear Regression

As mentioned in Section 2.2.1, Basquin was first to suggest the well-known
power law to properly describe fatigue life, see (3.3), where Nf is the fatigue
life in number of stress cycles, ∆σ is the applied stress range and k and C are
material constants.

Nf∆σk = C (3.3)

By using logarithms (3.3) becomes linear, as shown in (3.4).

logNf = logC − k log ∆σ (3.4)
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According to (3.3) and (3.4), the logarithms of the tested stress ranges and the
corresponding logarithmic fatigue lives were calculated. Furthermore, the curve
inclination coefficient k and the ordinate crossing C were established, as per
(3.5) and (3.6), in order to describe a linear curve in log-scale where n is the
number of specimens which in this case is n = 20.

k =

∑n
i=1 log ∆σi logNf,i −

∑n
i=1 log ∆σi

∑n
i=1 logNf,i

n∑n
i=1 (log ∆σ)

2 − (
∑n

i=1 log ∆σ)
2

n

(3.5)

logC =

∑n
i=1 logNf,i − k

∑n
i=1 log ∆σi

n
(3.6)

With the parameters, k and logC defined, the stress ranges from the test series
are used in the new formulated linear equation (3.7) and from this equation,
predicted fatigue lives, Nf,predic, can be calculated. The predicted fatigue lives
are plotted against the stress ranges which of course forms a linear curve in log
scale, i.e. a linear regression curve.

logNf,predic = logC − k log ∆σ (3.7)

The characteristic value is defined as the lower tolerance limit of the statis-
tical 5% probability of failure, P = 5, on a 75% confidence interval, 1−α = 75,
i.e the 5% fractile. In order to determine a 5% fractile curve corresponding to
currently established linear regression curve in (3.7), a standard deviation, s, is
calculated according to (3.8) where p is the number of estimated parameters,
i.e. k and logC thus in this case p = 2.

s =

√∑n
i=1(logNi − logNi,predic)2

n− p
(3.8)

For a linear case, the predicted lower tolerance fatigue life, Nf,predic,5%, is cal-
culated as shown in (3.9) where v is the number of degrees of freedom, v = n−p
and ∆σ is the mean value of the applied stress ranges. For the case of a char-
acteristic value defined as above, kP,1−α,v = k5,75,18, which is the characteristic
fractile factor and is selected from Annex D - Design Assisted by Testing in EC0
[46]. For the testing herein k5,75,18 = 1.760.

logNf,i,predic,5% = logNf,i,predic−kP,1−α,v·s
[
1 +

1

n
+

(log ∆σi − log ∆σ)2∑n
i=1(log ∆σi − log ∆σ)2

] 1
2

(3.9)
From the result provided by (3.9), the characteristic curve can be calculated
and plotted which is shown in Chapter 4.

In order to evaluate statistical assumptions, as to a log-normal distribution
of test result, correlation coefficient and residual plots are calculated and shown.
Correlation coefficient, R2, for the linear regression is calculated according to
(3.10) and describes the linear regression fit, to actual test result. A correlation
coefficient value of above 0.9 is desirable and indicates a good fit [41].
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R2 =

(∑n
i=1 log ∆σi logNi −

∑n
i=1 log ∆σi

∑n
i=1 logNi

n

)2

(∑n
i=1 (log ∆σi)

2 − (
∑n

i=1 log ∆σi)
2

n

)(∑n
i=1 (logNi)

2 − (
∑n

i=1 logNi)
2

n

)
(3.10)

The residual, e, is the distance from actual tested fatigue life, Nf , to the pre-
dicted fatigue life, Nf,predic, as shown in (3.11). The residuals are plotted against
predicted fatigue life and the residuals should be distributed evenly around 0.
This also implies that the sum of the residuals are zero [41].

ei = logNf,i − logNf,i,predic (3.11)

3.5 Optical Microscope

In order to distinguish fatigue stages, described in Section 2.4, an optical micro-
scope was used on fracture surfaces. Different fatigue specific surface appear-
ances were also looked for and in Chapter 4 pictures are available.

3.6 Hypotheses

Welding affects the fatigue resistance of reinforcement bars highly. However,
consideration was put into minimizing the effect of the welding by introducing
welds performed by industrial robots. Consequently the test outcome should
be somewhere in between earlier test results of tack welded reinforcement bars
and unaffected rebars. The experiments will be carried out on as received bar
in air. This would imply lower fatigue life as discussed in Section 2.5.5. In
summary, by introducing robots a possibility of enhanced fatigue life appears
however the welding will still affect fatigue life negatively. Additionally, testing
in air is known to produce inferior result.

There is also risk of introducing high local stresses at the areas where the
machine is gripping the specimen causing premature fracture at the ends of the
specimen. The hypothesis is however that the fracture will be in the center part
of the specimen since the welding procedure introduce brittle material behaviour
as well as stress concentrations [1, 44].
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Chapter 4

Results

As described in Section 3.3, 4 different stress ranges, 280, 176, 164 and 148
MPa were chosen for the experiment. Due to machine characteristics and small
variations in steel geometry and material properties, the desired stress range was
not exactly matched during testing. As can bee seen in the following result-
tables and figures, the actual obtained stress range varied somewhat thus a
distribution is seen between stress ranges even though the objective was to
minimize differences in stress range within a test series.

An overview of test result is presented next with tables and figures. Thence
fracture surfaces which have been examined by optical microscope is presented
with pictures. Furthermore, the result of the statistical analysis is shown.

4.1 Result overview

The first tested stress range at 280 MPa is seen at the top of Figure 4.1 and an
enlargement of that specific region is visualized in Appendix A.1, Figure A.2.
Specific test result for each specimen is shown in Table 4.1. No remarkable
outcome is seen and fatigue life is close to estimated life according to S-N curve
for welded rebars in EC2 [3c].

When the stress range was lowered to 176 MPa, the same trend is obvious,
as seen in Figure 4.1. The test results displays good agreement to present design
curve and is also presented in Table 4.2.

The next stress range of 164 MPa shows no change in trend. The fatigue life
is still in resemblance with design curve and is displayed in Table 4.3.

For the stress range of 148 MPa one specimen exhibited fatigue life of over
1.6 · 106 cycles and the testing was, due to time issues, aborted. However, after
further testing at this stress range it seems as this was only a particularly strong
specimen and remaining specimens failed yet again in good agreement with the
design curve for welded rebars from EC2 [3c]. The result at the stress range of
148 MPa is shown in Table 4.4.

Additional figures are available in Appendix A.1 as to larger and smaller
scales in order to illustrate the result further.
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108 S-N Curves According to EC2 Together with Test Results

S-N curve EC2, straight rebar.
S-N curve EC2, welded rebar.
Result, stress range 280 MPa.
Result, stress range 176 MPa.
Result, stress range 164 MPa.
Result, stress range 148 MPa.
Specimen 12: Run out.
Linear Regression.
5% Fractile.

Figure 4.1: S-N curves from EC2 together with test results. Linear regression
curve and corresponding 5% fractile is also shown.

Table 4.1: Test series 1. Aimed stress range 280 MPa.

Specimen Stress Range, ∆σ, [MPa] Life, Nf · 103 Freq. [Hz] Stress Ratio
1 286 89 10 0.1854
4 285 78 10 0.1913
5 282 97 10 0.1955
6 286 95 10 0.1907
7 282 118 10 0.1969

Mean 285 96 - 0.1919
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Table 4.2: Test series 2. Aimed stress range 176 MPa. (*Frequency was lowered
after 481 · 103 cycles.)

Specimen Stress Range, ∆σ, [MPa] Life, Nf · 103 Freq. [Hz] Stress Ratio
8 177 351 10 0.1940
9 176 428 16 0.1966
10 170 619 16-10* 0.2137
11 173 605 12 0.2159
13 176 474 12 0.1974

Mean 174 496 - 0.2035

Table 4.3: Test series 3. Aimed stress range 164 MPa.

Specimen Stress Range, ∆σ, [MPa] Life, Nf · 103 Freq. [Hz] Stress Ratio
14 161 554 15 0.2083
15 168 464 15 0.1875
16 162 600 15 0.2064
17 160 516 15 0.2114
18 161 618 15 0.2102

Mean 162 550 - 0.2048

Table 4.4: Test series 4. Aimed stress range 148 MPa. (*Run out. Test was
aborted without failure and fatigue life is not included in mean value or statis-
tical analysis)

Specimen Stress Range, ∆σ, [MPa] Life, Nf · 103 Freq. [Hz] Stress Ratio
12 147 1686* 15 0.2051
19 146 690 15 0.2027
20 145 603 15 0.2098
21 151 597 15 0.1923
22 149 690 15 0.1959
23 149 714 15 0.1982

Mean 148 659 - 0.1998
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4.1.1 Statistical Analysis

The result was examined with statistical analysis where a linear regression curve
and corresponding 5% fractile curve was produced, which is seen in Figure
4.1. Furthermore, correlation coefficient, R2, and slope inclination, k1, were
calculated and compared to design standard. The procedure is discussed in
detail in Section 3.4.

The correlation between linear regression curve and actual test result was
good and approximately R2 = 0.97 ≥ 0.9. The slope of calculated curves were
approximately k1 = 3.1 which is somewhat better than the prescribed value of
3 in EC2 [3d]. Table 4.5 show these calculated values.

The residual plot is presented in Figure 4.2, where result distribution in
general is good. Two test result show some slight deviation from other residuals,
see the top most points in Figure 4.2.

Specimen 12 was excluded from the statistical analysis.

Table 4.5: Correlation coefficient R2 and slope inclination, k1.

R2 k1

0.9682 3.0631
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Figure 4.2: Residual plot with logarithmic scale.
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4.2 Fracture Surfaces

The fatigue phases, as discussed in Section 2.4, were studied by eye and optical
microscope. As seen in Figure 4.3c and Figure 4.3d, crack initiation is located
in the weld vicinity. The crack opening produce characteristic large orthogonal
cracks to propagation direction. When crack initiation have occurred, the crack
propagates, creating a smooth area until stresses are to intense and sudden
brittle fracture separates the specimen. The brittle fracture area is seen as
rough and jagged in Figure 4.3.

Fracture surfaces from specimens 1 and 10 were also studied with optical
microscope and pictures are presented below, see Figure 4.4. In Figure 4.4a
and Figure 4.4b differences in surface roughness may be seen when the the
fractures are studied. The martensite shell can also be seem, however with
some difficulty. The heat affected zone is seen as a lighten parabola, striking
through the martensite. Figure 4.4c is a magnification of the crack initiation
site of specimen 10. Larger cracks which spread from the edge of the surface
into the steel can be seen. Next, Figure 4.4d show a banded structure from
the centerpiece of specimen 10 fracture surface. This banded structure could
be slip bands as discussed in section 2.3.3. Finally, Figure 4.4e and Figure 4.4f,
are representations of different propagation areas on the surface of specimen 10.
Figure 4.4e show a rough and wavy surface at the end of propagation phase,
before fracture and Figure 4.4f is an enlargement of early propagation which
show a more smooth surface nature.
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(a) Fracture surface of specimen 1. (b) View of separation of specimen 1.

(c) Fracture surface of specimen 9. (d) Fracture surface of specimen 16.

Figure 4.3: Pictures of a specimens after testing.
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(a) Picture of fracture surface from speci-
men 10 from optical microscope.

(b) Picture of fracture surface from
specimen 1 from optical microscope.

(c) Picture of crack initiation site for specimen 10 from optical microscope.

(d) Captured banded structure from center of
fracture surface of specimen 10.

(e) Rough surface just before brittle
failure zone of specimen 10.

(f) Smooth zone at the beginning of prop-
agation zone of specimen 10.

Figure 4.4: Picture from optical microscope.
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4.3 Propagation Phase

After crack initiation, the crack starts to propagate, see Section 2.4. The crack
propagation phase is seen clearly if deformation is visualized in relation to
matching cycle. In Figure 4.5, the last 80·103 cycles is seen, one curve from each
stress range. The propagation starts where the deformation starts to increase
quickly however a precise demarcation can not be determined. It is obvious that
once crack is initiated, the propagation phase is rather quick and fracture occur
rapidly. A small difference can be seen between stress ranges where a lower
stress range seem to show a slightly longer propagation phase.
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Figure 4.5: Last 80 · 103 cycles from 4 different stress ranges. The curves are
moved in the plane in order to enable a comparison, hence no axis values are
shown.
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4.4 Problems During Testing

Specimen 2 and 3 suffered from failure at machine gripping areas. This was
probably because of gripping over ribbing area of the rebar introducing high
stress concentrations to the ribs. When the rebar was rotated providing a larger
area on which the jaws clamped, this problem was avoided and apart from
specimen 2 and 3 all specimens failed at the vicinity of the welded zone.

(a) Crack at gripping area. Machine
jaw marking just over ribbing area. (b) Good gripping markings.

(c) Pictures of machine gripping jaws.

Figure 4.6: Specimen orientation influence.
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Chapter 5

Discussion

An overall discussion of the test results is initially held whereby conclusions are
presented and finally future research is proposed.

5.1 Results

Initially the test results regarding the rebar microstructure is discussed in re-
lation to Chapter 2. Furthermore, Eurocode 2 and the testing outcome are
compared and reviewed and finally method and relevant implications are dis-
cussed.

5.1.1 Reinforcement Bar Microstructure

Crack initiation occurred in the vicinity of the weld where the heat affected
zone has destroyed the harder martensite, as may be seen with some difficulty
in Figure 4.3 and Figure 4.4. As discussed in Section 2.5, the rebar steel is
mainly composed of martensite and ferrite. The martensite, a BCT unit cell
structure, shows a semi-ductile behaviour and is harder compared to the ferrite.
It is mainly the martensite which provides the high yield strength of 500 MPa,
thus the martensite is a necessity. As suggested by Zheng and Abel [19] it
seems as the tempered outer shell of martensite is an important factor of fatigue
resistance. This is not surprising since it is well established that fatigue is a
surface phenomenon implying that the material closest to the surface is highly
relevant. Whether ductile or semi-ductile materials are beneficial in relation to
fatigue is a relevant question and not fully clear. When cracks are initiated at
the martensite surface, the cracks cut through the semi-brittle martensite zone
more or less momentarily. Once this has occurred, the cracks start to propagate.
As can be seen in Figure 4.5, when propagation has started, catastrophic failure
is close. This underlines the importance of surface conditions and to have a
steel of good fatigue resistance.

When unaffected QST rebars are tested in fatigue, for instance by Zheng and
Abel [19] or Rocha et al. [25], the results are in good relation to the standards
and other types of steel. This indicates that martensite may show more fatigue
resistance in comparison to ferrite. The heat affected zone from the welding
procedure, most likely destroys the martensite, whereafter a complex zone of
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varying microstructure is the outcome. Overview articles and state of the art
reports reviewed in this thesis, are from the 1980’ies. The reviewed articles are
highly relevant because the field has not had any revolutionary new findings
since the 1980’ies. However, QST rebars have shown to outperform older types
of rebars in fatigue testing [19], thus newer steel types may show different fatigue
performance in comparison to presented data in Fatigue of Steel Reinforcement
bars [1] and Bulletin 188 [2].

5.1.2 Eurocode 2

When the design standard, EC2, is studied it is obvious that stress ratio and
mean stress are disregarded even though their relevance is well supported. As
mentioned in Section 2.1.3, a probable cause is stress concentrations which re-
duce these effects. To what extent, remains unclear thus further testing where
these parameters are altered could also endorse or disfavor current neglecting
of mean stress and stress ratio effects.

As described in Section 2.6.1, the two relevant components are, k2 and
∆σRsk, when it comes to fatigue design according to EC2 [4b]. If a result
indicates that the design S-N curve for welded rebar was too conservative an
argument could be made of an enhancement of present value of ∆σRsk from a
parallel shift of the design curve. The tested stress ranges in the present work,
are in the interval of 280 to 148 MPa. The test results indicate a good fit to
present design curve, thus no parallel shift can be suggested.

Since the ∆σRsk quantity is selected at the curve inflection point, i.e. the
stress range at which the curve inclination changes, there is a great value in de-
termining this point more precisely. As may be seen for specimen 12, see Figure
4.1 or Table 4.4, a curve inclination switch could have been the case. Specimen
12 was the first test at 148 MPa and showed promising result. After testing all
specimens at the stress range of 148 MPa, it is more likely that specimen 12
was an outlier, when compared to other tests at that stress range. The curve
inclination switch is in general between 106 and 107 cycles [40]. Testing where
the stress range is reduced further is necessary in order to pinpoint the exact
inclination switch. The S-N curves in EC2 [3c] are based on a pragmatic choice,
where reliable experimental background is available up to approximately 2 · 106

cycles. A conservative curve inclination is thus chosen after this point. If a more
precis inflection point could be defined this could enhance the ∆σRsk quantity.
Current inflection point for welded rebars are set to N∗ = 107 cycles. If the
curve inflection point is shown to appear earlier than 107 cycles, this would thus
increase ∆σRsk.

Further testing at lower stress ranges from 140 to 50 MPa would be most
valuable since it would provide an actual curve inclination approximation. The
curve inclination after 2 · 106 cycles is a conservative approximation and a more
complete investigation could result in an increased k2 value. When stress ranges
are reduced, experimental scatter is known to increase, thus numerous tests are
necessary at each stress range.

As may be seen in Figure 5.1, the curves of unaffected and weld affected
rebars diverge rapidly after 106 loading cycles from the inclination change for
unaffected rebars. Testing at these stress ranges are highly interesting since it
would show if the present curve for welded rebars is a good fit at these low stress
ranges or a parallel shift to the right could come in question. Since less research
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is available at these lower stress ranges, a chance might be that the pragmatic
assessments are too conservative.
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108 S-N Curves According to EC2 Together with Test Results

S-N curve EC2, straight rebar.
S-N curve EC2, welded rebar.
Result, stress range 280 MPa.
Result, stress range 176 MPa.
Result, stress range 164 MPa.
Result, stress range 148 MPa.
Specimen 12: Run out.
Linear Regression.
5% Fractile.

Figure 5.1: S-N curves from EC2 together with test results showing lower stress
ranges and the area where design S-N curves for weld affected and unaffected
rebars diverge.

In summary of the above, more testing is necessary in order to obtain N∗

and the curve inclination k2 more precisely. This requires testing where fatigue
life is in the range of 106 to 108 cycles thus very long testing time.

5.1.3 Method of Testing

There is a large jump in tested stress range between 280 and 176 MPa. From
earlier knowledge (c.f. [2]) it is reasonable to assume a linear relation over this
interval and a test series in an intermediate stress range would most likely yield
test results matching the S-N curves from EC2 as seen for the tested stress
ranges.

Two specimens (2 and 3) suffered from grip failure and were excluded from
the results and the succeeding statistical analysis. It was concluded from the
gripping pattern over the rebars, that the machine jaws should be applied over
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the flattest area of the rebars, c.f. Figure 4.6. A probable explanation is that
when the gripping was centered directly over the ribs (as were the case for speci-
men 2 and 3) and not on the more flat area of the rebar, high local stresses were
introduced to the ribs. When testing proceeded, the ribs suffered from small
rotation from the back and forth motion produced by the testing machine. By
extension, the rotational movement of the ribs, reduced the nominal elongation
of the specimen thus also the stresses at the welded zones.

The testing was performed in air which do show conservative test results.
If the experimental program had been performed by bending of RC-beams,
the results would probably have been more favorable. It is however somewhat
deceptive to suggest that testing in air presents incorrect results when compared
to the standard. When the standard was written, test results from a vast amount
of experiments were gathered, where a majority are performed in air. Hence, the
design S-N curves are mostly influenced from testing in air and the comparison
with the test results herein is from this inference most relevant.

5.2 Conclusions

The general findings are that the present design S-N curve in EC2 [3c] is repre-
sentative for MAG135 welded rebars performed by industrial robots. Further-
more, EC2 has good scientific support for design S-N curves up until 2 · 106

cycles, whereafter a pragmatic assessment is the background to the design S-N
curves. Thus, it is concluded that

• MAG135 welds performed by industrial robots presents no design advan-
tage as to allowable stress ranges.

• The standard relies on good experimental background up until 2 · 106

cycles.

5.3 Future Research

Several interesting questions arise from the test results. The martensite is prob-
ably destroyed by the welding and a different welding method may be evaluated
further. The heat affected zone seen at the specimen fracture surface was rather
deep and perhaps a different welding method may interfere less with the steel.
The martensite may be a steel of high fatigue resistance and to preserve the
martensite shell with a less deep heat affected zone may be advantageous.

When large steel beam elements are manufactured, different post treatment
of welds are performed in order to minimize the residual stresses. It may be of
interest if similar techniques can be applied on spot welds and hence enhance
fatigue life.

A completely different joining technique, other than welding, may also be in
question and should be examined. For instance, high-end component adhesive
can perhaps be an interesting new topic, since this may impact the steel less
than welding.

A profound investigation of steel material could pave the way for a better
understanding of important fatigue properties. Whether it is beneficial to have
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a semi-ductile hard material or it actually is better if it is a more ductile remains
to be shown.

Further lowering of the stress ranges should also be tested in order to estab-
lish the entire S-N curve. This would provide knowledge of where the S-N curve
inflects and the succeeding curve inclination and by extension precise values of
∆σRsk and k2.

5.4 Final Remarks

As described in the introduction, Section 1.1, a major possibility lies in an
automated processes of constructing reinforcement units. Great time reducing
operations, such as the present initiative of a reinforcement station, play a major
role concerning costs of infrastructure construction. Assembling reinforcement
units with welding requires further testing which is time consuming and hence
the costs are high. Collaboration between several companies and stakeholders
are probably a path forward which already have begun.

The automatization has probably only began and technical solutions will
most likely develop towards less human interference.
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[23] Rocha, M., Brühwiler, E., and Nussbaumer, A. “Fatigue Behaviour Pre-
diction of Steel Reinforcement Bars Using an Adapted Navarro and De
Los Rios Model”. In: International Journal of Fatigue 75 (2015), pp. 198–
204. issn: 0142-1123.

[24] Majumdar, S. et al. “Optimum Rib Design in TMT Rebars to Enhance
Fatigue Life While Retaining Bond Strength”. In: JOURNAL OF MATE-
RIALS IN CIVIL ENGINEERING 30.3 (2018). issn: 08991561.

[25] Rocha, M. et al. “Very High Cycle Fatigue Tests of Quenched and Self-
Tempered Steel Reinforcement Bars”. In: Materials and Structures/Materiaux
et Constructions 49.5 (2016), pp. 1723–1732. issn: 13595997.

[26] Apostolopoulos, C.A. and Rodopoulos, C.A. “Inelastic Cyclic Behaviour of
As-Received and Pre-Corroded S500s TEMCORE Steel Reinforcement”.
In: International Journal of Structural Integrity 1 (2010), p. 52. issn:
1757-9864.

[27] Taylor, D., Barrett, N., and Lucano, G. “Some New Methods for Predict-
ing Fatigue in Welded Joints”. In: International Journal of Fatigue 24.5
(2002), pp. 509–518. issn: 0142-1123.

[28] Tong, L. et al. “Experimental Study on Fatigue Behavior of Steel Rein-
forced Concrete (SRC) beams”. In: Engineering Structures 123 (2016),
pp. 247–262. issn: 0141-0296.

[29] Ma, Y. et al. “Static and Fatigue Behavior Investigation of Articial Notched
steel Reinforcement.” In: Materials 10.5 (2017). issn: 19961944.

[30] Amorn, W. et al. “Fatigue of Deformed Welded-Wire Reinforcement.” In:
PCI JOURNAL 52.1 (2007), pp. 106–122. issn: 08879672.

[31] Ayyub, B.M., Chang, P.C., and Al-Mutairi, N.A. “Welded Wire Fabric
for Bridges. II: Fatigue Strength”. In: Journal of Structural Engineering
(United States) 120.6 (1994), pp. 1882–1892. issn: 0733-9445.

[32] Riva, P., Franchi, A., and Tabeni, D. “Welded Tempcore Reinforcement
Behaviour for Seismic Applications”. In: Materials and Structures/Materiaux
et Constructions 34.238 (2001), pp. 240–247. issn: 1359-5997.

[33] Ohta, A., Maeda, Y., and Suzuki, N. “Residual Stress Effect on Fatigue
Strength of Non-Load-Carrying Cruciform Welded Joints of SM570Q Steel
For Welded structures.” In: Welding in the World 46.11-12 (2002), pp. 20–
25. issn: 00432288.

[34] SS-EN 1993-1-9:2005. Eurocode 3: Design of Steel Structures - Part 1-9:
Fatigue. 1st ed. SSI - Swedish Standards Institute, 2005.
a) Section 7.1.
b) Section 7.2.

[35] Zong, L. et al. “Experimental and Numerical Investigation on Fatigue
Performance of Non-Load-Carrying Fillet Welded Joints”. In: Journal of
Constructional Steel Research 130 (2017), pp. 193–201. issn: 0143-974X.

[36] Abdullah, E., Gotoh, K., and Deguchi, J. “Comprehensive Study of Struc-
tural Integrity of Non-Load-Carrying Fillet-Welded Joint Effect With Large
Gap Size”. In: JOURNAL OF MARINE SCIENCE AND TECHNOL-
OGY 20.4 (2015), pp. 752–764. issn: 09484280.

66



BIBLIOGRAPHY BIBLIOGRAPHY

[37] Ahola, A., Nykänen, T., and Björk, T. “Effect of Loading Type on the Fa-
tigue Strength of Asymmetric and Symmetric Transverse Non-Load Car-
rying Attachments.” In: FATIGUE FRACTURE OF ENGINEERING
MATERIALS STRUCTURES 40.5 (2017), pp. 670–682. issn: 8756758X.

[38] Lee, C.H. et al. “Effect of Weld Geometry on the Fatigue Life of Non-
Load-Carrying Fillet Welded Cruciform Joints”. In: Engineering Failure
Analysis 16 (2009), pp. 849–855. issn: 1350-6307.

[39] Plos, M. et al. Non-Linear Analysis and Remaining Fatigue Life of Rein-
forced Concrete Bridges. Background Document D4.5. Tech. rep. Chalmers,
CERVENKA, LTH, LTU, EPFL, SRA, 2007.
a) Section 7.2.
b) Section 7.3.

[40] Zilch, K. and Zehetmaier, G. Bemessung im konstruktiven Betonbau. In
German. 2006. isbn: 978-3-540-70637-3.

[41] ISO 12107. Metallic Materials - Fatigue Testing - Statistical Planning and
Analysis of Data. 2nd ed. International Standard, 2012.

[42] Box, G. E. P., Hunter, J. S., and Hunter, W. G. Statistics for Experi-
menters. 2nd ed. 2005. isbn: 0-471-71813-0.
a) Section 2.5.
b) Section 3.2.

[43] SS-EN ISO 17660-2:2006, Welding - Welding of Reinforcing Steel - Part
2: Non Load-Bearing Welded Joints. 1st ed. SSI - Swedish Standards In-
stitute, 2006.
a) Section 5.
b) Table 1.
c) Table 2.

[44] Kopas, P. et al. “Fatigue Resistance of Reinforcing Steel Bars”. In: Pro-
cedia Engineering 136.20 (2016), pp. 193–197. issn: 1877-7058.

[45] SS-EN ISO 15630-2:2010. Steel for the Reinforcement and Prestressing of
Concrete - Test Methods - Part 2: Welded Fabric. 2nd ed. Section 8.4.7.
SSI - Swedish Standards Institute, 2010.

[46] SS-EN 1990. Eurocode - Basis of Structural Design. 1st ed. SSI - Swedish
Standards Institute, 2002.

67



BIBLIOGRAPHY BIBLIOGRAPHY

68



Appendix A

Appendix

A.1 Additional Result Figures

Additional figures from the test results are presented here if details are inter-
esting. A view of tested stress ranges in comparison to the entire S-N curves in
EC2 [3a] is presented in Figure A.1, where it is difficult to interpret the result
from the large scale. The idea is to show the experimental region as to stress
ranges and corresponding fatigue life, in order to obtain a full overview of the
tested region. Two magnifications of the test result, one for the stress range of
280 MPa and one for the three lower stress ranges is available, see Figure A.2
and Figure A.3.
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S-N Curves According to EC2 Together with Test Results

S-N curve EC2, straight rebar.
S-N curve EC2, welded rebar.
Result, stress range 280 MPa.
Result, stress range 176 MPa.
Result, stress range 164 MPa.
Result, stress range 148 MPa.
Specimen 12: Run out.
Linear Regression.
5% Fractile.

Figure A.1: S-N curves from EC2 together with test results. Linear regression
curve and corresponding 5% fractile is also shown. A quite large scale in order
to include the entire curve from EC2 [3c].
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108 S-N Curves According to EC2 Together with Test Results

S-N curve EC2, straight rebar.
S-N curve EC2, welded rebar.
Result, stress range 280 MPa.
Result, stress range 176 MPa.
Result, stress range 164 MPa.
Result, stress range 148 MPa.
Specimen 12: Run out.
Linear Regression.
5% Fractile.

Figure A.2: S-N curves from EC2 together with test results. Linear regression
curve and corresponding 5% fractile is also shown. Enlargement of 280 MPa
stress range.
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108 S-N Curves According to EC2 Together with Test Results

S-N curve EC2, straight rebar.
S-N curve EC2, welded rebar.
Result, stress range 280 MPa.
Result, stress range 176 MPa.
Result, stress range 164 MPa.
Result, stress range 148 MPa.
Specimen 12: Run out.
Linear Regression.
5% Fractile.

Figure A.3: S-N curves from EC2 together with test results. Linear regression
curve and corresponding 5% fractile is also shown. Enlargement of the lower
tested stress ranges, 176, 164 and 148 MPa.
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