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Innovative method for deriving residual stress distribution in hot-rolled steel beams
Filip Karlstrom & Borik Ronnby

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

In this masters project, an innovative method of determining residual stresses in
steel beams has been developed. The method is based on an inverse analysis method
which utilises finite element modelling and strain data collected with optical fibres
to estimate the variables describing the residual stress distribution. The problem
solved is of a non-linear type since the material behaviour during loading is non-
linear, resulting in that a direct-search method was used in the inverse analysis.
The variables describing the residual stress distribution are therefore derived using
a Nelder-Mead optimisation algorithm where the dilerence between the finite ele-
ment model’s strains and strains obtained from testing is minimised.

The method was tested by performing four point bending tests on six hot-rolled
profiles split between three HEA200 and three HEB200 beams. It can be concluded
that the method is highly dependent on the quality and amount of test data that can
be used. Especially the ability to capture data after the point of yielding is crucial
in order to accurately mirror the non-linear behaviour of the material. However,
if the data is good enough the method works as expected and will find a suitable
residual stress distribution of the specimen’s tested.

The accuracy of the method in its current state is however questionable as simplifi-
cations made in the FE-model might have significantly aledted the result. Several
improvements of the method is thereby proposed to make it more accurate and
reliable.

Keywords: Residual stress distribution, Inverse analysis, Optical fibres, Hot-rolled
steel beam, Nelder-Mead



Innovativ metod for att bestdmma egenspanningsfordelningen i varmvalsade balkar
Filip Karlstrom & Borik Ronnby

Institutionen for Arkitektur och Samhallsbyggnadsteknik

Chalmers Tekniska Hogskola

Sammanfattning

I detta mastersprojekt har en innovativ metod for att bestimma egenspanningar
i stalbalkar framtagits. Metoden &r baserad pa en inversanalys som anvander sig
av finit elementmodellering och tdjningsdata fran optiska fibrer for att estimera
variablerna som beskriver egenspanningarna. Problemet som l6ses ar icke-linjart
eftersom materialets beteende under lastning &r icke-linjart, vilket resulterade i att
en direkt sokmetod anvandes i inversanalysen. Variablerna for egenspanningsférdel-
ningen ar framtagna genom en Nelder-Mead optimeringsmetod dar skillnaden mellan
téjningsdatan fran den finita element modellen och de fysiska testerna minimeras.

Metoden var testad genom att utféra fyrpunktsbojningstester pa sex varmvalsade
profiler, varav tre var av typ HEA200 och tre var av typ HEB200. Det kunde kon-
stateras att metoden &r ytterst beroende av kvalitén och mangden testdata som kan
anvandas. Framfor allt méjligheten att méta data efter att stalet flyter ar viktigt
for att noggrant kunna modellera det icke-linjara beteendet hos materialet. Om
datan &r bra nog sa fungerar dock metoden som véntat och den finner en passande
egenspanningsfordelning for den testade provkroppen.

Tra[sdkerheten hos metoden i sitt nuvarande skede ar dock ifragasattbar eftersom
forenklingar av balkmodellen kan ha avsevart paverkat resultatet. Flertalet for-
battringar av metoden ar darmed foreslagna for att géra den mer tra[sdker och
trovardig.

Nyckelord: Egenspéanningsférdelning, Inversanalys, Optiska fibrer, Varmvalsad stal-
balk, Nelder-Mead
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1

Introduction

This section describes the background of the project and what its aim and limitations
are.

1.1 Background

Residual stresses have a large in uence on the fatigue life of manufactured steel
products (James et al.,, 2007). Since the mean stress is inversely related to the
fatigue capacity, an increase in the mean stress in the form of residual stress will
lower the fatigue life of the product. In addition, residual stresses a ect when parts
of the cross-section yield, which in compression make the products more sensitive
to buckling (Young, 1975). Because of these e ects, it is of interest to be able to
accurately determine the residual stresses of steel members.

There are several methods to determine the residual stresses, and they can be cate-
gorised into three types: destructive, semi-destructive, and non-destructive (Rossini
et al., 2012). Destructive and semi-destructive methods are usually easy to perform
and can be used for any type of material, but they leave the specimen damaged
after the procedure. In addition, errors are introduced in the process of drilling or
cutting the specimen for the measurements, and the data from the tests could be
di cult to interpret (Rossini et al., 2012). Methods that are non-destructive, on the
other hand, leave the specimen unchanged but usually require lab conditions and
tweaking for the speci ¢ specimen to give proper results (Rossini et al., 2012).

In search of an alternative way of measuring residual stresses, a method based on
inverse analysis of strains obtained using optical bre sensors has been proposed.
The bres allow for high amounts of strain measurements along the length of the
cable compared to traditional strain gauges (Sabri et al., 2013), which could improve
the accuracy of the residual stress pro le. In this thesis, the method described above
was tested and then evaluated.

1.2 Method overview

The method compares strain data from physical testing with that of a numerical
model. By assuming a residual stress distribution and evaluating each assumption
the method derives the initial residual stress distribution of the beam. This is a
type of inverse analysis were the result is known, in this case the strain data, the

1



1. Introduction

initial state of the problem is then to be solved, in this case the residual stress
distribution. To solve the problem, an optimisation algorithm is used which makes
new assumptions based on the result of the previous assumption, until it reaches a
set convergence criteria.

Measurements are made using optical bres glued to a specimen subjected to loading,
with at least one section going beyond yielding. The bres allow for high amounts
of strain measurements along the length of the cable compared to traditional strain
gauges (Sabri et al., 2013), which could improve the accuracy of the residual stress
pro le.

1.3 Aim

The aim of this master project was to develop and evaluate a method of deriving
the residual stress distribution of steel beams based on strain data measured with
optical bres.

1.4 Limitations

For the physical tests conducted, no cyclic loading was performed. This decreased
the number of variables that could a ect the result, leading to a reduced work load
in calibrating the model based on the test results.

Only hot-rolled H-pro les were tested, and their sizes were limited by the fact that
the maximum available force in four-point bending was 200 kN and that plasticity
had to be reached in the cross-section. Because of the limited available force, the
steel strength was also limited, not including high strength steels. Only a steel grade
of S355J2+M was studied.

The residual stress distribution that is analysed in this thesis is only the residual
stress distribution of the macroscopic scale in the axial direction. The microstructure
stress distribution and the transverse stress are disregarded.

1.5 Societal, ethical, and ecological aspects

This thesis does not include discussions regarding societal or ethical aspects as it
focuses on the behaviour of steel, not its implementation in the real world regarding
sourcing, production, etc. There is a connection to the ecological aspect in the sense
that it might be possible to use the results of the investigation to optimise cross-
sections of beams, which would result in less material being used. This would in
turn reduce carbon emissions from steel constructions built using this optimisation.



2

Literature review

There are three types of residual stresses that are categorised by either the scale
on which they are in self-equilibrium or by the scale on which they are measured
(Withers & Bhadeshia, 2001b). The three types are: macrostresses (type I), which
are on the scale of structures, intergranual stresses (type Il), which are on the scale
of a small number of grains, and atomic scale stresses (type Ill), which are on the
scale smaller than a singular grain (Withers & Bhadeshia, 2001a).

For this thesis, only axial residual stress of type | is of interest since the stress distri-
bution of interest is the one over the whole cross-section. In addition, only hot-rolled
pro les are investigated in this thesis. Therefore, the following text mainly focuses
on information relevant to hot-rolled pro les and type | axial residual stresses.

2.1 Residual stress in hot-rolled pro les

The residual stresses in hot-rolled beams are introduced during cooling of the beam
after the rolling process. The stresses appear due to di erent points of the cross-
section cooling at di erent rates, the parts that cool rst will end up in compression,
and the ones that cool later will end up in tension (Young, 1975).

The parts that cool rst depend on the geometry of the section and the cooling
conditions, such as how close together the beams lay on the cooling bed and in
which orientation the individual beams are placed (Alpsten, 1968). If the beam is
allowed to radiate heat freely, the orientation of the beam has far less impact, and
the tips of the anges as well as the web will end up in compression while the area
around the web- ange junctions will end up in tension (Alpsten, 1968). However, if
the beams on the cooling bed are placed close together, the orientation of the beam
matters greatly as it determines which surfaces face each other and their ability to
radiate heat (Alpsten, 1968).

According to Alpsten's study (1968), the whole web can end up being in tension if
the beams are placed close enough with the webs in the vertical direction. If the
webs are instead placed horizontally, the study shows that the stress distribution
di ers much less from the case with free heat transfer compared to the case with
vertical webs (Alpsten, 1968). The stress distribution for the case with horizontal
webs seems to follow the same pattern as the case with free heat radiation, but with
an increased magnitude of compression and tension in the web and ange respec-
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tively.

After the cooling process, the beams usually have to be straightened since they curve
when cooling (Alpsten, 1975). Straightening is done either in a rotorizing machine
or in a gag press. The process of straightening the beam causes plastic deformations
which alter the residual stress pattern in the beam to a sort of asymmetric zig-zag
pattern (Alpsten, 1975). Furthermore, in Alpstens study of rotorized beams, the
average residual stress in the anges of all the rotorized beams was signi cantly
reduced while the residual stresses in the web were just slightly changed. Thereby,
straightening could be seen as a sort of stress relief (Young, 1975)

However, there is no guarantee that the beams are straightened. Based on measure-
ments, many delivered products have a simple residual stress pattern from cooling,
also called thermal residual stress pattern. (Alpsten, 1968). For this reason, assum-
ing that the beam's residual stress pattern is the thermal residual stress pattern in
the design results in a design that is on the safe side (Young, 1975) (Alpsten, 1975).

The resulting residual stress, from cooling and possible straightening of the beam,
will negatively a ect its fatigue life, susceptibility to stress corrosion, and buckling
strength (Young, 1975). Areas subjected to residual tension will have a higher mean
stress during cyclic loading, which results in a lower fatigue life for the whole beam
(James et al., 2007), while areas subjected to residual compression will yield earlier
when loaded in compression, increasing the risk of in-elastic buckling (Young, 1975).
In addition, the areas in residual tension are at risk of stress corrosion cracking even
without any external load (Ghosh et al., 2011).

2.2 Methods of measuring residual stresses

As mentioned in Chapter 1, there are several methods used for measuring residual
stresses ranging from destructive to non-destructive methods, with some in between
(Rossini et al., 2012). In general, destructive and semi-destructive methods are eas-
ier to apply and are valid for a wider range of materials. The drawback is that
the method will permanently damage the object studied as well as that the data
gathered are usually hard to interpret as errors can easily occur during the processes
(Rossini et al., 2012). Non-destructive methods revolve around measuring physical
properties. For example, electromagnetism or the spacing between the crystalline
structure of the steel, usually referred to as di raction methods (Rossini et al., 2012).
Some of the most common destructive and non-destructive methods are further de-
scribed below.

Hole-drilling is one of the most used methods today and is classied as a semi-
destructive method (Withers & Bhadeshia, 2001b). Drilling a hole in a region with
residual stresses allows the material to release or relax its in-plane stresses in the area
around the insertion. During the relaxation of the stresses, the material around the
hole will deform, allowing the strain to be measured (Withers & Bhadeshia, 2001b).
Important to note is the reduction of accuracy as the depth of the hole approaches
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and later surpasses its diameter. Also, high residual stresses in an area may cause
local yielding, disrupting the relaxation and resulting in incorrect measurements.
The e ects of this will begin to appear as the residual stresses exceed half of the
yield stress (Withers & Bhadeshia, 2001b).

Sectioning is another method that has frequently been used for measuring residual
stresses in metallic materials (Rossini et al., 2012). The method involves cutting
the specimen into strips while measuring the strain changes, from which the residual
stresses along the cutting lines can be calculated (Rossini et al., 2012). It is impor-
tant that no plasticity or heat is introduced during cutting to achieve accurate
results (Rossini et al., 2012). Overall, the method is easy to perform, economical,
and gives accurate results (Tebedge et al., 1972), but it is destructive and cannot
be performed on the site of the structure or object.

Two di raction methods in regular use are X-ray and Neutron diraction. X-ray

di raction has a small penetration depth in steel, allowing for the assumption of
plane-strain in the studied area (Withers & Bhadeshia, 2001b). The geometries of
elements are an important factor in the availability of x-ray di raction, as they need
to allow the rays to hit the desired measurement area and then di ract directly onto
the detector (Rossini et al., 2012). Neutron diraction is, at large, very similar to
X-ray di raction, but it has some distinctions. The main advantage is the higher
penetration depth that allows for measurements up to 60 mm (Fitzpatrick & Lo-
dini, 2003). Drawbacks today are largely the cost and lack of portability (Liu et al.,
2023), making it unsuitable for any type of eld work.

The ultrasonic method is also a non-destructive technique that has gained traction
due to its ease of use, cheap procurement of equipment, and lightweight, making it
suitable for on-site inspection (Withers & Bhadeshia, 2001b). Compared to x-ray
di raction, the penetration depth of ultrasonic waves is higher but cannot give as
high a resolution of the data collected. Another limitation of the technique is mainly
that, for thicker plates only the average stress can be measured (Rossini et al., 2012),
requiring supplementary methods to get a better picture of the residual stress dis-
tribution.

2.3 Models of residual stress distribution

Several di erent models of residual stress distribution have been proposed through-
out the 20th century. One of the earliest models widely applied was developed by
Galaambos and Ketter in the late 1950s (Galambos & Ketter, 1959). Based on
results from tests conducted at Fritz Engineering Laboratory, Leigh University in
Bethlehem, Pennsylvania (Huber & Beedle, 1953), was applicable only to hot-rolled
beams.

The model developed based on the measurements assumes a bi-linear distribution
of the residual stresses in the anges, with the outer- anges in compression and the
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Figure 2.1: American model of residual stress distribution.

middle part in tension (Abambres & Quach, 2016). In the web, a uniform distri-
bution is assumed with tension matching the magnitude of the middle part of the
ange, the model is illustrated in Figure 2.1. Equations 2.1 are the equations used to
describe the stress distribution according to the model (Abambres & Quach, 2016).

= 0:3f, (2.1a)

_ b t;
T bt +ty(h 2tp)

In the mid-1970s, B. W. Young at the University of Sussex performed his own tests
and examined experimental data done in previous decades regarding distribution of
residual stresses (Young, 1975). Young found that in most cases, the distribution
of residual stresses could be described with a parabolic curve for both the web and
anges, where the peak stresses are functions of only the geometry (Abambres &
Quach, 2016), see Figure 2.2 and Equations 2.2a-c.
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Figure 2.2: Young's model of residual stress distribution.

Certain column sections tested in the USA showed a lean towards a bi-linear distri-
bution over the anges, a distribution that could be recreated, although the distri-
bution in the web di ered. For the specimen tested in the USA, a uniform tensile
stress was observed in the web, a phenomenon that was not observed in other studies
or tests recreated in the UK (Young, 1975). These tendencies to a more bi-linear
distribution are the results used in the model described in Figure 2.1 . Young rea-
sons against some of those assumptions in that, due to the process that generates
the residual stress, a bi-linear distribution does not seem reasonable as it introduces
a discontinuity in the residual stress (Young, 1975). Introducing a rounded middle
point or a heavily weighted parabolic curve would instead be more tting and follow
the results from other experiments according to Young.

Another proposed model is the one from the European Convention of Constructional
Steelwork (ECCS), which suggests that the distribution is bi-linear in both web and
anges (Abambres & Quach, 2016). ECCS's model of the residual stress distribution
depends on the yield stress of the material and the ratio between the height and the
width of the cross section. The distribution is described by Equation 2.3 and Figure
2.3 (Abambres & Quach, 2016).

8
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More recently, a model with quadratic distributions was proposed by Skiadopoulos
et al. (2023). The model was developed by applying a constrained least square
method to measured residual stresses, with an assumption of a quadratic residual
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Figure 2.3: ECCS's model of residual stress distribution.

stress distribution according to Equations 2.4a and 2.4b (Skiadopoulos et al., 2023)
and Figure 2.4. The constraints in the least square problem were the criteria of
force equilibrium in the cross section and stress continuity in the web- ange junction
according to Equations 2.4c and 2.4d. An important thing to note is that the llet
radii is not included in the equilibrium condition, which simpli es the equation.

2
of (X) = a+ b x t; (2.4a)

'
ow(y)=c+d y 2 (2.4b)

! " #
(2t b )a+ Ztif b+[ty(h 2t)c+ tW(hlZth)s d=0 (2.4¢)
2

a=c+ d(h4tf) (2.4d)

The proposed values for coe cients a and ¢ were 37 MPa and 81 MPa, respectively.
With the values of a and c, coe cients b and d are determinable by Equations 2.4c
and 2.4d (Skiadopoulos et al., 2023).

2.4 Optimisation procedure

To solve the inverse analysis problem, the use of an optimisation algorithm is needed.
Several types of algorithms exist to solve this: direct search, gradient, or higher-order
derivative methods. For this thesis, a direct search method is to be implemented, a
type of heuristic method. Contrasted with derivative methods that uses gradients
and derivatives of a function to nd a solution, direct search use only the function
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Figure 2.4: Skiadopoulos model of residual stress distribution

value itself to minimise the function. The particular variation to be implemented
is called the Nelder-Mead method (Nelder & Mead, 1965) and it is usually used in
non-linear problem, such as the one presented in this thesis.

First published in the mid-1960s, Nelder-Mead, as well as a lot of other direct search
algorithms, use a simplex to derive an approximate solution (Kolda et al., 2003). A
simplex can be described as a geometric object with n+1 vertices in an n-dimensional
space and is used in the Nelder-Mead procedure as a tool that is manipulated to nd
a solution. The initial simplex, either assigned to or created by the algorithm, is

of great importance since if the initial simplex is small, the algorithm cannot easily
nd its way out of a potential local minima. It is therefore recommended to pick a
large initial simplex that almost covers the whole area where the solution is expected
to be found (Wessing, 2019). It is also recommended to normalise the search space
(Wessing, 2019).

To describe the algorithm in an intuitive way, the use of a visual example is com-
monly used, as in Lagarias et al. (1998). Considering a two-variable problem, the
simplex then becomes a triangle. Below, the algorithm is described in six steps,
with corresponding gures explaining the process.

The algorithm procedure consist of six steps:

Order
Sort the vertices so that the value of the function follows (x;) < f (x,) <

< f (Xpe1)
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Figure 2.5: lllustration of simplex in two-dimensions.

Re ect
Calculate the re ection point x, and evaluatef (x;). If f (x1) <f (x;) <f (Xp)
acceptx, as the new point and terminate the iteration.

Figure 2.6: lllustration of the re ection step in the Nelder-Mead procedure for a
two-dimensional space.

Expand

If f(x;) <f (x1) a guess expanding along the same line &s is made and
a expansion point is calculatedke. If f(Xe) < f (X;) chosexe and end the
iteration else choose;.
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Figure 2.7: lllustration of the expansion step in the Nelder-Mead procedure for a
two-dimensional space.

Contract
If f (x;) f(x,) calculate the contraction pointsx.; or X, located on the line
formed by x, and x;.

Figure 2.8: lllustration of the contraction step in the Nelder-Mead procedure for
a two-dimensional space.

Shrink
If it follows that neither point X or X generates a value lower thar (x;)
the simplex is shrunk towards the vertices that has the lowest value.
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Figure 2.9: lllustration of the shrinkage step in the Nelder-Mead procedure for a
two-dimensional space.

Convergence
The iteration continues until a set convergence criteria is met.

2.5 Strain measurement using optical bres

Optical bres can be used to measure several physical parameters, where the most
common are strain or temperature changes. The scattering of electromagnetic waves
is measured inside the bres which is divided into three parts where each part
contains a di erent type of spectral data, Rayleigh, Raman and Brillouin scatter-
ing.(Jansson, 2024). In essence, the majority of methods compare the current state
of the light in the bre with a base state and the shift in wavelength/frequency is
then multiplied by an empirically determined factor to obtain the strain (Kreger

et al., 2016).

Compared to traditional strain gauges, distributed optical bre sensors have a higher
sensitivity (Sabri et al., 2013) and they are able to measure at several densely
spaced points along their length, allowing more measurements to be done more
easily (Kreger et al., 2016) compared to traditional gauges. These traits of the
optical bres result in that the strain eld can be measured with high detail and
accuracy.
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Methodology

The rst part of the thesis work was to establish a good understanding of the con-
cepts regarding residual stress: how it is created, measured, taken into consideration
and modelled. The result of this literature study is presented in Chapter 2. The
work after the literature study was composed of physical testing of beams to extract
strain data, the development of a numerical model of the test, and the implemen-
tation of a optimisation algorithm to nd suitable variables describing the residual
stress pattern.

3.1 Laboratory tests

Based on the literature ndings presented in Chapter 2 and limitations of the avail-
able lab equipment, it was concluded that performing a four-point bending test was
the most suitable alternative. For a steel grade of S355J2+M and a lever arm of
1.5 m, the largest viable beam pro le was calculated to be a HEB220. To ensure a
margin of error regarding equipment capacities and other uncertainties, the pro les
HEA200 and HEB200 were chosen to be used in the tests. Two beams with a length
of 12.1 m were cut into three pieces of roughly 4 m in length by the supplier. Based
on this length, the span length was chosen to be 3.6 m to make sure the beams would
not roll o the supports during the tests. The distance between the loading points
was 600 mm, out of which the middle 200 mm were chosen for strain measurements.
An illustration of the setup can be seen in Figure 3.1.

For load application, a hydraulic jack was used. To distribute the load from the
hydraulic jack to the two load points, a strengthened rectangular hollow steel beam
was used with two rollers attached to the bottom. The rectangular section was 200
mm high and 120 mm wide with a steel thickness of 10 mm. At the bottom of
it, a 140 mm wide steel plate with a thickness of 10 mm was spot welded to the
rectangular hollow section, reinforcing the beam as well as providing an area for the
rollers to be attached to, see Figure 3.2 for a picture of the distribution beam.
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