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Abstract 
 

Steel fabricaƟon involves the producƟon of large, complex welded assemblies of rolled steel products, 

inherently leading to dimensional variaƟons due to high-temperature processes used in manufacturing 

and joining. The purpose of this research is to examine the validity and safety of the tolerance tables 

established by the Eurocode (EN10034: 1993) in terms of the ulƟmate flexural capacity of the beam. 

Both geometric properƟes and material properƟes have been treated as random variables. With the 

Monte Carlo SimulaƟon, 2000 realisƟc and randomised combinaƟons were produced in order to 

compare the randomised moment capacity with the nominal plasƟc moment capacity.     

The analysis began with a comprehensive test in which all variables were randomised. This iniƟal test 

provided the probability of failure for all beams under realisƟc condiƟons. Subsequent tests were 

conducted with certain variables held constant at their nominal values to assess the influence of each 

random variable on the plasƟc moment capacity. Further detailed analysis involved three purposely 

selected beams—specifically IPE80, IPE360, and IPE750x173—chosen for their varied secƟon depths. 

The results from these tests were depicted in scaƩerplots, which facilitated the visual idenƟficaƟon and 

understanding of any trends previously noted in the general analysis. 

Through the in-depth analysis, it was concluded that the flange thickness is the most criƟcal 

dimensional property across all secƟon sizes. AddiƟonally, a highly important controlling factor is the 

variability of the yield stress. In fact, the in-depth analysis demonstrated that the effect of the 

remaining three-dimensional variables on the plasƟc moment capacity varies by secƟon size. 

Specifically, the geometric properƟes, such as secƟon height and width of secƟon, have a diminishing 

influence as the secƟon size increases, while the impact of web thickness on the probability of failure 

becomes more pronounced with larger secƟon sizes. 

Keywords: Tolerances, Geometric ProperƟes, Material ProperƟes, Monte Carlo SimulaƟon, Flexural 

Capacity 
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1 IntroducƟon 
 

In the construcƟon industry, steel is a cornerstone that is a well-recognized for its essenƟal funcƟon in 

structural systems. Steel beams, in parƟcular are essenƟal since they are extensively used and not only 

to withstand loads but also enhance the resilience of the structure. Even though steel beams are widely 

used and have many applicaƟons, the manufacturing process adds intrinsic complexity, most notably 

tolerances.  

The allowable limit of variaƟon in a dimension can be described as a tolerance. In manufacturing 

processes, the tolerance recognizes the highest and minimum limits that a beam can withstand while 

maintaining opƟmal funcƟonality. The Eurocode allows for slight variaƟon that can occur naturally 

during the manufacturing process, and in fact, it defines the geometric dimensional tolerances for steel 

beams.  

This dissertaƟon explores the suitability of the tolerances for steel beams as defined by the Euronorm, 

EN10034:1993, criƟcally analysing them through Monte Carlo SimulaƟons to invesƟgate their 

applicability in pracƟcal contexts. This study aƩempts to provide insights into how the dimensional 

tolerances influence the reliability of steel beams’ ulƟmate flexural capacity.  

1.1 Research QuesƟons  
 

- To what degree are the geometrical tolerances established by the Euronorm , EN 10034, safe 

in terms of plasƟc moment capacity? 

- To what degree do each geometrical tolerances influence the probability of failure? 

- Which dimensional variaƟon is the most criƟcal, and how should variaƟons be managed to 

ensure that the nominal plasƟc moment capacity is sƟll achieved? 

1.2 Aims  
 

- ConducƟng a thorough analysis on the specified ranges and their intended safety margins.  

- Carrying out a Monte Carlo simulaƟon to produce a variety of random generaƟons each of 

which reflects a unique set of Eurocode tolerances.  

- CreaƟng a calculator able to determine the plasƟc moment capacity for each randomly 

generated beam (as stated in the previous point) and comparing it with the nominal plasƟc 

moment capacity in order to analyse any failure probabiliƟes.  

- Establishing a staƟsƟcal analyƟcal system results to determine which variable is most criƟcal 

on the overall structural capacity of the beam.  
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1.3 ObjecƟves  
 

- To evaluate the safety of the geometrical tolerances that are specified for steel I-secƟons by 

the Euronorm, EN10034 (1993).  

- To generate probabilisƟc scenarios using the Monte Carlo simulaƟon that depict how steel I-

secƟons behave when they have various tolerances.  

- To understand how various combinaƟons of variable randomness and constancy affect the 

steel IPE beam’s plasƟc moment capacity. 

- To determine any observable paƩerns or trends in the failures, as well as important variable 

combinaƟons that have a substanƟal impact on the probability of failure.   

1.4 DissertaƟon Overview 
 

This document comprises three main secƟons: the literature review, the methodology, and the results.  

Chapter 1: IntroducƟon 

In this chapter, the dissertaƟon provides an overview of the research topic and it presents the 

moƟvaƟon behind the study, introducing the problem statement related to the tolerances table and 

the probability of failure concerning the plasƟc moment capacity. It highlights the significance of the 

research and provides a brief outline of the subsequent chapters. 

Chapters 2 & Chapter 3: Literature Review 

Chapter 2 explores the significance of steel beams, focusing on their material properƟes and their vital 

role in construcƟon. This chapter also delves into the criƟcal aspects of elasƟc and plasƟc bending in 

structural applicaƟons. 

Chapter 3 is a conƟnuaƟon of the literature review that presents the importance of standardizing such 

a used construcƟon component in the engineering world. This chapter also discusses the importance 

of the Eurocode and how the code itself sets limits to the tolerance of the steel beam. The limit state 

principle is analysed in detail, as this will be applied within the methodology.  

Chapter 4: Methodology 

This chapter presents the setup of the Monte Carlo SimulaƟon, a widely accepted and reliable method 

in the field. It also details the importance of how each geometrical variable is considered a variable 

within the runs, ensuring a comprehensive and accurate analysis. This chapter also explains the 

different tests that are carried out. Furthermore, this secƟon discusses the limit state principle and how 

it plays an important role within the methodology. 
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Chapter 5 Discussion of Results  

This chapter presents and discusses the results. It explores all the results from all three tests and the 

effects of different combinaƟons of variables and how they influence the probability of failure. The 

findings give a pracƟƟoner an idea of which geometrical variable/s should be checked when designing 

plasƟcally.  

Chapter 6 Conclusion and RecommendaƟons for Future Work  

All the key findings that have been drawn from this study will be presented within this chapter. It will 

reflect back on what aims and objecƟves were presented in chapter 1 and whether they have been 

achieved saƟsfactory. Based on the research findings , this chapter offers recommendaƟons for future 

research and areas that require further invesƟgaƟon. 

 

  



4 
 

2 Literature Review 
 

2.1 IntroducƟon  
 

The use of structural steel dates back to 1858 when Henry Bessemer developed a process to convert 

molten pig iron into steel. In the late 19th century, mild steel replaced wrought iron and cast iron. In 

fact, in 1889, the first major structure made of steel was constructed. This landmark is known as The 

Forth Bridge. Nowadays, steel remains a popular choice within the construction industry due to its 

diverse properties, including strength, durability, malleability, and ease of fabrication. In fact, steel is 

commonly used for structural elements and concrete-steel reinforcement. From a structural 

engineer’s perspective, the steel’s material and geometric properties dictate the strength 

characteristics of any steel element.   (Moynihan & Allwood, 2024) 

 

Steel is produced through various processes, initiated by the melting of iron ore in a blast furnace, 

followed by the refinement of the molten iron, and finally the adjustment of the composition through 

alloying. Current steel production techniques include the Basic Oxygen Furnace (BOF) and the Electric 

Arc Furnace (EAF). However, due to the variability in material and geometric properties between 

nominally identical samples, Eurocode, EN1993-1-1 (2005) provides partial safety factors which are 

incorporated in the structural engineering practice to reduce the safety load resistance of the 

structural element. 

 

2.2 Material ProperƟes  
 

The amount of carbon content mixed with iron determines the grade and type of alloys, such as mild 

steel and cast iron. Carbon is an important alloying element in steel, but iron is the primary consƟtuent. 

In plain carbon steel, the properƟes are primarily influenced by carbon content (as shown in figure 2.1) 

with addiƟonal amounts of other elements, typically less than 0.5% silicon and 1.5% manganese. An 

increase in carbon content leads to increased hardness and strength due to the formaƟon of the hard 

and briƩle cemenƟte. However, this increase in carbon content also results in decreased ducƟlity and 

toughness (Epri & Gandy, 2006). 

The above description renders steel as a versatile material whose properties can be modified to the 

desired application by carefully selecting the quantities of the raw materials and manufacturing 

techniques. Engineers can select the material's properties based on the use of the structural 

component requirement. The mechanical properties of steel are of utmost importance, particularly in 
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most engineering applications. Yield strength, ultimate tensile strength, elastic modulus, and shear 

modulus are the critical parameters that define a material's performance.  

 

 
Figure 2.1 | Effect of carbon content on mechanical properƟes of steel (Epri, D. & Gandy 2006)  

2.2.1 Yield Strength 
 

Yield strength (fy) is an indispensable parameter that plays a vital role in the engineering world, 

particularly in the design of structures. It defines the maximum stress a ductile material can resist 

before utilising the plastic capacity of the same material. This mechanical property is essential for 

engineers to understand the behaviour of materials under stress, which helps them select the most 

suitable grade for various applications.  

 

Knowing the yield strength of a material is important for ensuring the structural stability of buildings, 

bridges, and other crucial infrastructure. In engineering, selecting materials and defining the 

geometrical properties to withstand the stresses that can be encountered in the real world is 

fundamental. An analysis of a material's stress-strain graph can determine its yield strength1 (Figure 

2.2).  

 

Strain (𝜀) is defined as the ratio of a dimension's length change (extension) to the dimension's original 

length, while stress (σ) refers to the ratio of applied force to cross-sectional area. Therefore, by 

analysing the slope of the stress-strain graph, which occurs only within the elastic region of the 

material, engineers can determine the yield strength of a material. Hooke’s Law2 is the theory used 

 
1 Stress-strain graphs are graphical representaƟons of a material’s behaviour when subjected to stress. The 
graph’s y-axis represents the stress, whilst the x-axis represents the strain.  
2 Hooke’s Law states that the displacement or size of a deformaƟon in an object is directly proporƟonal to the 
deformaƟon force, provided the deformaƟons are relaƟvely small. When the load is removed, the object returns 
to its original shape and size under these condiƟons.   (Williams, 1956) 
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during laboratory testing of a steel element when determining its respective stress-strain graph. The 

methodology is based on an established tensile test (refer to standard EN ISO 6892-1). (T. A. Philpot, 

2019) 
 

 
Figure 2.2 | SchemaƟc stress-strain curve with notaƟon  (Philpot, T. A. 2019) 

2.2.2 UlƟmate Tensile Strength  
 

Another crucial mechanical characteristic that dictates the highest load a material can sustain before 

beginning to deform plastically and ultimately failing is the Ultimate Tensile Strength (Fu). It is typically 

defined as the curve's highest point. In fact, it indicates that the material has already gone through the 

strain hardening zone before it reaches the UTS. The material stiffens and gets stronger during strain 

hardening as a result of crystalline structure rearrangement and dislocation movement.  

 

Once the UTS is reached, the steel element enters the necking zone, where localised deformation 

causes the material to narrow drastically at one point along its length. The UTS is the point at which 

the material is under severe considerable stress. Furthermore, necking causes an abrupt failure point 

where the material is unable to withstand the strain and fails. (Philpot, T. A. 2019) 

2.2.3 ElasƟc Modulus  
 

Young’s Modulus (E), also known as the Elastic Modulus, is another significant material property that 

indicates the stiffness of the material. The stiffness property of a material determines the material’s 

ability to resist deformation when subjected to compression or tensile forces. As previously 

mentioned, elastic energy is stored in a material; as mentioned previously, the stress-strain graph 

summarises this process and shows how the material’s energy is either dissipated in the form of elastic 

or plastic strains. (Popov, E. P. 1998) 
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The surface area of a material is closely correlated with its rate of deformation when it is undergoing 

elastic deformation. Therefore, the strain and the stress of the same material are linked by Hooke’s 

Law (Eq.1). 

                                                                                    𝐸 =  
ఙ

ఌ
                                                                              Eq.1 

The respective tests for tension, bending, and natural frequency can all be used to determine the 

modulus of elasticity of a material. These tests are referred to as static methods as they are entirely 

based on the Principle of Hooke’s Law.  

2.2.4 Shear Modulus  
 

When transverse internal forces like torsion and twisting are applied to a material, its elastic 

characteristics are described by a numerical constant called the shear modulus (G), also known as the 

rigidity modulus. Any small cubic volume within the material is being distorted, in a way that two of its 

faces slide parallel to one another and the two faces transform from square to diamond. Within the 

elastic limit of the material, the modulus quantifies the ratio of shear stress4 to shear strain5 within the 

material's elastic limit ().  

                                                     𝐺 =  
ఛ

ఊ
                                                           Eq.2 

2.2.5 Poisson’s RaƟo 
 

Generally, when a material is stretched, it tends to contract in two direcƟons that are opposite to each 

other(Fig.2.3). When a rubber band is stretched, it becomes significantly thinner, and this phenomenon 

is known as the Poisson effect. Contrarily, a material expands in direcƟons that are transverse to the 

direcƟon of compression when it is compressed as opposed to stretched. Poisson’s raƟo (𝜈) thus 

illustrates the percentage of strain passively supplied perpendicular to the primary strain (Eq. 3) 

                                                                                     𝜈 =  
ିఌ೟

ఌ೗
                                                                           Eq.3 

  

Figure 2.3 | Lateral contracƟon and expansion of solid bodies subjected to axial forces (Poisson effect) (Popov, E. P. 1998) 

 

 
4 Shear Stress is the measurement of the force applied parallel to the surface of a material divided by the area 
over which it is distributed. 
5 Shear Strain measures the degree of deformaƟon a material experiences relaƟve to its iniƟal dimension, 
specifically the horizontal shiŌ relaƟve to its height. 
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2.3 Geometric ProperƟes 
 

For the purpose of this research, a number of steel IPE beams (IPE80, IPE160, IPE240, IPE360, IPE450, 

IPE600 AND IPE750X173) are going to be invesƟgated. (The manufacturing process and the origin of 

the beam shape will be discussed in Chapter 3.) The geometric property of a beam is also a crucial 

factor that should be considered during the structural design and analysis of a structure. The geometric 

properƟes that define the shape of the I-beam are (as graphically presented in Figure 2.4 |) :  

- The depth of secƟon 

- The width of secƟon   

- The web thickness  

- The flange thickness 

- The root radius (located at the web-flange juncƟon) 

These dimensions would dictate how the stress is distributed throughout the beam's material. 

Therefore, the geometric properƟes would consequently influence other factors, such as;  

 Cross-SecƟonal Area (A) 

o The total area of the cross-secƟon perpendicular to the beam axis.  

 

 Moment of InerƟa (I) 

o A measure of the distribuƟon of the cross-secƟonal area around the axis of bending. It 

influences the beam’s resistance to bending (in the respecƟve direcƟon of the beam’s axis) 

and is a key parameter in calculaƟng bending stress.  

 

 Torsional Constant (J) 

o A measure of a secƟon’s resistance to twisƟng loads. It is applicable in analysing the 

torsional behaviours of beams.  

 

 SecƟon Modulus (S) 

o The raƟo of the moment of inerƟa to the distance from the neutral axis to the outermost 

fibre of the secƟon. It is a criƟcal parameter in bending calculaƟons used to determine 

bending stress.  

 

 Shear Area (Av)  

o The effecƟve area for resisƟng shear forces in the cross-secƟon. It is relevant in calculaƟng 

the shear stress in the beam. A measure of how the area in the cross-secƟon is distributed 
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relaƟve to an axis. It provides an indicaƟon of how slender6 or stocky7 a secƟon is with 

respect to bending.  

 

Figure 2.4 | Geometric ProperƟes that define the shape of an IPE beam (Author, 2024) 

  

 
6 Slender SecƟon: A structural element that is relaƟvely long and slender in comparison to its cross-secƟonal 
dimensions. 
7 Stocky SecƟon: A structural element that is short and more stout compared to its cross-secƟonal dimensions. 

R - Root Radius 
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2.4 IntroducƟon of Steel Beams in Bending 
 

The study of beam bending originated from Galileo's study back in 1564, when he carried out a 

systemaƟc analysis of a canƟlever beam. His aim was to analyse the force required to reach the bar’s 

tensile breaking (failure) point. However, it was Saint-Venant who developed the plasƟc bending 

hypothesis by carrying out further research on non-linear elasƟc materials8. In fact, mulƟple literature 

refer to Saint Venant’s model as the fundamental study of beam behaviour. Moreover, the developed 

3D model allowed the analyƟc behaviour of the beam-like solid in terms of 3D stress analysis and 

displacement fields. (Yu T. X. & Zhang, L.C.1996) 

 Steel beams subjected to a load along the length of the member are common structural components 

that are used in various engineering applicaƟons. The beam is only able to withstand the load by 

bending acƟon, resisƟng the deformed deflecƟon. Bending acƟons stem from a beam’s flexural 

capacity, which is its ability to resist a load using compressive and tensile stresses. As shown in the 

figure below (Figure 2.5), for simply supported beams, the boƩom fibres of the beam, will be subjected 

to tension, whilst on the top face, it will be subjected to compression.  

 

 

Figure 2.5 | Bending of a simply supported beam with a schemaƟc diagram of the forces acƟng at cross-secƟon (Popov, E.P. 

1998) 

 

 

 
8 Non-Linear ElasƟc Materials: Materials that do not exhibit Hooke’s Law.  
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2.4.1 Theory Of ElasƟc Bending Of Beams 
 

The following secƟon focuses on the simplest form, which is a slender element that is subjected to 

transverse loading and is referred to as the beam. Beams are designed on two criteria (1) limited 

deflecƟon and (2) strength. There are two possible configuraƟons for the transverse loading: 

concentrated and distributed. The concentrated load, also known as a point load, is a force that is 

applied at one point on the beam. Whilst a distributed load is a force that is applied over the enƟre 

length of the beam. AddiƟonally, the distributed load can be of two types, uniform distributed load and 

non-uniform distributed load, meaning that the uniform distributed load is defined by an even load for 

the enƟre length of the beam. Whilst the non-uniform distributed load varies throughout the enƟre 

length of the beam. TheoreƟcally, the beam’s end supports can be divided into three types: roller, pin 

and rigid (as graphically presented in figure 2.6). The end supports of a beam play a crucial role, 

especially in pracƟce; this is because the beam’s bending stresses will differ depending on what type 

of support it has, as a result of the deflected shape.   

 

 

Figure 2.6 | Different types of end supports and their reacƟons (Popov, E.P. 1998) 
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As previously stated, when a load is applied to a simply supported beam, the beam experiences 

bending. Bending results in the formaƟon of stresses: transverse shear and normal tension-

compression. These internal forces cause the beam to deform. In fact, the internal reacƟons of shear 

force and bending moment in the applicaƟon of staƟon equilibrium are the direct source of the 

deformaƟon. The bending moment of a beam is a measure of the internal forces that cause a beam to 

bend. This moment can either be posiƟve or negaƟve, depending on the curvature of the beam, which 

consequently depends on the direcƟon of the applied load (Figure 2.7). (Philpot, T.A. 2019) 

 

 

Figure 2.7 | Sagging and hogging moments (Philpot, T. A. 2019) 

The design criteria of a structural steel beam is dictated by EN1990-1:2002, established serviceable 

limit state; which defines the deflecƟon, and in return the bending resistance required. Therefore, the 

design process entails the analysis of the shear force and the bending moment.  

For the purpose of this research, the end supports are designed to be simply supported so as not to 

create a restraining couple. As a result of this, it is the type and the posiƟon of the applied load beam 

that dictates the bending plane of the beam.  

 

2.4.2 Pure Bending Of Straight Uniform Beams With One Axis Of Symmetry (Euler-

Bernoulli Theory) 
 

In its basic essence, the following bending theory can be easier manifested by considering the steel 

beam secƟon as parallel longitudinal fibres.  

The elasƟc beam theory is based on a number of assumpƟons:   

1. The beam material is a homogenous and an isotropic one.  

2. The beam has a plane of bending that is also symmetrical in the XY plane. AŌer the loading is 

removed, this cross-secƟonal plane returns to its original posiƟon.  

3. In the XZ plane, the beam has another plane which is the neutral axis. On this plane there is 

zero longitudinal strain. The neutral axis is also the plane that splits the region of compression 

from the region of tension.  The intersecƟon between the neutral axis and the plane of bending 

is known as the beam’s axis.  
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4. The material exhibits a linear stress-strain relaƟonship in accordance with Hooke’s law within 

the considered loading range.  

5. Young’s Modulus of ElasƟcity, E, is idenƟcal irrespecƟve of whether the beam is in compression 

or tension.  

6. The beam experiences only pure bending, indicaƟng an absence of shear forces or torsion.  

7. Given that the beam’s length significantly exceeds its width and depth, lateral strains, 

influenced by Poisson’s raƟo, are minimal and can generally be disregarded.  (Hearn, E.J. 1997) 

 The FUNDAMENTAL EQUATION OF BENDING: 

                                                                                ெ
ூ

=
ா

ோ
=

ఙ

ఊ
                                                                           Eq.4 

The deformed shape of the beam served as the basis for this fundamental equaƟon, which was then 

completed by taking into account the moments brought about by the tensile and compressive forces 

away from the neutral axis9, as well as the force equilibrium at the neutral axis. In the understanding 

of this subject, a comprehensive study on the full derivaƟon of this equaƟon would be considered to 

be helpful and can be retrieved from Popov (1998).  

AddiƟonally, in elasƟc analysis, the geometry and material behaviour are linear. Therefore, the elasƟc 

flexure formula (Eq. 4) is valid only while strain is proporƟonal to stress. The basic kinemaƟc assumpƟon 

of the flexure theory, as stated in points 1-7, asserts the plane secƟons through a beam taken normal 

to its axis remain plane aŌer the beam is subjected to bending. elasƟc behaviour is being distributed 

as linear stress over the cross-secƟon and strain distribuƟon over the cross-secƟon. It is observed that 

the extreme fibres of the cross-secƟon are experiencing the largest stresses. 

 

Figure 2.8 | ElasƟc stage cross-secƟon, stress distribuƟon and strain distribuƟon (Hearn, E.J. 1997) 

 
9 The Neutral Axis is an imaginary line or plane that passes through the centroidal depth of the beam. It is also 
the plane where the beam experiences no stresses or strains.  
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However, when a beam is loaded beyond the elasƟc limit, it will start to yield. The strains at the top 

and boƩom of the beam’s fibres will finally reach the yield stress (Figure 2.8). The couple that causes 

the beam to start yield is known as the yield moment (Mo).  (Gavin, H.P. 2015) However, even though 

the beam has started to yield, it can sƟll conƟnue carrying addiƟonal moment. The top and boƩom 

fibres will conƟnue to yield as the beam carries more load; ulƟmately, these outer-most fibres of the 

beam will approach the plasƟc zone. The beam is now considered to be in the elasto-plasƟc stage. The 

beam’s curvature has changed once this point has been reached. The subsequent curvature; 

                                                                                𝜙௬ = 𝜖௬  ×  
ௗ

ଶ
                                                                     Eq.5 

where is the yielding curvature,  𝝓𝒚. 

 

Figure 2.9 Elasto-plasƟc stage cross-secƟon, stress distribuƟon and strain distribuƟon (Hearn, E.J. 1997) 

AsymptoƟcally, with further increase in bending moment, the beam approaches a limiƟng moment 

called the PlasƟc Moment (Mp). As a result, the beams can support loads in excess of what they are 

able to iniƟally resist, consequently making the plasƟc moment always greater than the yielding 

moment Mo (as can be graphically presented in Figure 2.10. (Johnson W. & Mellor, P.B. 1962) 

 

Figure 2.10 | Moment vs Stress Diagram; Mo = Yield Moment & Mp = PlasƟc moment (Hearn, E.J. 1997) 
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When all of the material of the cross-secƟon has yielded, the secƟon is known to be fully plasƟc (as 

shown in Figure 2.11). The maximum moment of resistance has, therefore, been reached, and as a 

result, a plasƟc hinge forms. Therefore, a plasƟc hinge is a point on the cross-secƟon where it 

corresponds to infinite curvature. It forms at points where the cross-secƟon is experiencing maximum 

bending moment. The formaƟon of a plasƟc hinge results in a decrease in the structural redundancy. 

In the case of a staƟcally determinate structure, an introducƟon of a plasƟc hinge renders the structure 

unstable (i.e. mechanism). (Johnson, W. & Mellor, P.B. 1962) 

 

 

Figure 2.11 | Fully plasƟc stage cross-secƟon, stress distribuƟon and strain distribuƟon (Hearn, E.J. 1997) 

 

Above and below the plasƟc neutral axis, the plasƟc bending stresses are in tension and compression, 

respecƟvely. The plasƟc neutral axis (PNA) is defined as the point in the cross-secƟon for which the 

area above the neutral axis equals the area below, and as a result, the total compressive force and total 

tensile force must be equal to each other. (In actuality, the Equal Area Axis is another name for the 

P.N.A). 

 The plasƟc neutral axis and the elasƟc neutral axis (the centroid) are the same for symmetric cross-

secƟons. Nevertheless, the plasƟc neutral axis and centroid are not the same for asymmetric cross-

secƟon.  

 This discussion on plasƟc moment capacity will clarify how it is influenced by other geometrical 

properƟes in the following chapters. Therefore, the plasƟc moment capacity, Mp, will be calculated in 

a subsequent chapter for secƟons that have varying geometrical properƟes. 

From previous literature, a sensiƟvity analysis was conducted on beams ranging from IPE 160 to IPE 

240. The findings from this analysis indicated that yield strength and flange thickness significantly 

influence the load-bearing capacity of a beam, as illustrated in Figure 2.12. However, it is important to 
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note that this research did not encompass all the geometric properƟes. This current research aims to 

bridge that gap by incorporaƟng a broader range of geometric variables, providing a more 

comprehensive understanding of their impact on the ulƟmate flexural capacity of all secƟon sizes. This 

extended analysis (that will be described in the following chapters) will allow for a deeper exploraƟon 

of how each geometric dimension contributes to the plasƟc moment capacity.  (Melcher, J. et al., 2020) 

 

Figure 2.12 SensiƟvity analysis between load-carrying capacity and dimensional influence  (Melcher, J. et al., 2020) 

 

2.5 Conclusion  
 

In summary, steel is an essenƟal material in engineering and construcƟon due to its many qualiƟes and 

adaptability. Steel's grade and characterisƟcs are determined by its composiƟon, especially by the 

amount of carbon present; the most commonly produced type is plain carbon steel. In engineering 

design, steel's mechanical characterisƟcs—such as its yield strength, ulƟmate tensile strength, elasƟc 

modulus, and shear modulus—are essenƟal for guaranteeing structural performance and stability.  

 

The behaviour of structural elements under external loads is clarified by the study of beam bending 

and deflecƟon, which helps engineers build structural sound and effecƟve structures. An analyƟcal 

framework for beam deformaƟon and stresses is provided by the elasƟc bending theory of beams, 

which is predicated on concepts such as material homogeneity and linear stress-strain relaƟonships. 

The cross-secƟonal area and moment of inerƟa of steel beams are two geometric parameters that 

affect bending resistance, which further informs structural design and analysis. 

 

Furthermore, material characterisaƟon and tesƟng, as demonstrated by mill test reports, assures the 

dependability and quality of steel components by providing important informaƟon regarding the 

mechanical characterisƟcs, chemical composiƟon, and dimensional measurements of the steel 

component. This ensures the efficiency, durability, and safety of engineering applicaƟons. EssenƟally, 

steel's mechanical qualiƟes and versaƟlity make it a necessary component in contemporary 

engineering and construcƟon, aiding in the creaƟon of durable infrastructure across the globe. 
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3 Steel Beam FabricaƟon Accuracies, Design Codes, and Reliability 
 

3.1 IntroducƟon 
 

Since hot-rolled secƟons, parƟcularly I-profiles, have been created, they have become an integral part 

of a wide array of applicaƟons, especially due to their flexural performance. The I-profile is created 

during the rolling process, which influences the strength and geometric dimension along the y-axis. 

Therefore, the standardisaƟon of these profiles has been important to maintain consistency and ensure 

structural performance. However, the Eurocode allows dimensional tolerances for these beams.   

This chapter presents a detailed exploraƟon of the limit state principle, as uƟlised by the Eurocode. 

This principle facilitates the determinaƟon of the probability of failure, which is also an important factor 

that will be tackled in the following chapter. Furthermore, the applicaƟon of the limit state principle 

forms an essenƟal component of the methodology employed in the analysis. With this approach, the 

dimensional tolerances established by the Eurocode can be analysed, and the probability of failure can 

be calculated.   

3.2 DesignaƟon and StandardizaƟon 
 

The widespread adopƟon of hot-rolled secƟons with I profiles across various engineering fields led to 

the standardizaƟon of their producƟon early on, with predefined types and sizes being established. In 

1951, the formaƟon of the European Community on Coal and Steel (ECSC) marked the beginning of the 

harmonizaƟon process for hot-rolled profiles. 

The unique structural properƟes of the I profile are closely Ɵed to the high centrifugaƟon of the 

material induced by the rolling process, as illustrated in Figure 3.1. This centrifugaƟon results in a 

significant increase in the second moment of area of the secƟon along the y-axis. “The morphological 

transformaƟons, generated by the rolling process, contribute to increase the flexural performance of 

the structural element, modifying at the same Ɵme the structural behaviour”  (Di Lorenzo et al., 2017) 

as the material is being divided into two zones, the central area and the two horizontal legs. 

 

Figure 3.1 | Shape morphing during the hot-rolling process.  (Di Lorenzo et al., 2017) 
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In pracƟce, the dimensional tolerances for steel beams achieved during both fabricaƟon and on-site 

installaƟon can be influenced by various factors. The major factors depend on the capabiliƟes of the 

fabricaƟon facility, the experƟse of workers, methods of transportaƟon and handling, and site 

environmental condiƟons. EffecƟve coordinaƟon and quality control measures are essenƟal to ensure 

that the specified tolerances are met throughout the manufacturing and installaƟon processes.  By 

understanding how these dimensional tolerances are created enables a clearer comprehension of their 

significant role in this research. Especially since these dimensional tolerances impact the structural 

behaviour of steel beams, specifically their plasƟc moment capacity.  (Byun, 2019) 

 

3.2.1 Mill Tests  
 

A material test report (MTR), also referred to as a mill test report, is a crucial quality assurance 

document issued by a manufacturer to cerƟfy the chemical and physical properƟes of a parƟcular batch 

of material. The typical contents of a mill test report encompass: 

1. Chemical ComposiƟon: Detailed breakdown of the elemental makeup of the material, specifying the 

percentage composiƟon of various elements present. 

2. Mechanical ProperƟes: InformaƟon regarding the material's strength, hardness, ducƟlity, and other 

mechanical aƩributes. 

3. Heat Treatment Details: Comprehensive account of the heat treatment processes undergone by the 

material. 

4. Dimensional Measurements: Precise measurements of the material's dimensions, including 

thicknesses, overall width, and length. 

5. TesƟng Methods: ExplanaƟon of the methodologies employed to assess the material's properƟes, 

ensuring thorough examinaƟon. 

6. Compliance with Standards: ConfirmaƟon of the material's adherence to specific industry standards 

or customer specificaƟons. 

In contrast to other sources of material strength data, mill tests offer a comprehensive and standardized 

source of informaƟon, integral to the steel producƟon process. (Byfield & Nethercot, 1997) 
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3.3 Structural Design Codes  
 

The Eurocode effort was iniƟated in the 1970s to eliminate the obstacle to trade across various naƟonal 

codes. The BriƟsh Standard codes and other similar codes have a different design philosophy from the 

Eurocode, which uses a limit state approach. With this approach, a structure can be designed 

saƟsfactory; yet the Eurocode also suggests parƟal safety factors to protect and guarantee that all 

design structures are safe even during extreme possibiliƟes. In Eurocodes, specifically to EN 1993-1-1  

(2005), this is interpreted by the recommended numerical values of parƟal safety factors and other 

reliability parameters, present as basic values that provide an acceptable level of reliability. ‘The Target 

reliability level and the reference period are considered as parameters and can be adjusted, so the 

framework remains valid under alternaƟve economic consideraƟons or requirements for human 

safety.’ (Kala, 2015)  

Furthermore, guidelines on steel beam tolerances are provided by EN 1993-1-1 (2005), to ensure that 

manufactured parts are within the necessary dimensional precision and alignment. The dimensional 

tolerances for hot-rolled structural steel secƟons are specified in EN10034 (1993), Table 1. To guarantee 

that the fabricated steel secƟons fulfil the necessary dimensional precision and alignment for 

construcƟon applicaƟons, the tolerances specified in this standard are based on a quanƟtaƟve study of 

several manufacturers demonstrates how the code permits considerable variaƟon in the profile's 

width, height, flange thickness, and web thickness, all of which have a substanƟal impact on the 

profile's overall performance and structural behaviour.  
 

Table 1 : Dimensional Tolerances for structural steel IPE secƟons (EN10034 (1993)) 

SECTION HEIGHT h FLANGE WIDTH b WEB THICKNESS s FLANGE THICKNESS t 

HEIGHT TOLERANCE HEIGHT TOLERANCE HEIGHT TOLERANCE HEIGHT TOLERANC

E 

H ≤ 180 + 3.0 

- 2.0 

b ≤ 110 + 4.0 

- 1.0 

s < 7 ± 0.7 

 

t < 6.5 + 1.5 

- 0.5 

180 < h ≤ 400 + 4.0 

- 2.0 

110 < b ≤ 210 + 4.0 

- 2.0 

7 ≤  𝑠 < 10 ± 1.0 

 

6.5 ≤  t < 10 + 2.0 

- 1.0 

400 < h ≤ 700 + 5.0 

- 3.0 

210 < b ≤ 325 + 4.0 

- 4.0 

10 ≤  𝑠 < 20 ± 1.5 

 

10 ≤  t < 20 + 2.5 

- 1.5 

400 < h ≤ 700 + 5.0 

- 5.0 

b > 325 + 6.0 

- 5.0 

20 ≤  𝑠 < 40 ± 2.0 

 

20 ≤  t < 30 + 2.5 

- 2.0 

    40 ≤  𝑠 < 60 ± 2.5 

 

30 ≤  t < 40 + 2.5 

- 2.5 

    S ≥ 60 ± 3.0 

 

40 ≤  t < 60 + 3.0 

- 3.0 

      T ≥ 60 + 4.0 

- 4.0 
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3.4 Limit State Principle 
 

A basic idea in reliability analysis, design, and structural engineering is a limit state funcƟon. It is 

essenƟal for evaluaƟng the performance and safety of structures. The relaƟonship between loads or 

acƟons subjected to a structure is quanƟfied mathemaƟcally by the limit state funcƟon (Eq. 9). In fact, 

the applied loads and the component resistance are the only two important elements taken into 

account by the limit state funcƟon. These are also referred to as random variables, which will be 

presented in further depth when evaluaƟng the variables that affect the failure event.  

 

In order to determine whether a structure saƟsfies specific safety and performance requirements, the 

limit state funcƟon is once again employed. These standards fall into two primary categories:  

 

- UlƟmate Limit State (ULS): This is the point at which the structure experiences a total/ parƟal collapse 

due to an inability to withstand further load. For this reason, the ULS exists to guarantee that the 

structure yields a sƟffness and capacity to withstand high intense load scenarios, including ground 

moƟon loads. 

 

- Serviceability Limit State (SLS): This standard ensures that even when the building experiences a 

degree of deformaƟon (damage), the funcƟonal aspect of the structure is not hindered. This limit state 

is uƟlised to verify that any deformaƟons, vibraƟons, or other performance requirements are within 

allowable bounds.  

 

In real life, structures are typically tested for the serviceability limit state and designed to the ulƟmate 

limit state. A mix of frequency measurements regarding the structural components and subjecƟve 

judgments are used to determine the probability of a structure's limit state breach.  (Melcher, R. E., 

1987) 

 

The structural element fails when the value of the load effect S, which is the outcome of the calculated 

load Q, exceeds the value of the resistance R.  

 

For a basic structural element, the unknown resistance R can be represented by a random variable that 

is sensiƟve to a single known load effect S and has a known probability density funcƟon FR(r): 

 

                                                              𝑃௙ = 𝑃(𝑅 ≤ 𝑠) =  𝐹ோ(𝑠) = 𝑃 ቀ
ோ

௦
≤ 0ቁ                                            Eq.6 
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The equaƟon is changed to (X) in the situaƟon when the load effect is undetermined and is represented 

by the random variable S with a probability density funcƟon Fs(S). 

                                                             𝑃௙ = 𝑃(𝑅 ≤ 𝑠) =  𝑃(𝑅 − 𝑆 ≤ 0)                                                                   Eq.7 

                                     =  න 𝐹ோ(𝑥)𝑓௦(𝑥)𝑑𝑥
ஶ

ିஶ

 

  

This is referred to as the fundamental case, assuming staƟsƟcal independence between the resistance 

and load variables. The previous equaƟon provides the total chance of failure product of  

two independent events. In Figure 3.2, the density funcƟon of R and S is ploƩed to beƩer understand.  

 

 

Figure 3.2 | Load and Resistance Probability Density FuncƟons (P. ThoŌ-Christensen, M. Baker, 1982) 

The load S and resistance curves in Figure 3.2 overlap, but this does not indicate the likelihood of 

failure. The integral under this density, as presented in Figure 3.3 gives the probability of failure. 

 

 

 Figure 3.3 | The failure probability density funcƟon (P. ThoŌ-Christensen, M. Baker, 1982)  

The failure probability can be wriƩen as follows when the load variable S and the resistance variable R 

have normal distribuƟons:  

                                                                              𝑃௙ = 𝑃 (𝑀 ≤ 0 )                                                                  Eq.8 

Where; 

                                                                              𝑀 = 𝑅 − 𝑆                                                                            Eq.9 
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The safety margin, denoted by M, is a normal distribuƟon with the following parameters;  

                                                                                 𝜇ெ =  𝜇ோ −  𝜇ௌ                                                               Eq.10 

and standard deviaƟon; 

                                                                                  𝜎ெ =  ට𝜎ோ
ଶ + 𝜎ௌ

ଶ                                                           Eq.11 

The following formula can be used to calculate the probability of failure using the normal distribuƟon 

funcƟon:  

                                                                       𝑃௙ = 𝛷 (଴ିఓಾ)

ఙಾ
) = 𝛷(−𝛽)                                                      Eq.12 

The formula for the safety index is equal to: 

                                                                                   ఓಾ

ఙಾ
 =  𝛽                                                                          Eq.13 

In Figure 3.4, is an illustraƟon of its geometrical interpretaƟon; 

 

Figure 3.4 | IllustraƟon of the reliability index (P. ThoŌ-Christensen, M. Baker, 1982) 

It is evident that load and resistance are dependent on mulƟple variables rather than simply one. 

Therefore, these factors are mathemaƟcally described as a funcƟon of random variables as presented 

below:  

                                                                                 𝑅 = 𝑓ଵ(𝑋)                                                                        Eq.14 

                                                                                 𝑆 = 𝑓ଶ(𝑋)                                                                        Eq.15 

Where X is a vector with n fundamental random variables (explained in Chapter 4)  since R and S might 

not be staƟsƟcally independent. 

Moreover, the safety margin:  

                                                              𝑀 = 𝑅 − 𝑆 =  𝑓ଵ(𝑋) −  𝑓ଶ(𝑋) = 𝑔(𝑋)                                                Eq.16 
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is no longer normally distributed. The funcƟon g(x),is commonly used to represent the limit state 

funcƟon. A structural element is in the failure domain when g(x) ≤  0 and in the safe domain when  

 g(x) > 0.   

The probability of failure is calculated using the following dimension integral:  

                                                                𝑃௙ =  ∫ 𝑓௫(𝑥) 𝑑𝑥
௫

௚(௫) ஸ ଴
                                                                   Eq.17 

When the integraƟon is carried out over the failure domain and 𝑓௫(𝑋) is the joint probability density 

funcƟon for the vector of fundamental random variables X; two pracƟcal issues with this technique, 

nevertheless, come to light right away. Firstly, the possibility of retrieving enough data to establish the 

joint probability density funcƟon for the n basic variables is drasƟcally low. Secondly, “even if the joint 

density funcƟon is known, the marginal densiƟes, the mulƟ-dimensional integraƟon required may be 

extremely Ɵme-consuming.”  (P. ThoŌ-Christensen, M. Baker, 1982) In reality, these challenges can be 

addressed with the Level 2 methods10 or the Monte-Carlo SimulaƟon. 

3.4.1  Random Variables  
 

A random variable 11 is a generated or quanƟfied value by a random event’s outcome. A key concept of 

the probability theory regards the type of distribuƟon of random variables as crucial as the type of 

distribuƟon will provide further informaƟon about the possibility of certain occurrences happening. 

The central tendency and variability of these random variables' distribuƟons can be explained by a 

number of characterisƟcs, including the expected value (mean), variance, and standard deviaƟon. 

There are two sorts of fundamental random variables that can be used to represent all the different 

types of uncertainty in an analysis: discrete and conƟnuous variables.  
 

 

- A discrete random variable, such as 0,1,2,3,4, etc., can have only a countable number of 

different values. Usually, but not always, discrete random variables are counted.  

 

- A random variable that has an endless range of possible values is called a conƟnuous random 

variable. Measurements are typically used as conƟnuous random variables. 

 

 

 
10 Level 2 methods – A reliability method which use the mean and the variance of each uncertain parameter, 
together with a measure of correlaƟon between parameters, to obtain a good approximaƟon to the probability 
of failure of the component.  
11 Random variable – The variables are presented by capital leƩers.  
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3.5 Conclusion 
 

Since the establishment of the ECCS in 1951, the use of standardised hot-rolled steel profiles—most 

notably, the I-beam—has had a substanƟal impact on engineering procedures. These profiles are 

widely employed in a variety of applicaƟons because of their improved flexural performance due to 

their features that are moulded by centrifugal forces during rolling. Tight dimensional tolerances during 

producƟon are essenƟal, necessitaƟng close collaboraƟon between manufacturers and strict quality 

control procedures.   

 

Structural design rules, especially Eurocodes, guarantee structural integrity and safety. These codes 

offer detailed recommendaƟons for material selecƟon and building techniques. Eurocodes prioriƟse 

the use of limit states, which encompass both ulƟmate and serviceability limit states, and are essenƟal 

for assessing structures' performance in various scenarios.   

 

Furthermore, steel beam tolerances are specified by Eurocode 3, highlighƟng the significance of 

adhering to strict producƟon standards to guarantee structural durability.  

 

When evaluaƟng the performance and safety of a structure, the concepts of limit states are essenƟal 

since they take into account elements like component resistance and load effects. QuanƟfying 

uncertainƟes and esƟmaƟng the likelihood of structural failure are made easier by the use of random 

variables and probability distribuƟons. 
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4 Methodology 
 

4.1 IntroducƟon:  
 

Nowadays, computer simulaƟons are used extensively in research. ProbabilisƟc simulaƟon methods 

can be applied to study the effects of random variability of different quanƟƟes on the characterisƟcs 

of machines, chemical or biological processes, load-carrying capacity, structural reliability, and many 

other contexts. One of the most effecƟve methods for researching random processes is the Monte 

Carlo SimulaƟon (MCS).  

In structural engineering, the pracƟcal applicaƟon of Monte Carlo simulaƟon is evident in evaluaƟng 

the performance and dependability of structures or components in unpredictable loading 

environments. A prime example is the assessment of the performance of structural elements such as 

a beam. The material’s yield stress and geometrical tolerances are criƟcal characterisƟcs that might 

vary within specific ranges. These properƟes are modelled as random variables in the MCS, 

demonstraƟng their direct relevance and applicability in our field.  

Throughout the following chapter, the study will concentrate on replicaƟng an I-beam’s behaviour 

while considering these random variables. The aim of using MCS  was to gain insights into the 

probabilisƟc nature of the beam's performance with various geometrical tolerances and yield stress. 

Towards the end of the chapter, the limit state will be used to examine how the simulated random 

variables affect the beam's flexural plasƟc capacity. In fact, the new plasƟc moment capacity will be 

invesƟgated aŌer considering the unpredictability brought about by the random variables with the 

nominal plasƟc capacity of the beam, which will be computed using determinisƟc assumpƟons.  
 

With this comparison, the beam design's resilience to uncertainƟes can be evaluated. Hence, by 

combining MCS with the principle of the limit state, the probability of failure of the beam as a funcƟon 

of standardized geometrical and material tolerances can be analysed.  
 

4.2 Principle of Monte Carlo SimulaƟon   
 

A staƟsƟcal method for comprehending the influence of risk and uncertainty on forecasƟng and 

predicƟve models is MCS. The process starts by precisely defining and characterizing the issue or 

system that has to be studied, making sure that the scope, parameters, and performance criteria are 

all known. The input variables that affect the system are then idenƟfied, as are the corresponding 

probability distribuƟons for them. These determinaƟons can be made using theoreƟcal arguments, 
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historical data, or expert opinion. Random samples of the input variables are then created aŌer these 

variables and their distribuƟons are established. AŌerward, simulaƟons are performed on these 

samples, enabling the execuƟon of a large number of simultaneous calculaƟons. UlƟmately, these 

simulaƟons' outputs are combined and examined, creaƟng probabilisƟc forecasts. (Weinzierl, 2000) 

However to further explain the MCS, a pracƟcal use of the simulaƟon is presented. Investment firms 

use MCS to evaluate the risk and return of their porƞolios. Using staƟsƟcal models and historical data, 

the simulaƟon creates hundreds of potenƟal future states for the market. For example, by taking a 

random sample from the probability distribuƟons of returns for each asset in the porƞolio, an 

investment firm can model the performance of the porƞolio in the future. These simulaƟons account 

for a number of variables, including correlaƟons between factors like asset price volaƟlity and 

correlaƟon between assets and economic condiƟons. By execuƟng these simulaƟons, the company can 

calculate the probability of various porƞolio return levels and, addiƟonally, the chance of substanƟal 

losses.  (Rubinstein & Kroese, 2008) 

The following sub-chapters will further define the main principle of the Monte Carlo SimulaƟon, 

namely; 

- IdenƟfying and defining the problem 

- DeterminaƟon of input variables  

- GeneraƟon of Random variables  

- FormaƟon of the Limit State Principle  
 

4.3 Random Numbers  
  

In order to simulate stochasƟc processes that occur in both arƟficial and natural environments, random 

numbers are needed to generate the environment itself. In fact, it is the random numbers that influence 

the system that is being studied, especially in simulaƟons such as the Monte Carlo simulaƟon. However, 

the challenge lies in generaƟng these random variables in an unbiased manner. Gentle (2003) explains 

that even computers can never technically produce random numbers as an algorithm is required to 

select a random number from a range, resulƟng in what are known as pseudorandom numbers. 

However, this limitaƟon does not hinder the staƟcal applicaƟons, as long as the numbers appear to be 

drawn randomly from a specific range, it is sufficient for the purpose of the study.   
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In this parƟcular study, the geometric and material properƟes form the random variables. As it will be 

further explained; such variables are crucial to the simulaƟon study as they dictate the beam’s flexural 

capacity.  

4.4 Defining the problem  
 

For this study, the primary focus revolved around the tolerances of a steel IPE beam and how these 

tolerances influence the plasƟc moment capacity. As already stated, the plasƟc moment capacity 

represents the maximum moment a beam can sustain once it has fully yielded across its enƟre cross-

secƟon. This capacity was determined using the following equaƟon; 

                                                                                M୮ = Z × f୷                                                                     Eq.18 

In this research, the plasƟc moment capacity was described as the Nominal PlasƟc Moment Capacity. 

Therefore, the beam that had the nominal plasƟc moment capacity had to have the ideal geometrical 

properƟes as per the design specificaƟons. However, in pracƟcal scenarios, variaƟons in these 

geometrical properƟes can significantly influence the actual plasƟc moment capacity. 

Apart from the yield stress, the plasƟc moment capacity plays a significant factor role in the plasƟc 

secƟon modulus (Z), which is another crucial key variable contribuƟng to this capacity. The plasƟc 

secƟon modulus provides a measure of the strength of the beam secƟon when it has fully yielded. 

(EquaƟon 19) Subsequently, the following variables influence the plasƟc secƟon modulus: flange 

thickness (tf), web thickness (tw), height of secƟon (h), and width of the secƟon (ws). Therefore these 

factors were taken into consideraƟon due to manufacturing tolerances or material inconsistencies, the 

actual plasƟc moment capacity will differ from the nominal value.  

                                                          Z = 𝑤௦ × t୤ ( h − t୤ ) + ቀ
୦

ଶ
− t୤ቁ

ଶ
t୵                                                Eq.19 

However, the equaƟon did not take into account the root radii areas, thus reducing the flexural plasƟc 

moment capacity of the beam secƟon. For this reason, and in order to maintain consistency with the 

value of the Steel Blue Book, the equaƟon was amended to consider such aspect.  

InteresƟngly, the Euronorm EN10034 (1993) does not provide any tolerances for the root radii. This 

implied that a constant (nominal) value for the radii had to be maintained in the flexural capacity 

calculator and is graphically presented in Figure 4.1.  

               Area of ¼ circle = ¼ πrଶ = A1 Eq. 20 
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                                                                             xଵ = yଵ  =  
ସ୰

ଷ஠
 Eq. 21 

 

                Area of square = rଶ =  Aଶ Eq. 22 

 

                                                                               xଶ =  yଶ =
୰

ଶ
 Eq. 23 

 

 

Figure 4.1 Graphical interpretaƟon of root radius centre of rotaƟon (Author, 2024) 

For shaded area: 

                                                                                 Ā = A2  -  A1                                                                                                               Eq. 24                                                                      

                                                                                  = rଶ −  
஠୰మ

ସ
                                                                   Eq. 24.1 

                                                                                 = rଶ(1 −  
஠

ସ
 )                                                               Eq. 24.2 

 

                                                                                   Āxത =  Ʃax                                                                      Eq. 25 

                                                          rଶ ቀ1 −  
஠

ସ
 ቁ × xത =  −

஠୰మ

ସ
 ቀ 

ସ୰

ଷ஠
 ቁ + rଶ ቀ 

୰

ଶ
 ቁ                                   Eq. 25.1 

                                                                    ቀ1 −  
஠

ସ
 ቁ xത =  −

୰

ଷ
 +

୰

ଶ
                                                            Eq. 25.2 

                                                                                    xത =  
୰

଺(ଵି
ಘ

ర
 )

=  ȳ                                                      Eq. 25.3 

Therefore, the new equaƟon determined the plasƟc moment capacity of a beam, by taking into 

consideraƟon the enƟre geometric properƟes of the beam’s cross-secƟon. It had to be split into three 

secƟons; (1) the flanges, (2) the web and (3) the root radii. The explanaƟon of how the moment occurs 
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about the plasƟc neutral axis can be found Theory Of ElasƟc Bending Of Beams secƟon 2.4.2. Below is 

the procedure that was taken to find the plasƟc secƟon capacity for beams with varying dimensional 

geometrical properƟes.  

                         M௣ = [2F୤୲ ×  y୤୲] + [2F୵୲ ×  y୵୲] + [4F୰୲  × y୰୲] 

                                                     Flanges                 Webs                Root Radii 

                     Eq. 26 

 

 

Figure 4.2 Graphical representaƟon to determine plasƟc moment capacity (Author, 2024) 

                                                                        F୤୲ = ( 𝑤௦  × t୤ )f୷                                                            Eq.27 
 

                                                                     F୵୲ = ቀ
(୦ିଶ୲౜)

ଶ
 ×  t୵ቁ f୷                                                    Eq.28 

 
                                                                      F୰୲ = rଶ ቀ 1 −  

஠

ସ
ቁ f୷                                                           Eq.29 

 
                                                                              y୤୲ =

୦

ଶ
−  

୲౜

ଶ
                                                                  Eq.30 

 

                                                                            y୵୲ =
ቀ

౞

మ
ି ୲౜ቁ

ଶ
                                                                  Eq.31 

 
 

                                                                             y୰୲ =
(୦ିଶ ୲౜)

ଶ
+ ȳ                                                          Eq.32 

From equaƟon 25: 

                                                                            y୰୲ =
(୦ିଶ ୲౜)

ଶ
+

୰

଺(ଵି
ಘ

ర
 )
                                                  Eq.33 
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Hence, in this study, the aforemenƟoned factors—yield stress, flange thickness, web thickness, height, 

and width of the secƟon—were regarded as random variables. By considering these parameters as 

random variables, the study aims to provide a more comprehensive understanding of the beam’s plasƟc 

moment capacity.  

Table 2 The random variables 

VARIABLES X1 X2 X3 X4 X5 

 WIDTH OF 

SECTION 

𝑤௦ 

SECTION 

HEIGHT 

ℎ௦ 

WEB 

THICKNESS 

t୵ 

FLANGE 

THICKNESS 

t୤ 

YIELD STRESS 

 

f୷ 

 

4.4.1 Variables on SecƟon Members  
 

In the computaƟonal model, the allowable variaƟons in geometrical parameters were determined 

based on the specificaƟons provided in EN 10034 (1993). Therefore, for each beam analysed, the 

tolerances had to be adjusted according to the limits outlined in Table 1. From this table, it was 

observed that as the size of the beam increases, the permissible tolerances also increase. 

In order to expand the study’s scope, the figures listed in the tolerance table were divided into smaller 

increments while at the same Ɵme maintaining the original range, with the limiƟng values included.  

Given that the established tolerances differed for each variable, the increment step size changed based 

on the parƟcular variable. This implied that the secƟon height and the width of the flange had greater 

tolerances when compared to the other variables; hence, in this study, increments of 0.05mm were 

chosen. Smaller step increments were adopted for the flange thickness and the web thickness, which 

are subject to substanƟally smaller tolerances. This approach was implemented for two reasons: (1) to 

make sure that each variable’s tolerance constraints were met by the increments precision and (2) to 

limit the probability of having duplicate generaƟons, as this would influence the Monte Carlo 

simulaƟon. 

4.4.2 Variables on Material ProperƟes 
 

Material properƟes as discussed in secƟon 2.2, are laboratory measurements, meaning that they 

inherently include random errors. These inaccuracies are caused by several issues, such as small 

calibraƟon differences, tesƟng apparatus misalignments, variaƟons in chemical composiƟon, impurity 

levels, and microscopic flaws. It is recognized that, in pracƟce, no two material samples are going to be 
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precisely the same. In fact, it is this variability that can be staƟcally analysed to determine the likelihood 

of the probability of variaƟons.   

Due to its numerical magnitude, the main material property that influences the plasƟc moment 

capacity (as can be seen from equaƟon 18) is the yield stress. For the purpose of this study, only mild 

steel was considered. The mean 12 and standard deviaƟon13 of mild steel were defined, and from this 

established standard deviaƟon mean, a range was decided upon. The range allowed for a high degree 

of confidence in material performance, yet at the same Ɵme, it had been established with scienƟfic 

rigor. This jusƟfied the choice of the range of the yield stress based on a systemaƟc, quanƟtaƟve 

analysis rather than assumpƟons. 

Below is the procedure for finding the mean and two standard deviaƟons from the mean, which was 

used to establish the range for the yield stress.  

              So.charc = So. Mean – k So.stand.dev Eq. 34* 

 

So.COV  =  
ୗ౥.౩౪౗౤ౚ.ౚ౛౬

ୗ౥.౉౛౗౤
 

       So.stand.dev  =  S୭.େ୓୚ ×  S଴.୑ୣୟ୬ 

Therefore subsƟtuƟng equaƟon 35 into equaƟon 34: 

Eq. 35 

 

Eq. 35.1 

 

                         So.charc = So. Mean – 1.65S୭.େ୓୚ ×  S୭.୑ୣୟ୬ Eq. 36 

                     So.charc = So. Mean  × [1- 1.65 ×  S୭.େ୓୚] Eq. 36.1 

*  k = 1.65 for a normally-distributed uncorrelated basic random variable and a 5% 

fracƟle  (SwiŌ et al., 2010) 

 

Since;  

So.charc = 275N/mm2 

Assuming that So.COV  is 7%, then; 

So.COV  = 0.07 

 
12 Mean: The mean provides a central value for the data set, represenƟng the average yield strength of the mild 
steel.  
13 Standard deviaƟon: This staƟc measures the amount of variability or dispersion from the mean. 
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SubsƟtuƟng into equaƟon 35; 

275 = So. Mean  × [1- 1.65 × 0.07] 

So. Mean  = ଶ଻ହ

଴.଼଼ସହ
 = 310.9101 N/mm2 

Therefore, the standard deviaƟon can be found with equaƟon;  

So.stand.dev =  S୭.େ୓୚ ×  S୭.୑ୣୟ୬ 

                                                                                   = 0.07 × 310.9101 = 21.7637 N/mm2 

Now determining two standard deviaƟons away from the mean from both ends:  

S୭.୑ୣୟ୬ − [2 ×  21.7637 ] = 267.3827 N/mm2 ≈ 𝟐𝟕𝟎 N/mm2 

S୭.୑ୣୟ୬ + [2 ×  21.7637 ] = 354.4375 N/mm2 ≈ 𝟑𝟓𝟓 N/mm2 

With these values, a range for the final variable considered within the Monte Carlo simulaƟon had been 

set up. The lowest value was 270, and the greatest value was 355, with increments of 5N/mm2.  
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4.5 GeneraƟon of combinaƟons   
 

For the Monte Carlo simulaƟon, the generaƟon of random variables was conducted through MicrosoŌ 

Excel’s Visual Basic ApplicaƟon, also known as VBA. VBA allows users to program algorithms and 

automate processes. With the use of an algorithm presented in Appendix A1, a large number of 

randomly selected variables were chosen from a range, which allowed the producƟon of a broad 

number of scenarios systemically. These scenarios were coded to randomly select a variable from a 

range that was established depending on the Euronorm, EN10034 (1993).  

However, the number of runs generated was determined through a test that was carried out prior. For 

instance, the five variables in the I-secƟon IPE360 each had a unique number of ranges. For the MCS, 

it is important that all combinaƟons generated are unique, meaning that each variable is unique within 

a combinaƟon. Therefore, since each random value can be repeated independently, it was important 

to check for duplicate combinaƟons within the Excel sheet. 

Below is a representaƟve example illustraƟng the number of combinaƟons required to ensure that 

every possible variable is paired with each other, resulƟng in all unique runs. 

-Var X1 : 121 possible values   

-Var X2 : 121 possible values 

-Var X3: 201 possible values  

-Var X4: 301 possible values  

-Var X5: 18 possible values  

Therefore, the total number of combinaƟons is the product of the variable's possible amount;  

Total Number of unique equaƟons = Var X1 x Var X2 x Var X3 x Var X4 x Var X5 

        = 121 x 121 x 201 x301 x18  

        = 15,944,312,538 number of unique runs 

Due to Ɵme limitaƟons, a smaller number of generaƟons was determined to be sufficient by running 

one test for 20,000 samples. Throughout the test, results for 

100,200,500,1000,2000,10000,15,000,20000 generaƟons were studied. The results of 2000 samples 

were deemed sufficient as the results had reached an asymptote, and the results’ accuracy was within 

the region of ±3%.  
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4.6 ApplicaƟon of the Limit State FuncƟon  
 

From the previous chapter, the limit state funcƟon was presented as;  

𝑀 = 𝑅 − 𝑆 

For the purpose of this study, the S was regarded as the nominal plasƟc secƟon capacity, and it was 

determined using the Steel Bluebook.  Whilst the R was the plasƟc secƟon capacity with material and 

geometrical properƟes depending on which variable / test was being carried out. Therefore, M was 

disƟnguishing whether the beam with modified dimensional tolerances and/or material properƟes 

reached the nominal flexural capacity. If not, this beam M will result in a negaƟve value, which was 

regarded as a failure.  

The RStudio (RStudio Team, 2020) was used to generate scaƩerplots of these datasets. As previously 

menƟoned, MicrosoŌ Excel was programmed to assign a “0” or a “-1” based on whether the beam met 

the nominal plasƟc secƟon capacity or not. The colour of the sample dot was then set to indicate if the 

sample passed or failed. Although it was possible to include all variables in a single scaƩerplot, omiƫng 

certain variables from specific plots enhanced readability and clarity. Nonetheless, to fully understand 

how one variable is influencing the probability of failure against the other variables, mulƟple tests had 

to be conducted as listed below in Table 3. 

Table 3 DescripƟon of the tests being conducted 

Test 1 All geometric variables and yield stress are randomly generated. 

Test 2 All geometric variables are randomly generated with a constant nominal yield stress (S275). 

Test 3  All geometric variables and yield stress are randomly generated with a constant nominal secƟon 

height. 

Test 4  All geometric variables and yield stress are randomly generated with a constant nominal secƟon 

width. 

Test 5 All geometric variables and yield stress are randomly generated with a constant nominal web 

thickness. 

Test 6 All geometric variables and yield stress are randomly generated with a constant nominal flange 

thickness. 

Test 7 All geometric variables are randomly generated with a constant nominal secƟon height and a 

constant nominal yield stress (S275). 
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Test 8 All geometric variables are randomly generated with a constant width of secƟon and a constant 

nominal yield stress (S275). 

Test 9 All geometric variables are randomly generated with a constant nominal width of secƟon and a 

constant nominal yield stress (S275). 

Test 10  All geometric variables are randomly generated with a constant flange thickness and a constant 

nominal yield stress (S275). 

Test 11 All geometric variables are randomly generated with a constant nominal secƟon height and a 

constant nominal yield stress (S275). 

Test 12 All geometric variables are randomly generated with a constant nominal secƟon height and a 

constant nominal web thickness. 

Test 13 All geometric variables are randomly generated with a constant nominal secƟon height and a 

constant nominal flange thickness. 

Test 14 All geometric variables are randomly generated with a constant nominal width of secƟon and a 

constant nominal web thickness. 

Test 15 All geometric variables are randomly generated with a constant nominal width of secƟon and a 

constant flange thickness. 

Test 16  All geometric variables are randomly generated with a constant nominal flange thickness and a 

constant nominal web thickness. 

 

It is important to note that the primary dataset, using the MCS was created primarily for Test 1. This 

dataset was kept consistent for the subsequent tests, with the only modificaƟon being the adjustment 

of one variable to its nominal value as specified in the descripƟon of each test. AddiƟonally, these tests 

were applied to different secƟon sizes (IPE 80, IPE160, IPE 240, IPE360, IPE450, IPE600 and IPE750X173) 

to establish whether the behaviour of the dimensional variables influenced the ulƟmate flexural 

capacity in the same manner.  

Furthermore, an important aspect of the results involved comparing outcomes between different tests, 

specifically observing changes when one variable was kept constant in one test and two variables were 

kept constant in another. This procedure helped to determine the change in the probability of failure 

based on the variable's influence on the plasƟc secƟon capacity. This comparison was facilitated by 

making use of the binary system that had already been established in MicrosoŌ Excel. For example, if 

a sample passed in Test 2, it was marked as “0”; if it failed in Test 7, it was marked as “1”. The soŌware 
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was, therefore, only programmed to highlight the differences between the tests by ploƫng only the 

changes from one test to another. Meaning that if a beam passed in both Test 2 and Test 7, it was not 

displayed on the scaƩerplot, indicaƟng that holding the second variable constant to its nominal value 

did not influence the safety margin. Therefore, the new fails (sample passed test 2 and failed test 7) 

were denoted as “-1” and coloured in a different colour from the new passes (sample failed test 2 but 

then passed test 7) were denoted as “1”. This is explained even further in the table below.  

Table 4 Test representaƟon of new fails and new passes  

Test 2 Test 7 Test 2 – Test 7 

1 0 1 

0 0 0 

1 1 0 

0 1 -1 

   

4.7 Conclusion 
 

In conclusion, this chapter has explained the adequacy of a Monte Carlo simulaƟon, especially in the 

context of the reliability of the I-beam’s performance under varying probabilisƟc condiƟons. For this 

study, the simulaƟon method has proven to be an invaluable tool with regard to assessing the resilience 

of the beam when subjected to random variables such as geometrical tolerances and material yield 

stress.  

AddiƟonally, by combining the limit state principle and the Monte Carlo simulaƟon, a comprehensive 

analysis can be carried out in order to disƟnguish which dimensional variable is influencing the ulƟmate 

flexural capacity. It is through the comparison of the results of these tests that the influence of each 

variable can be studied and analysed.  
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5 Results and Discussion 
 

5.1 IntroducƟon  
 

The following chapter is segmented into two secƟons, each of which focuses on a separate level of 

analysis to clarify the considered beams’ behaviour, namely IPE80, IPE160, IPE240, IPE360, IPE450, 

IPE600 and IPE750x173. The first secƟon provides a general analysis that takes into consideraƟon all of 

the beams, analysing them collecƟvely to idenƟfy any clear paƩerns or trends. This general analysis 

lays the groundwork for the second secƟon of this chapter. 

The second secƟon of this chapter provides an in-depth analysis of three specific beams: IPE 80, IPE360, 

and IPE750x173. ScaƩerplots were used to idenƟfy any significant trends during tesƟng. These 

scaƩerplots are instrumental as they offer visual representaƟons of the staƟsƟcal variaƟons in the 

results, enhancing the clarity and understanding of the data. The adopƟon of these specific beams was 

purposely selected to create a broad spectrum of the I-secƟons. Therefore, with this approach, an 

understanding of how the dimensional variaƟons impact the safety margin can be fully analysed.  

5.2 General Analysis  
 

The results of the probability of failure are represented below in table 5:  

Table 5 | Results of the probability of failure for all tests  

 

 IPE 80 
(%) 

IPE 160 
(%) 

IPE 240 
(%) 

IPE 360 
(%) 

IPE 450 
(%) 

IPE 600 
(%) 

IPE 750 x 173 
(%) 

1 3.10 6.75 5.85 9.65 7.50 6.00 9.55 
2 14.35 27.10 29.50 44.75 32.80 35.55 47.45 
3 3.40 7.15 6.75 10.25 7.75 6.45 9.50 
4 5.30 8.45 7.00 10.30 8.00 6.05 9.60 
5 3.40 6.80 5.65 9.45 7.05 6.30 9.25 
6 3.60 4.15 5.40 5.80 7.05 6.90 8.15 
7 15.60 29.00 31.30 46.35 34.10 36.85 47.65 
8 23.40 22.15 32.25 46.50 34.30 36.00 47.95 
9 14.15 27.30 29.35 44.10 32.00 35.85 47.95 
10 19.75 22.65 32.15 33.25 36.10 44.35 49.65 
11 5.30 8.80 7.70 11.00 8.40 6.35 9.70 
12 3.40 7.40 6.60 9.90 7.80 6.75 8.90 
13 3.75 5.15 6.90 7.15 8.15 7.05 8.05 
14 5.10 8.60 6.45 9.80 7.80 6.05 9.15 
15 7.00 7.55 6.75 7.40 8.00 6.60 8.25 
16 2.90 3.40 4.85 5.85 6.60 7.05 8.00 

SECTION 

TEST 
NO. 
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Test 1 presents the most realisƟc scenario. As with the Monte Carlo simulaƟon, the material and 

geometrical variables are fully randomised. The probability of failure varies between 3.10% and 9.65%, 

with a mean value of 7% across the range of beam sizes considered.  

In this study, Test 1 suggests a relaƟvely high probability of failure, especially when compared to the 

EN1990:2002 typical target failure rate for structural members, which is about 1:1000 or a target 

reliability index of 3.09. However, it is important to understand that the type of failure being analysed 

within this dissertaƟon is different from the standard safety margin analysis.  

In this context, the limit state principle has been already defined as M= R – S:  

Where;  

- R represents the Randomised PlasƟc Moment Capacity of the beam’s cross-secƟon 

- S represents the Nominal PlasƟc Moment Capacity as derived from standard secƟon tables. 

Therefore, the study’s probability of failure indicates the likelihood that the beam with the randomised 

properƟes is less than or equal to the normal plasƟc moment capacity.  

In pracƟce, the Safety Margin, M=R-S: 

Refers to; 

- R being the Randomised PlasƟc Moment capacity of the beam cross-secƟon 

- S being the Randomised Applied Bending Moment on the beam cross-secƟon.  

Therefore the factored safety margin, M is given by:  

                                                                            M = [ ோ

ஓ೘
] - [γf × S]                                                                Eq.37 

For onshore buildings, the Eurocode (EN1990-1: 2005)  has established these parƟal safety factors: 

 γm = 1 and γf = 1.35 for Dead load and 1.50 for Live Load respecƟvely. Assuming that 50% of the loading 

that causes the applied bending moment is dead load and 50% of the loading that causes the bending 

moment is live load, then the average value of γf = ((1.35 + 1.50) / 2) = 1.425. 

Consequently, if the probability that the Randomized PlasƟc moment capacity is less than or equal to 

the Nominal PlasƟc moment Capacity is between 3.10% and 9.65%, then the actual probability of 

failure under factored condiƟons (i.e., considering the factored safety margin where the applied behind 

the moment is increased by 42.5%) would be significantly lower, and as a result, they would likely be 

closer to the target of 0.10%. This lower failure probability reflects the use and the importance of parƟal 

safety factors, which effecƟvely increase the threshold for failure.  
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Thus, the probabiliƟes of failure idenƟfied in the staƟsƟcal study, while seemingly high, are not 

alarming. The results serve to provide a beƩer understanding of the staƟsƟcal variabiliƟes of the 

allowable cross-secƟonal geometrical tolerances and material stress upon the plasƟc moment capacity 

of a range of steel beams subject to flexural loading. In fact, subsequent tests were necessary to gather 

more comprehensive data in order to be able to idenƟfy the degree of significance per variable as a 

funcƟon of the safety margin influence. 

The general analysis conƟnues by comparing the results of Test 1 with those of Test 2 through Test 6 to 

be able to establish which variable has the greatest influence on the probability of failure when 

randomising each subsequent parameter. From Figure 5.1 below, it can be immediately noƟced that 

the column represenƟng Test 2 is the most prominent, indicaƟng the highest probability of failure. This 

suggests that the variability of the random variable Yield Stress is advantageous as it significantly 

reduces the probability of failure when compared to Test 1. This result also indicates that the 

dimensional properƟes have a great influence on the safety margin.  

 

 

Figure 5.1 | Bar chart represenƟng the probability of failure for test 1 to test 6  

Upon comparing Test 6 with Test 1, it was observed that the variability of the flange thickness adversely 

affects the probability of failure; this finding is specific to the beams IPE160, IPE240, IPE360, IPE450, 

and IPE750x173. Conversely, for the remaining beams, IPE600 and IPE80, the variability of the flange 

thickness leads to a decrease in the probability of failure compared to Test 1.   
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Meanwhile, a consistent trend is evident from Test 4 compared to Test 1: for all beams tested, the 

variability in the secƟon width reduces the probability of failure. This trend is consistent across all 

secƟon sizes being tested. From Test 4, it can be concluded that for 90% of the beams, the variability 

of the secƟon height slightly benefits the limit state, a minor yet noteworthy observaƟon. 

From Test 5, no discernible trend was detected. It is crucial to highlight that the variabiliƟes of the 

dimensional variables are determined by the ranges established by the Euronorm, EN10034 (1993). As 

discussed in the previous chapter, which referenced Table 1 detailing the Eurocode's upper and lower 

tolerance bounds, it was noted that as the secƟon size increases, so do the dimensional tolerances 

However, the results demonstrate that these tolerances do not scale linearly with secƟon size. Further 

tests were conducted to observe any possible correlaƟons between the range of dimensional 

tolerances for geometric dimensions of the beam cross-secƟon and the probability of failures observed 

in Test 1. These tests are reported in Appendix C.6.  

From Test 7 through to Test 10, where a constant nominal yield stress was maintained, together with a 

constant dimensional variable, it is apparent that when compared to Test 2, the most significant change 

in the probability of failure occurred in Test 10 (Figure 5.2).  In this test, the flange thickness was held 

at its nominal value, highlighƟng that its variability has a substanƟal impact on the safety margin. In 

contrast, the other tests did not exhibit any significant changes in the probability of failure. Therefore, 

these results warrant detailed examinaƟon in the in-depth analysis (SecƟon 5.3). 

 

 

Figure 5.2 | Bar chart represenƟng the probability of failure for test 2 and test 7 to test 10   
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With regards to Tests 11 to 16, the objecƟve was to idenƟfy any significant interacƟons between the 

five variables. It was once again observed that variability in yield stress tends to reduce the change in 

the probability of failure. Specifically, for most of the beams (85%), when the web and the flange 

thickness were kept at nominal values, the probability of failure decreased when compared to Test 1. 

This suggested that the combined variability of these two variables adversely affected the majority of 

tested beams. For other variable combinaƟons, the probability of failure changes were less 

pronounced, resulƟng in no perƟnent paƩerns, and the responses were not consistent across all 

beams. 

 

5.3 In-depth Analysis Beams IPE80, IPE360 & IPE750x173:  
 

Table 6 Results of the probability of failure for test 1, test 2 and test 7 to test 10  

 DescripƟon of test:  IPE80 (%) IPE360 (%) IPE750x173 (%) 

Test 1 All Variables Randomized  3.10 9.65 9.55 

Test 2 4 variables + S275 constant 14.35 44.75 47.45 

Test 7 Nominal SecƟon height + S275 constant  15.60 46.35 47.65 

Test 8 Nominal Width of SecƟon + S275 constant  23.40 46.50 47.95 

Test 9 Nominal Web thickness + S275 constant  14.15 44.10 47.95 

Test 10 Nominal Flange Thickness + S275 constant  19.75 33.25 49.65 
 

 

5.3.1 InterpretaƟon of Test 1 & Test 2:  
  

As established in the previous secƟon, Test 2 (Figure 5.6, 5.7 and 5.8) exhibited the most significant 

deviaƟon from Test 1 (as graphically presented in Figure 5.3, 5.4 and 5.5) when a single variable was 

held constant. Consequently, these two tests are presented in scaƩerplots and to visually illustrate 

these differences the samples have been colour-coded in this manner; 

 The green outline of the dot indicates that the sample has reached the safety margin.  

 Meanwhile, the beams with the randomised variables that are within the safety margin are 

presented as a red circle.  

 The internal shade of the circle depends on the third variable, meaning the colour opacity 

represents the size of the variable within the established range.   

The scaƩerplots (for Test 1 and Test 2), deliberately exclude two variables for clarity purposes. By means 

of the general analysis, it was concluded that the variability of the secƟon height resulted in the most 

insignificant geometric property.  On the other hand, the randomisaƟon of the yield stress emerged as 

the most prominent variable. For these reasons, these two properƟes were omiƩed in the following 

tests. 
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Figure 5.3 Test 1 | IPE80 
 

 

Figure 5.4 Test 1 |  IPE360 
 

 

Figure 5.5 Test 1 | IPE750X173 
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Figure 5.6 Test 2 |  IPE80 
 

 

Figure 5.7 Test 2 | IPE360 
 

 

Figure 5.8 Test 2 | IPE750x173 
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Through Figure 5.6,Figure 5.7 Figure 5.8, a disƟnguishable paƩern can clearly be noted. It indicates that 

the majority of the failed samples (88% for IPE80, 93% for IPE360, and 87% for IPE750x173) are located 

below the nominal flange thickness; however, since one variable is not being ploƩed, tests 6 through 

10 can validate this observaƟon.  

The influence of the maintaining constant variable can be discerned by comparing the number of 

failures or new passes when the yield stress was held constant. From this scaƩerplot, the samples are 

colour-coded differently to indicate that it is a result of the difference between the two tests. Once 

again, the internal colour of the circle depends on the range of the third variable. Meanwhile, the outer 

lining of the dot depends on whether the sample has failed in either Test 1 or Test 2. In the case that 

the sample passed or failed both tests, this was not presented on the scaƩerplot, as the change in 

maintaining the yield stress constant did not influence the probability of failure. From these plots, it is 

evident that as the secƟon size increases, the influence of the yield stress becomes more pronounced 

(as presented Table 7), indicaƟng a growing importance in determining the plasƟc secƟon capacity. This 

can be noted from Figures 5.9, 5.10, and 5.11, as the black outlined circles are more present and 

concentrated, whilst the pink circle dots are sparse.  This is because a lot of samples had passed the 

randomised test and failed when they were kept constant at the 275 N/mm² value (In Figures 5.9, 5.10 

and 5.11, the dots represenƟng this informaƟon has a black outline indicaƟng that it is a new fail.) 

Therefore, this exercise determined the influence of maintaining the yield stress constant. AddiƟonally, 

a mathemaƟcal interpretaƟon of the scaƩerplots has been established in the table below:  

Table 7 Results of the probability of failure for Test 1 – Test 2 

 IPE 80  IPE360  IPE750x173  

New Passes (Fail Test 1 and Pass Test 2) 4 14 8 

New Fails (Pass Test 1 and Fail Test 2) 229 716 1226 

Samples that either failed or passed both tests  1767 1270 766 

Total Samples Failing due to maintaining yield 

stress at nominal constant value for this dataset 
11.45% 35.8% 38.3% 

Total Influence on the Probability of Failure  11.65% 36.5% 38.7% 
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Figure 5.9 Test 1 – Test 2 | IPE80 
 

 

Figure 5.10 Test 1 – Test 2 | IPE360 
 

 

Figure 5.11 Test 1 – Test 2 | IPE750x173 
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5.3.2 InterpretaƟon of Test 7 | IPE80 & IPE360 & IPE750x173: 
 

In Test 7, both the nominal secƟon height and yield stress are maintained at their nominal values. When 

compared to Test 2, where only the yield stress is kept constant, the probability of failure in Test 7 

shows a slight increase for all three beams. This iniƟates two arguments: (1) variability in secƟon height 

slightly reduces the probability of failure, and (2) it does not significantly impact the plasƟc secƟon 

capacity. 

Upon analysing the scaƩerplots, a graphical paƩern can be established– the density of the green dots 

in the boƩom right corner diminishes as the secƟon size increases. This indicates that as the secƟon 

size increases, the flange width becomes less significant for the safety margin. Another observaƟon is 

that the samples that have a thicker flange thickness than the nominal, yet are sƟll failing, are all 

marked with the darkest shade of blue inside the sample dot. This indicates that the samples fall on 

the smaller side of the range for the web thickness. In fact, as the secƟon size increases, more failures 

are located above the nominal flange thickness line, suggesƟng that the variaƟon of the two other 

dimensional variables can be more influenƟal on the safety margin than the variaƟon of flange 

thickness alone.  

The influence of the secƟon height can be further quanƟfied by determining the change in the 

probability of failure when the secƟon height is held constant. This observaƟon is detailed in a graphical 

analysis with the scaƩerplots in Appendix C2. The table below summarises this analysis;   

Table 8 Results of the probability of failure for Test 2 – Test 7  

 IPE 80 IPE 360 IPE 750x173 

New Passes (Fail Test 2 and Pass Test 7) 51 23 29 

New Fails (Pass Test 2 and Fail Test 7)  76 55 33 

Samples that either failed or passed both tests  1873 1922 1938 

Total Samples Failing due to maintaining secƟon height 

at nominal constant value for this dataset 

3.8% 2.75% 1.65% 

Total Influence on the Probability of Failure  6.35% 3.9% 3.1% 
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Figure 5.12 Test 7 | IPE80 
 

 

Figure 5.13 Test 7 | IPE360 
 

 

Figure 5.14 Test 7 | IPE750x173 
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5.3.3 InterpretaƟon of Test 8 | IPE80 & IPE360 & IPE750x173: 
 

During Test 8, both the yield stress and the width of the secƟon are maintained at their nominal values. 

The resulƟng scaƩerplots (Figures 5.15, 5.16, and 5.17) show idenƟcal paƩerns to those in Test 7, 

reflecƟng the numerical similariƟes between the two tests. When compared to Test 2, all results from 

Test 8 show a slight increase in the probability of failure. 

The paƩern observed in the previous scaƩerplots was repeated here, where the majority of the failures 

(84% for IPE80, 93% for IPE360 and 87.5% for IPE750x173)  (are situated below the nominal flange 

thickness line, whilst the majority of the samples that reached the safety margin are located above the 

threshold. From these results, it can also be noted that samples with a thinner flange thickness are 

passing, likely due to the fact they have a larger web thickness than the nominal. This observaƟon was 

evident across all three secƟon sizes. However, for the IPE80, the boƩom leŌ quadrant is disƟncƟvely 

red, indicaƟng that even the variability of the web thickness (third variable) is not significant for smaller 

secƟon sizes.  

In fact, it can be concluded that as the secƟon size increases, the influence of the variability of the 

secƟon height decreases, whereas the significance of the web thickness increases. This trend indicates 

that the respecƟve influence of all the geometric properƟes on the beam’s safety margin has shiŌed as 

the secƟon depth increases.  

Appendix C3 presents the scaƩerplots illustraƟng the differences between Test 2 and Test 8. The 

scaƩerplots graphically present how maintaining these dimensional variables at their nominal values 

affects the probability of failure. Table 9 summarises the observed numerical data, providing a clear 

comparison of the impact of these tests according to the respecƟve beam.  

Table 9 Results of the probability of failure for Test 2 – Test 8 

 IPE 80 IPE360 IPE750x173 

New Passes (Fail Test 2 and Pass Test 8) 16 25 34 

New Fails (Pass Test 2 and Fail Test 8)  197 60 44 

Samples that either failed or passed both tests  1787 1915 1922 

Total Samples Failing due to maintaining width of 

secƟon at nominal constant value for this dataset 

9.85% 3% 2.2% 

Total Influence on the Probability of Failure  10.65% 4.25% 3.9% 
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Figure 5.15 Test 8 | IPE80 
 

 

Figure 5.16 Test 8 | IPE360 
 

 

Figure 5.17 Test 8 | IPE750x173 
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5.3.4 InterpretaƟon of Test 9 | IPE80 & IPE360 & IPE750x173: 
 

In test 9, the web thickness is held constant along with the yield stress. Compared to Test 2, where this 

web thickness varied, the probability of failure increased negligibly. As previously highlighted, the 

influence of the web thickness can impact the safety margin. In fact, the results suggested that within 

specific ranges as a funcƟon of the secƟon size, the inclusion of the second variable cancelled the 

deficiency of the flange thickness. 

Therefore, by keeping this dimensional variable constant (web thickness), the other three geometric 

variables can be analysed. The scaƩerplots presented in Figures 5.18, 5.19, and 5.20 reaffirm earlier 

findings, highlighƟng that the flange thickness remains the most criƟcal dimensional property. In fact, 

as the secƟon depth increased, the horizontal line represenƟng the nominal flange thickness became 

more pronounced as the failing samples established a clear division of the dataset.  

From the test of the IPE 80 dataset, it was evident that the width of the secƟon was more effecƟve for 

the plasƟc secƟon capacity than the secƟon height. This was due to the fact that the samples which 

were located in the boƩom leŌ corner were successfully passing because they exceeded the nominal 

width of the secƟon. With this observaƟon, it was concluded that for smaller secƟons, the width of the 

secƟon was more criƟcal than the secƟon height.  

For larger secƟons, it was observed that the combinaƟon of the two-dimensional variables can 

influence the safety margin. This was the case with the few samples, which are located on the right-

hand side and below the nominal flange thickness line,  indicaƟng that they are successfully passing 

due to having both dimensional variables larger than the nominal values.   

Furthermore, the influence of maintaining the web thickness as a constant can be quanƟfied by 

comparing samples that either fail or pass Test 2 or Test 9. These findings are all summarised in the 

table below, while the graphical representaƟon of the analysis is presented in Appendix C4.  

Table 10 Results of the probability of failure for Test 2 – Test 9 

 IPE 80 IPE360 IPE750x173 

New Passes (Fail Test 2 and Pass Test 9) 43 76 102 

New Fails (Pass Test 2 and Fail Test 9)  39 63 112 

Samples that either failed or passed both tests  1918 1861 1786 

Total Samples Failing due to maintaining web thickness at 

nominal constant value for this dataset 

1.95% 3.15% 5.6% 

Total Influence on the Probability of Failure  4.1% 6.95% 10.7% 
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Figure 5.18 Test 9 | IPE80 
 

 

Figure 5.19 Test 9  | IPE360 
 

 

Figure 5.20 Test 9 | IPE750x173 
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5.3.5 InterpretaƟon of Test 10 | IPE80 & IPE360 & IPE750x173: 
 

Test 10 is a criƟcal test, as already determined previous tests; the flange thickness was the most criƟcal 

dimensional variable for the plasƟc secƟon capacity. Therefore, by maintaining the flange thickness at 

the nominal value, the interacƟon of the three other dimensional variables was studied more 

comprehensively. In fact, the aim of this test was to validate all the results observed from the previous 

tests.   

The scaƩerplots in Figures 5.21, 5.22 and 5.23 display a disƟncƟve diagonal paƩern, with the slope of 

this paƩern becoming steeper as the secƟon size increases.  From the three scaƩerplots, it was evident 

that for the smaller secƟon IPE80, there was a higher concentraƟon of samples that reach the safety 

margin, unlike the IPE360 and IPE750x173. This suggests that as the secƟon size decreases, the 

variability in the secƟon width became increasingly significant over the web thickness. In fact, in Figure 

5.23, it was notably apparent that the plot was divided into two secƟons, with very few samples 

exceeding the safety margin, especially those with less than the nominal web thickness. Therefore, 

with this test, it can be concluded that as the secƟon size increases, both the variability of the width of 

the secƟon and secƟon height become less significant for the plasƟc moment capacity when compared 

to the web thickness.  

Similar to previous secƟons, the analysis uƟlises the method of comparing the number of failures and 

passes between Test 2 and Test 10 to ascertain the impact of maintaining the flange thickness constant. 

Given that the flange thickness has already been established to be the most criƟcal dimensional 

variable, this comparison quanƟfies the number of failures occurring due to the shiŌ in the flange 

thickness. A summary of these results is detailed below, as well as in Appendix C5, where the 

scaƩerplots of this analysis are presented.   

Table 11 Results of the probability of failure for Test 2 – Test 10 

 IPE 80 IPE360 IPE750X173 

New Passes (Fail Test 2 and Pass Test 10) 150 544 347 

New Fails (Pass Test 2 and Fail Test 10)  258 314 391 

Samples that either failed or passed both tests  1592 1142 1262 

Total Samples Failing due to maintaining flange thickness 

at nominal constant value for this dataset 

12.9% 15.7% 19.55% 

Total Influence on the Probability of Failure  20.4% 42.9% 36.9% 
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Figure 5.21 Test 10 | IPE80 
 

 

Figure 5.22 Test 10 | IPE360 
 

 

Figure 5.23 Test 10 | IPE750x173 
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5.4 Conclusion  
 

The comprehensive tesƟng carried out in this study revealed detailed insights into the probability of 

failure of IPE beams, with parƟcular emphasis on the impact of dimensional and material properƟes. 

In fact, key findings across mulƟple tests indicated how variaƟons in specific geometrical dimensions 

can significantly influence the plasƟc secƟon capacity.  

From Figure 5.24, it was concluded that the variability of the yield stress played a crucial role in 

determining the reliability of the beam in terms of ulƟmate flexural capacity, especially as the secƟon 

depth increases. When the yield stress and another dimensional variable were kept constant, the 

variaƟon in the flange thickness proved to be parƟcularly significant, affecƟng the safety margins across 

all tests. In scenarios where both the yield stress and flange thickness were constant, the analysis of 

the three other geometrical variables revealed that the influence of the web thickness on the safety 

margin increased with the secƟon size. Conversely, for the width of the secƟon and secƟon height, the 

influence on the safety margin decreased as the secƟon size increased. 

Therefore, it was concluded that the two major influenƟal variables were the yield stress and the flange 

thickness. However, the three other dimensional variables sƟll influenced the safety margin, as a 

funcƟon of the secƟon size. Furthermore, the analysis highlighted that while the impact of single-

dimensional variables like yield stress and flange thickness can be significant, the interacƟon between 

mulƟple variables can also control the probability of failure.  

 

Figure 5.24 | Bar chart presenƟng the influence of each random variable   
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6 Conclusions and Further Research 
 

6.1 Discussion   
 

The primary focus of this dissertaƟon was to conduct a rigorous evaluaƟon of the effect of dimensional 

tolerances as established by the Euronorm , EN10034 (1993) and of random uncertainƟes in the 

material yield stress on the plasƟc bending moment capacity of structural steelwork beams. These 

tolerances, determined by the manufacturing processes are a crucial aspect of beam design.  However, 

it is important to recognize that the ulƟmate flexural capacity of the beam was a result of both its 

geometric and material properƟes.  

To determine the effect of each dimensional variable that the Euronorm establishes within Table 1 in 

EN10034 (1993), these parameters were considered as random variables. In addiƟon, the material 

property, namely the yield stress, was also considered a random variable. With the uƟlizaƟon of the 

Monte Carlo simulaƟon, the pracƟcal applicability of the range of tolerances was tested due to the fact 

that the Monte Carlo produced mulƟple realisƟc combinaƟons that provided insights into the 

probabilistic nature of the beam's performance with various geometrical tolerances and yield stress. 

The analyƟcal method was executed using a comprehensive equaƟon that took into account all 

dimensional variables as well as the root radius to calculate the plasƟc secƟon modulus. These 

geometric variables and the yield stress were chosen at random.  

The dimensional variables range was determined by the Euronorm, while the yield stress was 

generated randomly from a range, determined through a staƟsƟcal analysis, starƟng with the 

calculaƟon of the mean value of the yield stress. From this mean, limits were set at two standard 

deviaƟons in either direcƟon to define the boundaries of the range. With these chosen variables, the 

new plasƟc moment capacity was computed for 2000 samples per beam. 

The limit state principle was also applied to establish a safety margin. This was achieved by the equaƟon 

for limit state is set as M= R – S; where R is the randomised plasƟc moment capacity of the beam cross-

secƟon while S is the nominal plasƟc moment capacity of the beam cross-secƟon obtained from 

standard secƟon tables (SCI P363: Steel building design: Design data), for the purpose of this study. 

With this pracƟcal method in place, mulƟple analyƟcal tests were conducted to determine the 

significance of each geometrical variable.  

The most criƟcal test for this study included a randomisaƟon generaƟon of all the aforemenƟoned 

variables. Through this test, it was revealed that the probability of failure ranged from 3% to 9.65%. At 

face value, these results are of significant magnitude, especially when compared to the Eurocode’s 

typical target failure rate 0.10% for structural members. However, it is important to consider that the 
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actual limit state principal takes into consideraƟon the incorporaƟon of parƟal safety factors for the 

applied bending moment on the beam cross-secƟon. Therefore, these results are rather intended to 

enhance the understanding of the staƟsƟcal variability of the allowable cross-secƟonal geometrical 

tolerances and material stress upon the plasƟc moment capacity of a range of steel beams subjected 

to flexural loading. 

The limitaƟon of the Monte Carlo simulaƟon was its inability to determine the sensiƟvity factor for 

each variable; therefore, following test 1, an addiƟonal 15 tests were necessary for this reason. The 

results were subdivided into two analyses: a general study and an in-depth analysis. The general study 

was conducted solely at a numerical level, focusing on a quanƟtaƟve evaluaƟon of all beams. In 

contrast, the in-depth analysis incorporated scaƩerplots to visually idenƟfy any themaƟc trends. In fact, 

the laƩer analysis focused on 3 beams purposely selected from the range of secƟon sizes: two from the 

extreme ends (IPE80 and IPE750x173) together with a mean secƟon (IPE360). Throughout the in-depth 

analysis, the following significant observaƟons that were already outlined from the general analysis 

were confirmed. These observaƟons were corroborated by the interpretaƟon of the scaƩerplots, which 

are presented below:   

- The tolerances established by the Euronorm do not correspond proporƟonally to the secƟon 

sizes, as evidenced by the results of tests where only one dimensional variable was held 

constant at its nominal value. No obvious paƩern emerged from these tests, indicaƟng that 

there are no consistent trends across all secƟon sizes. This confirms the hypothesis that the 

tolerances do not increase proporƟonally with secƟon sizes. 

 
 

- The most prominent observaƟon was retrieved when the material variable (i.e., yield stress) 

was kept constant. With this result, it was revealed that the variability of the yield stress 

enhanced the probability of failure.  This conclusion is evident in all the tests where the yield 

stress maintained its nominal value, the probability of failure increased significantly when 

compared to Test 1 (all variables randomised). Therefore, with these addiƟonal tests, it was 

established that the yield stress is not only a significant factor for the plasƟc moment capacity, 

but it is also a factor that gains influence on the plasƟc moment capacity as the secƟon size 

increases.   

 

- From the batch of tests where the yield stress and a single geometric variable were constant 

(secƟon height, flange width, and web thickness), the scaƩerplots highlighted a common 

paƩern throughout. The paƩern indicated that the most criƟcal dimensional variable is the 

flange thickness. This observaƟon was based on the fact that most of the samples that were 
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failing (approximately 89% for IPE80, 95% for IPE360 and 87% for IE750x173)  were located 

below the flange thickness threshold.  

 
- The combinaƟon of the variability of other dimensional variables can be as influenƟal on the 

safety margin as the flange thickness. The influence of the remaining dimensional variables 

was not consistent throughout all secƟon sizes. Specifically, as the secƟon size increased, the 

significance of both the width and height of the secƟon decreased by 6.75% and 3.25%, 

respecƟvely. Conversely, the importance of web thickness grew by 6.6% with increasing secƟon 

size. These findings illustrate that the relaƟve importance of each geometric dimension on the 

probability of failure, as determined by the ulƟmate limit state of the plasƟc moment, varies 

across different secƟon sizes. 

6.2 Further Research 
 

The following secƟon proposes further research based on the study’s results discussions, as well as on 

the limitaƟons that were encountered throughout this study. Due to Ɵme limitaƟons and other 

constraints, these research topics were not explored but might be of an added value to this area of 

study:   

1. A Level 2 FORM (First Order Reliability Method) reliability analysis can be carried out. This study 

would require the development of a limit state equaƟon in order to express the plasƟc moment 

capacity. With this equaƟon, the staƟsƟcal stochasƟc plasƟc moment capacity is expressed 

explicitly, and the dimensional tolerances can then be tested with a number of variaƟons. With 

the results from these variaƟons, the importance factor of each dimensional variable can be 

defined and compared to the ones presented in this study. 

 

2. A database can be established and shared with university laboratories that test steel beams. 

To ensure accurate comparaƟve analysis, 2000 samples of the same secƟon size need to be 

collected. Of course, technicaliƟes like the precision of measurement techniques and tesƟng 

regimes need to be taken into account. 

 

3. As was established in Chapter 4 of this dissertaƟon, a convergence test was carried out for one 

beam (IPE360). This test (applied only for Test 1, where all the variables are randomised) 

deemed that 2000 samples was a sufficient number of samples since when compared to the 

result of the 20000 samples there was only a 3% margin of error. However, for further accuracy, 

similar convergence tests should be conducted for all beam sizes, especially since the tolerance 

ranges vary across different secƟon sizes. In addiƟon to this, further research could involve 

adjusƟng the intervals of these ranges to beƩer understand the accuracy of the Monte Carlo 
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SimulaƟon. During the current study, an in-depth analysis was conducted on 3 beams; in future 

this can be carried out for all secƟons in order to verify that all observaƟons follow the paƩerns 

that have been idenƟfied throughout this study.  

 

4. Another interesƟng study would involve considering these dimensional tolerances not as an 

individual structural element but as part of a structural system, such as a steel frame. The aim 

would be to provide a beƩer understanding of the importance of first-order iniƟal  

(dimensional) imperfecƟons that can affect the load-bearing capacity of the structure. 
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Appendix A 
 

A.1 MicrosoŌ Excel  - VBA Code  
 

To randomly generate 2000 numbers from a given range, the code below was used in VBA; 
 

Sub GenerateRandomNumbers() 

    Dim rngList As Range 

    Dim randomIndex As Integer 

    Dim numRows As Integer 

    Dim i As Integer 

    ' Set the range where your list of numbers is located 

    Set rngList = ThisWorkbook.Sheets("600").Range("A27:A187") 

    ' Specify the number of random numbers to generate 

    numRows = 2000 ' Number of cells in column B where you want to place random numbers 

    ' Clear previous results in column B 

    ThisWorkbook.Sheets("600").Range("B457:B2457").Clear 

    ' Generate random numbers and place them in column B 

    For i = 1 To numRows 

        ' Generate a random index 

        randomIndex = ApplicaƟon.WorksheetFuncƟon.RandBetween(1, rngList.Rows.Count) 

        ' Get the randomly selected number and place it in column B 

        ThisWorkbook.Sheets("600").Cells(i + 457, 2).Value = rngList.Cells(randomIndex, 1).Value 

    Next i 

End Sub 
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Appendix B 
 

B.1 RStudio Code | For Test 1  
 

1 #test 1- all variables. green=pass, red=fail 

 

2 

 

ggplot(TEST1, aes(x=TEST1$`WIDTH OF SECTION`, y=TEST1$`FLANGE THICKNESS`, 

fill=TEST1$`WEB THICKNESS`, color=factor(TEST1$`No. of failure`))) +  

geom_point(shape=21) + 

3 scale_fill_conƟnuous(name="Web Thickness")+ 

4 scale_colour_manual(name = "Result", labels = c("Pass", "Failure"),values = 

c("chartreuse", "red")) + 

5 labs(y= "Flange Thickness", x = "Width of SecƟon") + 

6 theme_bw()+ 

7 scale_x_conƟnuous(breaks = seq(min(TEST1$`WIDTH OF SECTION`), max(TEST1$`WIDTH 

OF SECTION`),by=1))+ 

8 scale_y_conƟnuous(breaks = seq(min(TEST1$`FLANGE THICKNESS`), 

max(TEST1$`FLANGE THICKNESS`),by=1))+ 

9 geom_vline(xintercept = 267)+ 

10 geom_hline(yintercept = 21.6) 
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B.2 RStudio Code | For Test 2 
 

1 #test 2- yield stress fixed. green=pass, red=fail 

 

2 

 

ggplot(TEST2, aes(x=TEST2$`WIDTH OF SECTION`, y=TEST2$`FLANGE THICKNESS`, 

fill=TEST2$`WEB THICKNESS`, color=factor(TEST2$`No. of failure`))) + 

geom_point(shape=21) + 

3 scale_fill_conƟnuous(name="Web Thickness")+ 

4 scale_colour_manual(name = "Result", labels = c("Pass", "Failure"),values = 

c("chartreuse", "red")) + 

5 labs(y= "Flange Thickness", x = "Width of SecƟon") + 

6 theme_bw()+ 

7 scale_x_conƟnuous(breaks = seq(min(TEST2$`WIDTH OF SECTION`), max(TEST2$`WIDTH 

OF SECTION`),by=1))+ 

8 scale_y_conƟnuous(breaks = seq(min(TEST2$`FLANGE THICKNESS`), 

max(TEST2$`FLANGE THICKNESS`),by=1))+ 

9 geom_vline(xintercept = 267)+ 

10 geom_hline(yintercept = 21.6) 
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B.3 RStudio Code  | For Test 7 to Test 16  
 

1 #test 3- yield stress and another variable fixed. green=pass, red=fail 

 

2 

 

ggplot(TEST7, aes(x=TEST7$`WIDTH OF SECTION`, y=TEST7$`FLANGE THICKNESS`, 

fill=TEST7$`WEB THICKNESS`, color=factor(TEST7$`No. of failure`))) + 

geom_point(shape=21) + 

3 scale_fill_conƟnuous(name="Web Thickness")+ 

4 scale_colour_manual(name = "Result", labels = c("Pass", "Failure"),values = 

c("chartreuse", "red")) + 

5 labs(y= "Flange Thickness", x = "Width of SecƟon") + 

6 theme_bw()+ 

7 scale_x_conƟnuous(breaks = seq(min(TEST7$`WIDTH OF SECTION`), max(TEST7$`WIDTH 

OF SECTION`),by=1))+ 

8 scale_y_conƟnuous(breaks = seq(min(TEST7$`FLANGE THICKNESS`), 

max(TEST7$`FLANGE THICKNESS`),by=1))+ 

9 geom_vline(xintercept = 267)+ 

10 geom_hline(yintercept = 21.6) 
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B.4 RStudio Code  | For Test 1  - Test 2 
 

1 

 

#difference between tests 1 and 2. shows the impact of yield stress alone. 

2 diff_t1t2 <- -(TEST1$`No. of failure` - TEST2$`No. of failure`) 

3 TEST2$diff <- diff_t1t2 

4 fails<-TEST2[TEST2$diff !=0, ] 

5 ggplot(fails, aes(x=fails$`WIDTH OF SECTION`, y=fails$`FLANGE THICKNESS`, 

fill=fails$`WEB THICKNESS`, color=factor(fails$`diff`))) + geom_point(shape=21) + 

6 scale_fill_conƟnuous(name="Web Thickness")+ 

7 scale_colour_manual(name = "Result", labels = c("Fail T1, Pass T2", "Pass T1, Fail 

T2"),values = c("deeppink", "black")) + 

8 labs(y= "Flange Thickness", x = "Width of SecƟon") + theme_bw()+ 

9 scale_x_conƟnuous(breaks = seq(min(fails$`WIDTH OF SECTION`), max(fails$`WIDTH OF 

SECTION`),by=1))+ 

10 scale_y_conƟnuous(breaks = seq(min(fails$`FLANGE THICKNESS`), max(fails$`FLANGE 

THICKNESS`),by=1))+ 

11 geom_vline(xintercept = 267)+ 

12 geom_hline(yintercept = 21.6) 
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B.5 Rstudio Code | For Test 2 – Test 7/8/9/10 
 

1 

 

#difference between tests 2 and 3. shows the impact of the other fixed variable  

2 diff_t2t3 <- -(TEST2$`No. of failure` - TEST7$`No. of failure`) 

3 TEST7$diff_t2 <- diff_t2t3 

4 fails3<-TEST7[TEST7$diff_t2 !=0, ] 

5 ggplot(fails3, aes(x=fails3$`WIDTH OF SECTION`, y=fails3$`FLANGE THICKNESS`, 

fill=fails3$`WEB THICKNESS`, color=factor(fails3$`diff_t2`))) + geom_point(shape=21) + 

6 scale_fill_conƟnuous(name="Web Thickness")+ 

7 scale_colour_manual(name = "Result", labels = c("Fail T2, Pass T3", "Pass T2, Fail 

T3"),values = c("deeppink", "black")) + 

8 labs(y= "Flange Thickness", x = "Width of SecƟon") + theme_bw()+ 

9 scale_x_conƟnuous(breaks = seq(min(fails3$`WIDTH OF SECTION`), max(fails3$`WIDTH 

OF SECTION`),by=1))+ 

10 scale_y_conƟnuous(breaks = seq(min(fails3$`FLANGE THICKNESS`), max(fails3$`FLANGE 

THICKNESS`),by=1))+ 

11 geom_vline(xintercept = 267)+ 

12 geom_hline(yintercept = 21.6) 
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Appendix C  
 

C.1 Further Results | Test 11 to Test 16  
 

 

Figure C.1 Test 11 | IPE360 

 

Figure C.2 Test 12 | IPE360 

 

Figure C.3 Test 13 | IPE360 
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Figure C.4 Test 14 | IPE360 

 

Figure C.5 Test 15 | IPE360 

 

Figure C.6 Test 16 | IPE360 
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C.2 Further Results | Test 2 – Test 7 
 

 

Figure C.7 Test 2 – Test 7  | IPE80 
 

 

Figure C.8 Test 2 – Test 7 | IPE360 
 

 

Figure C.9 Test 2 – Test 7 | IPE750x173 
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C.3 Further Results | Test 2 – Test 8 
 

 

Figure C.10 Test 2 – Test 8 | IPE80 

 

Figure C.11 Test 2 – Test 8 | IPE360 

 

Figure C.12 Test 2 – Test 8 | IPE750x173 
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C.4 Further Results | Test 2 – Test 9 
 

 

Figure C.13 Test 2 – Test 9 | IPE80 
 

 

Figure C.14 Test 2 – Test 9 | IPE360 
 

 

Figure C.15 Test 2 – Test 9 | IPE750x173 
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C.5 Further Results | Test 2 – Test 10 
 

 

Figure C.16 Test 2 – Test 10 | IPE80 
 

 

Figure C.17 Test 2 – Test 10 | IPE360 
 

 

Figure C.18 Test 2 – Test 10 | IPE750x173  
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C.6 Further Results |  
 

Each beam was assigned a disƟnct colour to facilitate a clearer analysis of potenƟal correlaƟons. The 

study involved comparing the rankings of upper and lower bound tolerances—divided by the nominal 

value—with the rankings of the probability of failure to idenƟfy any correlaƟon and to explore the 

reasons why tolerances do not relate proporƟonally to the secƟon size. Another analysis involved 

calculaƟng the difference between the combined tolerances divided by the nominal value. This process 

was carried out on MicrosoŌ Excel, where each colour represents a specific beam, and the columns 

display rankings from smallest to largest (as graphically presented in the figures below). 

From this analysis, it can be concluded that the tolerances did not reveal any significant correlaƟons 

between these raƟos and the probability of failure, suggesƟng that no discernible trends are indicaƟng 

that the range of tolerances correlates directly with secƟon depth. However, it is noteworthy that there 

is a strong correlaƟon across all beam sizes between the ranking of the upper bound tolerances for all 

four geometric dimensions and the ranking of the range of tolerances (upper bound - lower bound) for 

these dimensions. Despite this finding, these correlaƟons do not significantly impact the broader 

context of the study. 

 

 
Figure C.19 The ranking of the lower bound, upper bound and range of tolerances vs the ranking of the Probability of Failure 

for SecƟon Height tolerances  

 

 

Figure C.20 The ranking of the lower bound, upper bound and range of tolerances vs the ranking of the Probability of Failure 
for Width of SecƟon Tolerances  
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Figure C.13 The ranking of the lower bound, upper bound and range of tolerances vs the ranking of the Probability of Failure 
for Web Thickness Tolerances 

 

 

Figure C.22 Figure C.14 The ranking of the lower bound, upper bound and range of tolerances vs the ranking of the 
Probability of Failure for Flange Thickness Tolerances 

 


