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Abstract 

Stainless steel is gaining increasing use in structural engineering applications due to its 

corrosion resistance, low maintenance costs, high recyclability, aesthetic appeal, excellent 

fire resistance and favourable structural properties. The stress-strain behaviour of stainless 

steels differs fundamentally from that of carbon steel: stainless steel has a more rounded 

response with no clear yield point and significant strain hardening. This has a profound effect 

on the structural behaviour of stainless steel elements. The aim of this work is to investigate 

the behaviour of stainless steel I-sections under concentrated transverse loading and to 

develop design rules that reflect the particular characteristics of the material. Concentrated 

transverse loading is a load case where a force acts perpendicular to the flange of a girder 

over a relatively small area, causing local failure of the web beneath the load and flange 

bending. The current design code for structural stainless steel elements, namely Eurocode 3: 

Part 1.4, adopts the same design expressions for stainless steel as for carbon steel for such 

loading conditions. A comprehensive experimental and numerical investigation has therefore 

been conducted to evaluate the existing provisions and propose new design rules. A total of 

34 member tests and over 500 finite element simulations have been performed covering three 

types of concentrated transverse loading – internal one-flange, internal two-flange and end 

one-flange loading, three stainless steel grades – austenitic, duplex and ferritic and a range of 

the key influential parameters. The results showed that the existing design recommendations 

are conservative and that there is considerable scope for the development of more economical 

design guidance. The new design equations offer 10% - 20% improvements in capacity 

predictions over the current design formulae. An alternative design approach, based on 

numerically generated reference loads, namely the elastic buckling and plastic collapse load 

under concentrated loading, in conjunction with strength curves, has also been proposed. This 

required the development of a consistent method for the numerical determination of plastic 

collapse loads, which is known to be challenging for the complex failure modes associated 

with localised loading. The reliability of both proposed design approaches have been verified 

by means of statistical analyses in accordance with EN 1990. 
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Notation 

A Cross-sectional area 

a Clear (flat) distance between internal web stiffeners 

b 

 

Clear (flat) distance between the web stiffener and the critical support for 

the Type (c) loading case 

b Width of a plate 

bf Width of a flange 

bf,ep Width of an end plate 

bs Width of a web stiffener 

CIP Convergence Indicator Plot 

COV Coefficient of variation 

c Clear (flat) distance between the critical support and the member end 

c Tangent stiffness model constant 

c Clear (flat) distance between the web stiffener and the critical support in 

members under EOF loading (Type (c) loading) 

d Cold-formed section depth 

d Ramberg-Osgood model exponent 

d Power value of web thickness in the assessed resistance function for 

reliability purposes 

E Young’s modulus 

ECSC European Coal and Steel Community 

EOF End-one-flange loading 

E0.2 Tangent modulus at 0.2% proof stress 

e Power value of web yield strength in the assessed resistance function for 

reliability purposes 

Fcr Elastic buckling load 

Fcr,FE Elastic buckling load obtained from linear buckling analysis 

FEd Concentrated transverse force 

Fpl Plastic collapse load 

Fpl,FE Plastic collapse load obtained from materially non-linear analysis 
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FRd Design web resistance to concentrated transverse force 

Fu Ultimate load for beam under concentrated transverse loading 

Fu,AISC Ultimate load for beam under concentrated transverse loading predicted 

according to American standard 

Fu,Ch5 Ultimate load for beam under concentrated transverse loading predicted 

according to provisions proposed in Chapter 5 

Fu,EC3 Ultimate load for beam under concentrated transverse loading predicted 

according to European standard 

Fu,FE Ultimate load for beam under concentrated transverse loading obtained 

from finite element analysis 

Fu,pred Ultimate load for beam under concentrated transverse loading predicted by 

a design specification 

Fu,Test Ultimate load for beam under concentrated transverse loading obtained 

from test 

f Stress 

fu Ultimate tensile strength 

fy Yield strength (0.2% proof stress) 

fyf Yield strength of the flange 

fy,mean Mean yield strength 

fy,min Minimum yield strength 

fy,nom Nominal yield strength 

fyw Yield strength of the web 

fyw,m Mean value of the web yield strength 

f1.0 1% proof stress 

GMNIA Geometrically and materially nonlinear analysis with imperfections 

 2
rt mg X  Mean of the resistance function assessed for reliability purposes 

h Clear depth of a plate 

h I-section depth 

hep End plate height 

hs Thickness of a web stiffener 

IOF Internal one-flange loading  

ITF Internal two-flange loading 

K Original Ramberg-Osgood model constant 

Ki Tangent stiffness at increment i 

Kini Initial slope of the load-displacement curve 
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Kfinal Final slope of the load-displacement curve 

k Distance between the outer face of the flange to the web fillet toe 

k 
Independent constant in the assessed resistance function for reliability 

purposes 

kF Buckling coefficient 

kd,n Design fractile factor for n data points 

L Beam span 

LBA Linear Bifurcation Analysis 

Leff Effective length 

l Specimen length 

ly Effective loaded length 

ly,a Effective loaded length for Type (a) loading 

ly,b Effective loaded length for Type (b) loading 

ly,c Effective loaded length for Type (c) loading 

M Bending moment 

MEd Applied bending moment 

MNA Materially nonlinear analysis 

Mpl Plastic bending moment resistance of a cross-section 

MRd Bending moment resistance 

Mu Ultimate bending moment 

My,pl Major axis plastic bending moment resistance 

m Extended Ramberg-Osgood model exponent 

m2,a m2 factor in the effective loaded length formulae for Type (a) loading 

m2,b m2 factor in the effective loaded length formulae for Type (b) loading 

m2,c m2 factor in the effective loaded length formulae for Type (c) loading 

MS Plot Modified Southwell Plot 

N Number of members (i.e. plates or sections) considered 

n Ramberg-Osgood model exponent 

P Applied load 

Pi Applied load at increment i 

PCIP Plastic collapse load estimated using Convergence Indicator Plot 

PCIP,i 
Projection onto the load axis of linear regression lines based on the least-

square estimation using all the data points in the CIP until increment i. 
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PCIP,final Projection onto the load axis of linear regression lines based on the least-

square estimation using all the data points in the CIP. 

Pcr Critical buckling load 

Pi Total applied load at increment i in materially nonlinear analysis 

PMNA Load value obtained at the end of the load-displacement curve from MNA 

PMS Plastic collapse load estimated using Modified Southwell Plot 

PMS,i 

 

Vertical axis intersection with regression lines fitted using three 

consecutive points in the Modified Southwell Plot 

Ppl Plastic collapse load 

Ppl,full Theoretical plastic collapse load of a perfect plate 

Ppl,th Theoretical collapse load of the investigated element 

PTS Plastic collapse load estimated using Tangent Stiffness method 

ri Internal corner radius 

(re)av Average of ratios of the plastic collapse load extrapolated from prematurely 

aborted MNA) to those estimated using the full MNA data. 

re,CIP Ratio of extrapolated plastic collapse load values (obtained using 

prematurely aborted MNA) to those determined using the full MNA data 

by using CIP. 

(re)COV COV of ratios of the plastic collapse load extrapolated from prematurely 

aborted MNA) to those estimated using the full MNA data. 

(re)max Maximum ratio of the plastic collapse load extrapolated from prematurely 

aborted MNA) to those estimated using the full MNA data. 

(re)min Minimum ratio of the plastic collapse load extrapolated from prematurely 

aborted MNA) to those estimated using the full MNA data. 

re,MS Ratio of extrapolated plastic collapse load values (obtained using 

prematurely aborted MNA) to those determined using the full MNA data 

by using MS Plot. 

re,TS Ratio of extrapolated plastic collapse load values (obtained using 

prematurely aborted MNA) to those determined using the full MNA data 

by using TS Plot. 

rp,av Average of ratios of the plastic collapse load estimated by TS Plot to those 

estimated by MS Plot or CIP. 

rp,COV COV of ratios of the plastic collapse load estimated by TS Plot to those 

estimated by MS Plot or CIP. 

rp,max Maximum ratios of the plastic collapse load estimated by TS Plot to those 

estimated by MS Plot or CIP. 

rp,min Minimum ratios of the plastic collapse load estimated by TS Plot to those 

estimated by MS Plot or CIP. 
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sh Height of the bearing plate 

ss Loaded bearing length 

tep Thickness of an end plate 

tf Flange thickness 

tp Plate thickness 

ts Thickness of a web stiffener 

tw Web thickness 

tw,m Mean value of the web thickness 

TS Plot Tangent stiffness Plot 

uavg Local out-of-plane average displacement along the web 

ubottom Local out-of-plane displacement measured along the bottom of the web 

umid Local out-of-plane displacement measured along the mid-height of the web 

utop Local out-of-plane displacement measured along the top of the web 

U Displacement degree-of-freedom 

UR Rotation degree-of-freedom 

URDFIL ABAQUS (2014) subroutine used to read the results file 

 rtVAR g X    Variance of the resistance function assessed for reliability purposes 

VFEM Coefficient of variation between the experimental and numerical data 

Vfyw Coefficient of variation of the web yield strength 

Vr Combined coefficient of variation 

Vrt Coefficient of variation of the basic variables of the resistance function 

Vtw Coefficient of variation of the web thickness 

Vδ Coefficient of variation of test results relative to resistance model 

αF0 Imperfection factor 

γM1 Partial factor for member resistance 

ΔP Change in the applied load P 

Δδ Change in the deformation δ 

δ Displacement at the critical degree of freedom 

δ0 Imperfection value at the middle of a plate 

δMNA Displacement value obtained at the end of the load-displacement curve from 

MNA 

δu Vertical web shortening at the ultimate load 

δu,FE Vertical web shortening at the ultimate load obtained from finite element 

analysis 
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δu,Test Vertical web shortening at the ultimate load obtained from test 

δu,v Vertical web displacement of the top flange at the ultimate load 

δv Vertical displacement at the applied load point 

ε Total strain 

εα Total strain corresponding to α% proof stress 

εf Strain at fracture measured over the standard gauge length 

εnom Engineering strain 

pl
ln  True logarithmic plastic strain 

εu Strain at ultimate tensile stress 

εt,0.2 Total strain at yield strength (0.2% proof stress) 

F  Slenderness parameter for members under concentrated transverse loading 

F0  Plateau length of the FF  resistance model 

F,FE  Slenderness parameter given by the square root of the ratio of numerically 

obtained plastic collapse load and elastic buckling load 

σα α% proof stress 

σfyw Standard deviation of the web yield stress 

σnom Engineering stress 

σtrue True stress 

σtw Standard deviation of the web thickness 

τK Tangent stiffness reduction factor  

τK,f Final tangent stiffness value 

τK,i Tangent stiffness reduction factor for increment i  

τK,lim Proposed value for the limit tangent stiffness reduction factor  

υ Poisson’s ratio 

F Reduction factor 

ω Difference between the plastic load projection of the MS Plot and the total 

applied load for each increment of the material nonlinear analysis 

(Convergence Indicator Plot). 

ω0 Web imperfection amplitude under the concentrated load 
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1 Introduction 

1.1 Background 

Developments in structural steelwork are intrinsically related to the development of modern 

society. The expansion of megacities around the world is strongly linked to the efficient use of 

steel in buildings and infrastructure facilities. Nowadays, the concept of efficiency in structural 

engineering design is not only related to the optimal member dimensions for a given 

combination of loading but also includes durability and life-cycle considerations. Hence, 

certain steel alloys such as stainless steel are being increasingly widely used in structural 

applications due to their combination of corrosion resistance with low maintenance costs, high 

recyclability and favourable structural properties. 

 

Stainless steel is the name of a family of steel alloys containing a minimum of 10.5% chromium 

by mass. Such chromium content is mainly responsible for the formation of a stable and 

nonporous thin surface layer when exposed to any oxidizing environment (SCI, 2017), 

resulting in excellent corrosion resistance. The most commonly used stainless steel types in 

construction are austenitic, duplex and ferritic stainless steels. Austenitic and duplex stainless 

steels have high ductility and good weldability properties in comparison to ferritic stainless 

steels, with austenitic stainless steel being generally adopted for structural applications due to 

a good combination of strength, corrosion resistance and weldability. 

 

The applications of stainless steel in structural engineering are broad: from aggressive 

environments, due to its corrosion resistance, such as coastal areas, polluted locations and areas 

exposed to de-icing salts to seismic-, explosion- and impact-resistant structures, due to its high 

ductility and energy dissipation. Figure 1.1 shows a stainless steel bridge built in Menorca 
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(Spain), a 55 metre span bridge with the main structure made of welded duplex stainless steel 

box sections of grade 1.4462. The choice of material took into consideration the saline 

atmosphere, low maintenance costs and great durability (SCI, 2010). A grillage of duplex laser 

welded stainless steel I-section beams (grade 1.4462) was preferred to carbon steel beams with 

an epoxy coating to support a coarse filter in the water desalination plant of the Thames 

Gateway Water Treatment in London (UK), as shown in Figure 1.2. The choice was made 

considering the risk of damage to the epoxy coating and damage to the costly desalination 

membranes during operation and maintenance. 

 

 

Figure 1.1 - Cala Galdana Bridge, Menorca, Spain (Wikipedia, 2019). 
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Figure 1.2 - Supporting grillage for desalination membranes at the Thames Gateway Water Treatment 

Works, London, UK (SCI, 2010). 

 

In bridges or supporting structures, such as those introduced in this chapter, the load is often 

applied over a relatively small area perpendicular to the beam flange. In the absence of web 

stiffeners, the concentrated transverse load can cause a local failure of the web beneath the load 

and flange bending. Typical failures under concentrated load in built up aluminium sections 

are shown in Figure 1.3. The lack of effective web stiffeners at the member end (i.e. support 

region) caused these slender webs to cripple. These failure modes were observed in a controlled 

environment for educational purposes as part of the ‘Structures Project’ module in the MEng 

Civil Engineering course at Imperial College London.  
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(a) End bearing failure in an aluminium box section beam 

 

(b) End bearing failure in an aluminium I-section beam 

Figure 1.3 - Failure under concentrated transverse loading - Structures Project module at Imperial 

College London (photos courtesy of Professor Ahmed Wadee). 

Concentrated transverse loads are often classified by the number of flanges to which the load 

is applied (i.e. one or two flanges) and the location of the observed failure mechanism -

relatively close to the member end or not (i.e. end or internal). The three loading types 

investigated in this thesis are: (i) internal one-flange loading which results in failure beneath a 

single concentrated load away from the beam end, (ii) internal two-flange loading where failure 

occurs between two opposing concentrated loads away from the beam end, and (iii) end-one-

flange loading where failure occurs at an unstiffened member end under one single 

concentrated load. 
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1.2 Research scope and objectives 

The aim of this work is to investigate the structural behaviour of stainless steel I-section 

members under concentrated transverse loading and propose new design rules that account for 

the particular characteristics of the material. More specifically, this thesis will cover: 

 Testing of stainless steel beams under three types of concentrated transverse loading; 

 Validation of finite element models against test results; 

 Parametric numerical studies covering a wide range of web slenderness, concentrated 

loading types and stainless steel grades; 

 Assessment of current design expressions from international design codes; 

 Proposal of new design expressions according to the EN 1993-1-4 framework and an 

alternative numerical based approach; 

 Reliability assessment of the proposed design expressions according to EN 1990. 

1.3 Thesis overview 

This introductory chapter has presented an overview of particular properties of stainless steel 

and common applications in structural engineering, defined the common types of concentrated 

transverse loading and illustrated the possible failure modes; the general and more detailed 

objectives of this research project have also been set out. The contents of the following seven 

chapters of this thesis are presented below. 

 

Chapter 2 presents an overview of the literature relevant to this research, with more background 

information given at the relevant stage in the thesis.  

 

In Chapter 3, an extensive experimental and numerical modelling programme carried out on 

stainless steel members under internal one-flange and internal two-flange loading is presented. 

The results are used to assess current design provisions for stainless steel members under 

internal concentrated transverse loading. 
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Chapter 4 reports on an experimental and finite element modelling programme carried out on 

stainless steel members subjected to end-one-flange loading. The data are also used to evaluate 

current design provisions for stainless steel members under this loading condition.  

 

Following the findings presented in Chapters 3 and 4, modified design recommendations are 

proposed in the Eurocode 3 framework in Chapter 5. The proposed design equations are 

statistically verified through reliability analysis. 

 

In Chapter 6, numerical methods to obtain a key parameter in the design resistance expressions 

– i.e. the plastic collapse load, are assessed. A new method to obtain the plastic collapse load 

is then proposed based on materially non-linear analysis (MNA) results without the use of 

graphs and allowing extrapolation to the desired value.  

 

In Chapter 7, a new design procedure for stainless steel members under concentrated transverse 

loading is proposed based on key parameters obtained from numerical analyses – i.e. the plastic 

collapse load from materially non-linear analysis and the elastic buckling load from an elastic 

buckling analysis. The proposed design expressions are then assessed through reliability 

analysis. 

 

Chapter 8 summarises the research findings and suggests possible areas for future research. 
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2 Literature review 

2.1 Introduction 

This chapter presents an overview of the literature relevant to this research. The chapter is 

divided into four main sections, covering structural design provisions for steel members under 

concentrated transverse loading, the fabrication of laser-welded sections, a review of 

experimental studies on members under concentrated loading and key aspects of the numerical 

modelling techniques adopted in this research. Further previous research findings are 

introduced and utilised at the appropriate points in following chapters. 

2.2 Relevant structural design standards 

2.2.1 Introduction 

In this section, a review of structural design standards applied to steel members under 

concentrated transverse loading is presented. Firstly, a review of carbon steel member design 

under concentrated transverse loading is presented; this is followed by a review of the design 

rules applied to stainless steel members. Background information regarding the key aspects of 

the design equations is given when appropriate. Further details regarding the design methods 

are given in the relevant chapters. 
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2.2.2 Carbon steel members 

2.2.2.1 ENV 1993-1-1 

 

The prediction of the resistance of a hot-rolled or welded steel member to concentrated 

transverse loading in Eurocode 3 has evolved from the ENV pre-standard (ENV 1993-1-1, 

1992) to the final European standard (EN 1993-1-5, 2006). In ENV 1993-1-1 (1992), the design 

resistance was dictated by the critical of web crippling, web crushing and web buckling 

resistances. The resistance formulae for both web crushing and web crippling were devised 

based on a four-hinge plastic mechanism proposed by Roberts and Rockey (1979, 1980) 

whereas the web buckling resistance formula was based on idealising the web as a column. 

These design rules were later reformulated by Lagerqvist and Johansson (1996) to align with 

the design approach adopted for other forms of buckling in Eurocode 3.  

 

2.2.2.2 EN 1993-1-5 (2006) 

The current European design provisions for the resistance of carbon steel members to 

concentrated transverse loading are set out in Section 6 of EN 1993-1-5 (2006). Originally 

proposed by Lagerqvist and Johansson (1996), the design resistance to local failure under 

concentrated transverse loading FRd is given as a function of the web yield strength fyw, the web 

thickness tw, an effective length Leff and the partial safety factor γM1, as shown in Eq. (2.1): 

 

yw eff w

Rd

M1

f L t
F


  (2.1) 

 

The effective length eff F yL l is given by the product of the reduction factor for failure under 

concentrated transverse loading F and the effective loaded length, denoted ly in general and 

ly,a, ly,b or ly,c for Type (a), Type (b) and Type (c) loading respectively. The three types of 

concentrated transverse loading are shown in Table 2.1, where FEd is the applied concentrated 

force, ss is the bearing length, a is the distance between web stiffeners, c is the distance between 

the member end and the edge of the bearing load and b is the distance between two opposite 

points of loading. 
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Table 2.1.Types of concentrated transverse loading. 

Loading type 

(EN 1993-1-5, 2006) 
Common description Diagram 

Type (a) 

 

 

Internal One-Flange (IOF) 

 

 

 

 

 

 

 

 

Type (b) 

 

 

Internal Two-Flange (ITF) 

 

 

 

 

 

 

 

 

Type (c) 

 

 

End One-Flange (EOF) 

 

 

 

 

 

 

 

 

 

The method adopted for the determination of the effective loaded length for Type (a) and Type 

(b) loading, ly,a and ly,b respectively, is based on the four-hinge plastic mechanism model 

proposed by Roberts and Rockey (1979), whereas the effective loaded length ly,c for Type (c) 

loading is based on different plastic mechanisms proposed by Voss (1987) and modified by 

Lagerqvist (1995). 

 

In EN 1993-1-5 (Section 6.4), the reduction factor
F is a function of the slenderness parameter

F , which is equal to the square root of the ratio of the plastic load Fy to the elastic buckling 

load Fcr of the member under concentrated force, as shown in Eq. (2.2). 

ss 

FEd 

a 

ss 

FEd 

a 

ss 

FEd 

c b 
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y
F

cr

F

F
   (2.2) 

 

 The plastic load Fy is the product of the effective loaded length ly,a, ly,b or ly,c, the web thickness 

tw and the web yield stress fyw, whereas the elastic buckling load Fcr is based on the elastic 

buckling load of uniformly loaded thin plates (Timoshenko and Gere, 1985), but with calibrated 

buckling coefficients to account for the concentrated nature of the applied loading (Lagerqvist 

and Johansson, 1996). 

2.2.3 Stainless steel members 

2.2.3.1 EN 1993-1-4 (2006) 

For the design of stainless steel members under concentrated transverse loading, EN 1993-1-4 

(2006) simply refers back to the carbon steel design rules set out in Section 6 of EN 1993-1-5 

(2006). The adoption of the carbon steel design rules for the design of stainless steel members 

under concentrated transverse forces was originally proposed by Sélen (2000) following an 

investigation that included nine experiments (five under Type (a) loading and four under Type 

(c) loading) performed on welded I-sections made of austenitic stainless steel.  

2.2.3.2 AISC Design Guide 27 

The North American AISC Design Guide 27 (2013) for the design of stainless steel hot-

rolled/welded I-section members under concentrated loading refers to the carbon steel design 

provisions set out in Section J10 of ANSI/AISC 360-16 (2016). The design resistance is 

obtained through the evaluation of the following limit states: (i) web yielding, (ii) web 

crippling, and (iii) web buckling (for the Type (b) loading only). 

2.3 Fabrication of laser-welded sections 

Stainless steel members can be fabricated by cold-forming, typically either cold-rolling or 

press-braking, plate welding and/or hot-rolling processes. Laser-welding is a relatively recently 

introduced technique for producing structural sections such as angles, channels, hollow 

sections and I-sections. The process has a number of advantages over conventional welding 

including smaller heated affected zones, lower thermal distortions and lower induced residual 
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stresses (Landolfo et al, 2008; Bu and Gardner, 2019). Laser-welding also produces smaller 

weld seams than conventional welding. All I-section members used in the experimental studies 

carried out for this research were made from laser-welded hot-rolled stainless steel plates. 

2.4 Previous research 

2.4.1 Material behaviour 

The stress-strain behaviour of stainless steel differs from that of carbon steel – while carbon 

steel stress-strain curves exhibits an elastic path with a clearly defined yield point followed by 

a yield plateau and strain hardening, stainless steel stress-strain curves have a more rounded 

response with no clear yield point and significant strain hardening, as illustrated in Fig.  2.1 for 

a typical carbon steel and a typical ferritic stainless steel. 

 

Fig.  2.1. Stress-strain curves for ferritic stainless steel and carbon steel up to 0.7% strain (adapted 

from SCI, 2017). 

The proof stress at 0.2% offset strain is typically used to define the equivalent yield stress of 

stainless steel. An expression to describe rounded stress-strain curves, given by Eq. (2.3), was 

proposed by Ramberg and Osgood (1943), where the total strain ε is the sum of an elastic strain, 

given by the ratio of the stress f and the Young’s modulus E, and a plastic strain where K and 

n are model constants. 
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K
E E


 

   
 

 (2.3) 

The Ramberg-Osgood equation has been improved by several researchers, including Hill 

(1944), Mirambell and Real (2000), Rasmussen (2003), Gardner and Nethercot (2004) and 

Gardner and Ashraf (2006) to better represent the material non-linear stress-strain response of 

stainless steel alloys. The material non-linear stress-strain response of stainless steel can now 

be represented by the two-stage Ramberg-Osgood material model described in Eqs. (2.4) and 

(2.5):  

y

y

0.002 for

n

f f
f f

E f


 
   

 
 

 (2.4) 

y u y

u y u

0.2 0

y

t,0.2

.2 u y

for
– –

– –

m

f f f f f
f f f

E E f

f

f
 

  
        

 (2.5) 

where  and f are the engineering strain and stress respectively, E is the Young’s modulus, E0.2 

is the tangent modulus at the 0.2% proof stress, fy is the 0.2% proof stress, t,0.2 is the total strain 

at the 0.2% proof stress, u is the strain at the ultimate tensile stress and n and m are strain 

hardening coefficients. The latest developments to the model were described by Arrayago et al 

(2015), and these enhancements are to be included in the next revision to Eurocode 3. More 

recently, Afshan et al (2019) proposed standardised values for key parameters of the Ramberg-

Osgood stress-strain model for the three main stainless steel types (austenitic, ferritic and 

duplex) for direct application in finite element modelling. Such data has been used in this 

research when measured of tensile coupon test data were not available. 

2.4.2 Member behaviour 

2.4.2.1 Cold-formed members 

Experimental investigations carried out to determine the ultimate bearing resistances of steel 

members under concentrated transverse loading date back to 1946, when the first tests on cold-

formed carbon steel members were reported by Winter and Pian (1946). Since then, such tests 

on cold-formed carbon steel members of different cross-section shapes have been performed.  

Yu and Hetrakul (1978), Wing and Schuster (1986), Beshara and Schuster (2000) and Young 

and Hancock (2001, 2003) reported on a series of member tests under concentrated loading and 

combined concentrated loading and bending on C-sections, Z-sections, hat sections, I-sections, 

deck sections and hollow sections. Bhakta et al (1992), Cain et al (1995), Young and Hancock 
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(2004) and Janarthanan et al (2015) reported on concentrated loading member tests considering 

flange restraints. Tests on cold-formed members with web openings under concentrated 

loading were reported by Sivakumaran and Zielonka (1989), Uzzaman et al (2012) and Lian et 

al (2017).  

 

Tests on cold-formed stainless steel members under concentrated transverse loading have also 

been carried out by several authors. Such tests are often referred to as web crippling tests due 

to the failure mode exhibited during the experiments. Korvink et al (1995) reported on a series 

of tests on lipped channel sections under concentrated loading, where the observed failure 

modes varied from flange bending (for small web heights) to web crippling (for larger web 

heights). Zhou and Young (2007) described tests and numerical studies of square and 

rectangular hollow section members subjected to concentrated bearing load. A design equation 

was also proposed and its reliability was assessed. Yancheng and Young (2019) described a 

series of tests on square and rectangular hollow sections made of duplex stainless steel 

subjected to internal concentrated transversal loading. An assessment of the North American 

specification have shown non-conservative and non-reliable results for the prediction of the 

ultimate load capacity of these sections. Talja and Hradil (2012) reported on a series of tests 

on hat section and square and rectangular hollow section members under concentrated 

transverse loading. An assessment of the European standard for cold-formed sections EN 1993-

1-3 (2006) indicated unsafe results for very slender cross-sections. Tests on square and 

rectangular hollow sections were also reported by Li and Young (2017), where tests and 

numerical data were used to assess the American, Australian and European cold-formed steel 

design specifications.  

 

A brief review of tests on cold-formed carbon steel and stainless steel members under 

concentrated transverse loading has been presented in this section. For further information on 

this matter, Bock and Real (2014) presented a comprehensive summary of research 

publications related to tests, numerical analysis and the proposition of design rules for cold-

formed members under concentrated transverse loading. 
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2.4.2.2 Hot-rolled/welded members 

A substantial number of tests has also been carried out on carbon steel hot-rolled and welded 

I-section members. Granholm (1960) conducted tests on I-section members with slender webs 

under concentrated transverse loading with varying bearing plate lengths and coincident 

bending moments. A simplified equation, which was only a function of the web thickness, was 

then proposed to predict the ultimate resistance of I-section beams under concentrated loading. 

Bergfelt (1971), Zoetemeijer (1980), and Oxfort and Gauger (1989) presented a series of tests 

on I-section members subjected to combined bending and concentrated loading. Roberts and 

Markovic (1983) reported on a series of tests on short span members of different web 

slenderness under concentrated loading with different bearing lengths. Lagerqvist (1995) 

carried out a series of tests under the three types of concentrated transverse loading shown in 

Table 2.1 and proposed a resistance function calibrated against the results of 540 tests for the 

design of carbon steel I-section members under concentrated transverse loading. This proposal 

was incorporated into the European Standard EN 1993-1-5 (2006). In this thesis, the EN 1993-

1-5 design equations for carbon steel members under concentrated transverse loadings are 

assessed for their application to stainless steel member design.  

 

Tests on stainless steel welded I-section members under concentrated transverse loading have 

been reported by Sélen (2000), as a part of an ECSC research project. In total, nine experiments 

were performed on members made of grade 1.4301 austenitic stainless steel. Of the nine tests, 

five were performed under Type (a) loading and four under Type (c) loading ‒ see Table 2.1. 

Parametric numerical analyses were also performed to extend the database of results, which 

was then used to assess the EN 1993-1-5 design equations. It was concluded that the design 

equations presented in EN 1993-1-5 for the design of carbon steel members under concentrated 

transverse loading could be safely applied to stainless steel, but that further improvements were 

possible. Further details of Sélen’s (2000) investigation are provided in the following chapters. 

2.5 Numerical modelling 

2.5.1 Introduction 

Finite element (FE) modelling is widely used in structural engineering following continuous 

developments of robust FE solvers and relatively inexpensive computational power. Carefully 
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validated FE models are commonly used in the scientific research community as a means of 

generating benchmark numerical data through parametric studies. Results of such studies 

enable the expansion of structural performance databases in order to facilitate the development 

of efficient design methods. 

 

The software package Abaqus (ABAQUS, 2014) has been successfully used in structural 

engineering research, particularly in modelling steel members under concentrated transverse 

loading by different research groups (Zhou and Young, 2007; Gozzi, 2007; Bock and Real, 

2014; Natário et al, 2014) and has also been adopted in this research project. The following 

sections describe assumptions and key findings adopted when modelling stainless steel 

member behaviour under concentrated loading. 

2.5.2 Element types 

Shell finite element models have been successfully employed to simulate the behaviour of 

structural steel members. Particularly, the four-noded doubly curved shell element with 

reduced integration and hourglass control, referred to as S4R in the Abaqus element library 

(ABAQUS, 2014), has been shown to provide consistently accurate results when modelling 

steel members under concentrated loading (Zhou and Young, 2007; Gozzi, 2007; Bock and 

Real, 2014) and laser-welded I-section members under axial loads (Bu and Gardner, 2019). 

This element type has been adopted in this research to model I-section members, end plates 

and web stiffeners. Eight-noded linear solid elements with reduced integration and hourglass 

control, referred to as C3D8R in the Abaqus element library (ABAQUS, 2014) has been 

adopted to model the bearing and loading plates. Previous research has shown good results in 

modelling such plates using C3D8R solid element (Gozzi, 2007; Lian et al, 2017). 

 

Both S4R and C3D8R adopt a reduced integration procedure. Such a procedure significantly 

reduces the computational effort in comparison to full integration. However, reduced 

integration can lead to an element instability called hourglassing (Bathe, 2014). Hourglassing 

happens when the element deforms but the integration point (i.e. Gauss point) exhibits zero 

strain. Hourglass control is used to avoid such numerical instability; a finer mesh also reduces 

susceptibility to hourglassing (ABAQUS, 2014). 
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2.5.3 Material modelling 

The material stress-strain behaviour of steel is generally obtained through uniaxial tensile 

coupon tests, which provide the so called engineering stress strain-curve. Such tests were 

originally developed for comparing results between different steels but do not provide a true 

representation of the actual stress-strain relationship of the material, particularly at high strains, 

due to the change in cross-sectional area under loading (Arasaratnam et al, 2011). A conversion 

from engineering stress-strain curves to true stress log plastic strain curves is therefore required 

for elements that change area in response to loading (ABAQUS, 2014), as described in Eq. 

(2.6) and (2.7) where true  is the true stress, pl
ln is the true plastic strain, nom and nom are the 

engineering stress and engineering strain respectively and E is the Young’s modulus. 

 

true nom nom(1 )     (2.6) 

 pl true
ln nomln 1

E


     (2.7) 

2.5.4 Geometric imperfections and residual stresses 

Initial geometric imperfection shapes are typically incorporated into FE models in the form of 

the lowest elastic buckling mode (Gozzi, 2007; Zhao et al, 2016), since this generally represents 

the most unfavourable imperfection pattern. This approach was adopted in the present study, 

whereby the buckling modes were obtained through a linear elastic buckling analysis 

(ABAQUS, 2014). The amplitudes of the initial geometric imperfections were obtained from 

measurements taken prior to the member tests. In the parametric studies, an imperfection 

amplitude of tw/500 was adopted, where tw is the web thickness of the member, based on 

previous sensitivity analyses (dos Santos et al, 2018; dos Santos and Gardner, 2019). 

 

Residual stresses develop during the fabrication of welded I-sections due to the thermal 

gradients that arise during the cooling phrase. The magnitudes and distribution of residual 

stresses in laser-welded I-sections have been measured by Gardner et al (2016). However, a 

preliminary study into their influence on the structural response of the modelled I-sections 

under concentrated loading revealed very low sensitivity; a similar finding was reported for the 

cross-section resistance of welded I-sections in bending (Bu and Gardner, 2019). Hence 

residual stresses were not incorporated into the numerical models developed herein.  
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2.5.5 Analysis techniques 

Different analysis types can be utilised to obtain key reference loads for the design of members 

under concentrated transverse loading. Linear Buckling Analysis (LBA), also called elastic 

eigenvalue buckling analysis, has been adopted in this study to obtain the shape and the critical 

load corresponding to the lowest buckling mode. In LBA, the material is modelled as elastic 

with a constant Young’s modulus E and Poisson’s ratio ν. Materially non-linear analysis 

(MNA) has been used to assess the plastic collapse load of members (Bock, 2014; Doerich and 

Rotter, 2011; Sadowski et al, 2017; dos Santos et al, 2018). In this analysis, the material is 

assumed to be elastic-perfectly plastic or rigid-plastic and geometric non-linearities are not 

considered. Finally, a geometrically and materially non-linear analysis with imperfections 

(GMNIA) has been performed using non-linear material stress-strain curves, initial geometric 

imperfections and geometric non-linearities to provide the most accurate representation of the 

full load-deformation response of members.  

 

The modified Riks solver (Riks, 1979) and the general static solver (ABAQUS, 2014) were 

adopted for the GMNIA and MNA performed in this study. Both solvers provided very similar 

results for the studied cases in this thesis and the choice between them was merely related to 

convergence issues. 

 

2.5.6 Contact properties 

The behaviour of structural systems can be sensitive to the contact between its parts; therefore, 

appropriate contact properties in the normal and tangential directions should be defined. In the 

normal direction, “hard” contact (ABAQUS, 2014) is typically defined as the interaction 

property between the elements of bolted connections (Bradford, 2014; Yu et al, 2008) as well 

as between the bearing plates and the beam members under concentrated loading (Gozzi, 2007; 

Su et al (2015), Lian et al, 2017). “Hard” contact assumes that the pressure-overclosure 

relationship is dictated by the stiffness of each of the parts in contact with each other. In the 

tangential direction, the friction between the steel members modelled herein and the bearing 

plates is simulated using the Coulomb friction model, defined by a coefficient of friction. 

Values of the coefficient of friction can vary between about 0.1 and 0.8 at steel-to-steel 

interfaces, as reported by Natário (2015), but the sensitivity to this parameter is considered to 



Chapter 2 – Literature review 

 

44 

be very low. In this work, a surface-to-surface contact interaction was adopted between the 

bearing plate or loading plate and the I-section flanges, with “hard” contact properties in the 

normal direction and with a coefficient of friction of 0.4 adopted in the tangential direction, as 

also adopted by Natário (2015).  
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2.6 Concluding remarks 

This chapter has provided a brief overview of the literature relevant to this thesis, including a 

review of structural design codes, considerations in the fabrication of laser-welded members, 

previous experimental studies and the key concepts and assumptions for the performed finite 

element modelling. From the literature review, it is clear that there exists very few test or 

numerical results for stainless steel I-beams under concentrated transverse loading. Hence, this 

thesis presents further experiments which, in combination with numerical data generated 

herein, are used to assess current design rules and propose new efficient design equations. Full 

details of the experimental studies, numerical modelling, development of structural design rules 

and reliability analysis are presented in the following chapters. 
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3 Concentrated internal one-flange and internal 

two-flange loading 

3.1 Introduction 

Structural steel members under concentrated transverse loading are encountered in a wide 

range of situations − examples include primary girders at bearing supports, primary beams 

under roof purlins, columns in beam-to-column connections Graham et al (1959) and bridge 

girders during their launching phase (Granath and Lagerqvist, 1999; Chacón et al, 2017). 

Members under concentrated transverse loading are subjected to non-uniform stress 

distributions, complex edge restraint conditions between the web and flanges, and local 

yielding beneath the load (Macdonald et al 2005). Taken together, these render the 

development of analytical formulations able to predict accurately the ultimate resistances of 

members under concentrated loading non-trivial. Experimental investigations carried out to 

determine the ultimate bearing resistances of steel members under concentrated transverse 

loading date back to 1946, when the first tests on cold-formed carbon steel members were 

reported by Winter and Pian (1946). There exist, however, very few tests on welded stainless 

steel I-section members subjected to concentrated transverse loading (Sélen, 2000).  

 

The structural performance of stainless steel members under concentrated transverse loading 

is the focus of the present chapter. Two types of concentrated transverse loading are considered: 

(i) internal one-flange loading resulting in failure beneath a single concentrated load away from 

the beam end, and (ii) internal two-flange (ITF) loading, leading to failure between two 

concentrated loads applied at opposite flanges away from the beam end. An experimental 

investigation involving twenty-four physical tests to examine the influence of different bearing 

lengths and bending moments on the ultimate resistance of stainless steel beams under IOF and 
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ITF loading is first presented. Following this, numerical models, validated against the results 

of the physical experiments, are used to generate further data across a broad range of practical 

cases. Finally, the experimental and numerical results are employed to assess the accuracy of 

existing design provisions (EN 1993-1-4:2006; AISC, 2013) for the design of stainless steel 

members under concentrated transverse loading. 

3.2 Experimental investigation 

Sixteen internal one-flange (IOF) loading (or Type (a) loading) tests and eight internal two-

flange (ITF) loading (or Type (b) loading) tests were carried out to assess the web bearing 

strengths of stainless steel I-section members. The specimens were fabricated from hot-rolled 

stainless steel plates which were laser-welded in accordance with EN ISO 13919-1 (1997); the 

quality level was Class B (stringent). Four cross-section sizes were examined: (i) I 

102×68×5×5, (ii) I 152×160×6×9, (iii) I 150×75×7×10, and (iv) I 160×82×10×12. The cross-

sections were formed from austenitic stainless steel of different grades: Grade EN 1.4571 for 

the first two cross-sections, Grade EN 1.4404 for the third and Grade EN 1.4307 for the fourth. 

The IOF tests, the setup for which is shown in Fig.  3.1, were performed on three different 

cross-section sizes with different bearing lengths and a range of spans, while the ITF tests, the 

setup for which is depicted in Fig.  3.2, were carried out on two different cross-section sizes 

with different bearing lengths. Both test series were designed to cover a range of structural 

responses and isolate the influence of the key parameters. The adopted test labelling system 

identifies the loading type (IOF or ITF), and the nominal cross-section height (102 mm, 150 

mm, 152 mm, or 160 mm), specimen length l (from 300 mm to 750 mm) and bearing length ss 

(from 5 mm to 100 mm); for example, IOF-h102-l500-ss20 indicates a member under IOF 

loading with a cross-section height of 102 mm, a length of 500 mm and a bearing length of 20 

mm. In the following subsections, the member tests, together with the accompanying material 

coupon tests and geometric imperfection measurements, are reported. 

3.2.1 Material testing 

A comprehensive characterization of the tensile stress-strain properties of the cross-sections 

tested herein can be found in Gardner et al (2016); in this section, a brief summary is provided. 

All the tensile coupon tests were performed according to EN ISO 6892-1 (2009), using an 

Instron 8802 250 kN hydraulic testing machine. The coupons were extracted from the 
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longitudinal direction of the members. For cross-sections comprising plates of the same 

thickness, a single coupon test was performed, while for those fabricated from plates of 

different thicknesses, two coupon tests (one from the web and one from the flanges) were 

carried out.  A summary of the measured tensile material properties for each cross-section size 

is given in Table 3.1, where E is the Young’s modulus, fy is the 0.2% proof stress, f1.0 is the 1% 

proof stress, fu is the ultimate tensile stress, εu is the strain at the ultimate stress, and εf is the 

strain at the fracture, measured over the standard gauge length. 

 

 

 

 

 

 

 

(a) Schematic setup                     (b) Test setup 

Fig.  3.1. Experimental setup for IOF specimens. 

 

 

 

 

 

 

(a) Schematic setup                     (b) Test setup 

Fig.  3.2. Experimental setup for ITF specimens. 

3.2.2 Geometric dimensions and imperfection measurements 

Prior to the member tests, the dimensions and geometric imperfections of the specimens were 

measured. The initial imperfection measurements were taken using the setup shown in Fig.  

3.3, following a similar procedure to that employed by Schafer and Peköz (1998) and Zhao et 

al (2016). A Linear Variable Displacement Transducer (LVDT) was attached to the head of a 

milling machine, while the specimens were secured to the moving machine bed. The LVDT 
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was utilised to measure the variation in the out-of-plane displacement along the top, mid-height 

and bottom lines across the web length of the specimens. To eliminate the influence of the weld 

geometry, the measurements were taken 10 mm away from the web-to-flange junctions, as 

shown in Fig.  3.3(a). The local web imperfection amplitude ω0 for each specimen was taken 

as the difference between the mid-height (umid) displacement reading and the average of the 

displacement readings along the top (utop) and bottom (ubottom) of the web, under the 

concentrated load (i.e. at mid-span) as shown in Fig.  3.4. The measured dimensions and 

geometric imperfections of the IOF and ITF test specimens are reported in Table 3.2 and Table 

3.3, respectively, where h is the cross-section depth, tw is the web thickness, bf is the flange 

width, tf is the flange thickness, ss is the bearing length (equal to the bearing height sh), L is the 

beam span, hep, bf,ep and tep are the end plate height, width and thickness respectively, and ω0 

is the measured web imperfection under the concentrated load. 

Table 3.1. Summary of material properties measured from tensile coupon tests (Gardner et al, 2016). 

Specimen 

E fy f1.0 fu εu εf 

(N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) (%) 

I 102×68×5×5 186800 222 331 580 50 64 

I 150×75×7×10 (Web) 197300 274 344 596 58 68 

I 150×75×7×10 (Flange) 197200 267 323 560 50 66 

I 152×160×6×9 (Web) 191400 272 349 586 50 65 

I 152×160×6×9 (Flange) 204700 227 287 561 52 67 

I 160×82×10×12 (Web) 198500 264 341 618 53 64 

I 160×82×10×12 (Flange) 197500 286 342 619 52 65 

 

                  (a) Schematic setup                  (b) Test setup 

Fig.  3.3. Imperfection measurement setup.  
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Fig.  3.4. Measured out-of-plane geometric imperfections uavg for IOF-h102-l300-ss10 test specimen. 

 

3.2.3 Internal one-flange loading tests 

The internal one-flange (IOF) test setup consisted of a three-point bending configuration with 

the load applied through a bearing plate at mid-span, as shown in Fig.  3.1. Two carbon steel 

plates were welded to the ends of the specimens and supported on rollers, which were 

configured to slide horizontally in response to the applied loading. The bearing plate, through 

which the loading was applied, had a roller welded to the top, which allowed rotation about the 

out-of-plane axis, but no horizontal translation. Displacement control was adopted in the tests 

driving an Instron 8800 750 kN hydraulic testing machine at a constant rate of 0.005 mm/sec. 

Displacement transducers (DTs) were used to capture the out-of-plane web displacement (DT1) 

and the vertical displacement at the bottom flange (DT2) of the beams. The vertical 

displacement of the machine was also recorded. Fig.  3.5 shows the failed specimens, all of 

which exhibited out-of-plane deformation of the web beneath the applied load and flange 

bending.  
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Table 3.2. Summary of measured dimensions, geometric imperfections and test results of the IOF specimens. 

Specimen 

h tw bf tf ss = sh L a hep bf,ep tep ω0 Fu δu δu,v 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) (mm) (mm) 

IOF-h150-l150-ss60 149.9 6.95 75.8 9.91 60.0 162.0 149.9 161.3 89.9 12.1 0.098 424.4 6.2 7.1 

IOF-h150-l200-ss60 150.0 6.87 75.8 9.79 60.0 212.2 200.1 161.4 89.8 12.1 0.056 393.1 3.4 5.1 

IOF-h150-l300-ss60 149.9 6.88 75.8 9.76 60.0 313.1 301.0 162.1 89.9 12.1 0.055 368.6 3.2 6.5 

IOF-h150-l400-ss60 150.2 6.81 75.7 9.80 60.0 414.1 402.0 161.6 89.9 12.1 0.029 342.2 9.2 6.8 

IOF-h150-l450-ss60 150.0 6.87 75.7 9.79 60.0 464.1 452.0 161.7 89.9 12.1 0.041 340.0 9.9 7.8 

  
              

IOF-h152-l150-ss30 151.7 6.20 160.0 8.73 30.0 162.2 150.0 164.5 150.0 12.2 0.007 340.0 6.2 6.7 

IOF-h152-l300-ss30 152.9 6.18 159.0 8.77 30.0 313.1 301.0 164.0 150.1 12.1 0.058 322.2 4.6 6.5 

IOF-h152-l450-ss30 152.0 6.22 159.6 8.73 30.0 463.1 451.0 164.3 150.1 12.1 0.017 301.1 3.8 6.3 

IOF-h152-l600-ss30 152.3 6.18 159.6 8.88 30.0 610.1 598.0 164.3 150.1 12.1 0.027 296.7 4.0 8.3 

IOF-h152-l750-ss30 151.8 6.13 159.8 8.68 30.0 762.6 750.5 160.5 149.5 12.1 0.030 275.0 4.1 9.5 

  
              

IOF-h102-l300-ss5 101.4 4.89 67.9 5.10 5.0 311.1 299.0 110.0 89.9 12.1 0.046 126.7 7.0 10.3 

IOF-h102-l300-ss7.5 101.9 4.98 67.9 5.20 7.5 311.1 299.0 110.0 89.9 12.1 0.003 132.3 5.6 8.5 

IOF-h102-l300-ss10 100.8 4.92 67.8 5.19 10.0 311.1 299.0 110.0 89.9 12.1 0.031 121.8 4.0 6.5 

IOF-h102-l300-ss12.5 101.3 4.94 67.9 5.17 12.5 310.1 298.0 110.0 90.0 12.1 0.043 143.2 5.2 8.7 

IOF-h102-l300-ss15 101.9 4.99 67.8 5.12 15.0 310.1 298.0 110.0 89.8 12.1 0.064 130.8 3.0 5.5 

IOF-h102-l300-ss20 100.9 4.91 67.8 5.10 20.0 310.6 298.5 109.9 89.8 12.1 0.002 142.5 3.2 6.2 
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Table 3.3. Summary of measured dimensions, geometric imperfections and test results of the ITF specimens. 

Specimen 

h tw bf tf ss = sh L a hep bf,ep tep ω0 Fu δu 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) (mm) 

ITF-h102-l500-ss20 101.3 4.94 67.8 4.94 20.0 524.0 500.0 112.0 89.8 12.0 0.016 154.5 5.7 

ITF-h102-l500-ss40 101.6 4.98 67.8 4.97 40.0 522.4 498.3 111.9 89.9 12.0 0.001 178.4 3.5 

ITF-h102-l500-ss60 101.4 4.94 67.7 4.92 60.0 524.4 500.3 112.0 89.8 12.0 0.011 194.8 2.4 

ITF-h102-l500-ss80 101.5 4.95 67.7 4.93 80.0 524.0 500.0 111.9 89.8 12.0 0.077 209.6 1.8 

ITF-h102-l500-ss100 101.6 5.01 67.8 4.95 100.0 524.0 500.0 111.9 89.8 12.0 0.046 239.6 1.5 

  
             

ITF-h160-l475-ss20 160.1 9.71 82.5 11.70 20.0 500.5 476.5 168.8 89.8 12.0 0.015 626.6 21.2 

ITF-h160-l475-ss40 160.0 9.72 82.5 11.75 40.0 500.1 476.0 169.1 89.8 12.0 0.038 678.8 18.9 

ITF-h160-l475-ss60 160.1 9.76 82.5 11.74 60.0 499.9 475.8 168.9 89.8 12.0 0.006 690.6 11.8 
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Fig.  3.5. Failure modes of internal one-flange (IOF) loading test specimens. 
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The load-vertical displacement responses of the IOF test specimens are provided in Fig. 3.6  to 

Fig.  3.8, the load-web shortening responses are provided in Fig.  3.9 to Fig. 3.11 and the load 

versus web out-of-plane displacement responses are shown in Fig. 3.12 to Fig.  3.14. The 

vertical web shortening was determined by taking the difference between the vertical 

displacement of the testing machine and the vertical displacement measured at the bottom 

flange of the specimen (DT2). Note that the tests were performed primarily to obtain the  

ultimate resistance of each specimen, hence the omission of the post-peak behaviour for some 

cases (e.g. load-vertical displacement of IOF-h150-l300-ss60). The key IOF test results are 

presented in Table 3.2, where Fu is the ultimate test load, δu is the vertical web shortening at 

the ultimate load and δu,v is the vertical displacement of the top flange at the ultimate load.  

 

Fig.  3.6. Load-vertical displacement response of the tested IOF h150 specimens.

 

Fig.  3.7. Load-vertical displacement response of the tested IOF h152 specimens. 
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Fig.  3.8. Load-vertical displacement response of the tested IOF h102 specimens. 

 

Fig.  3.9. Load-web shortening response of the tested IOF h150 specimens. 

 

Fig.  3.10. Load-web shortening response of the tested IOF h152 specimens. 
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Fig.  3.11. Load-web shortening response of the tested IOF h102 specimens. 

 

Fig.  3.12. Load-out-of-plane displacement response of the tested IOF h150 specimens.

 

Fig.  3.13. Load-out-of-plane displacement response of the tested IOF h152 specimens. 
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Fig.  3.14. Load-out-of-plane displacement response of the tested IOF h102 specimens. 

The out-of-plane deformation field of the webs of the tested members was also recorded using 

a Digital Image Correlation (DIC) system. A random speckle pattern was first applied to the 

web surface of each of the tested specimens. Two high-resolution cameras were used to monitor 

the web region during the tests. Images were taken at 3 second intervals and were processed 

using the software DaVis 8.4.0 (2016). Fig.  3.15 shows the load-out-of-plane displacement 

response, together with the out-of-plane deformation fields obtained from the DIC data at 

different stages during the testing of specimen IOF-h150-l400-ss60. The out-of-plane 

deformation fields indicate that the maximum out-of-plane displacement occurred at mid-span 

under the point of load application above the mid-height of the web. 

 

Fig.  3.15. Load-out-of-plane displacement response of test specimen IOF-h150-l400-ss60 and 

corresponding out-of-plane web deformation fields obtained using Digital Image Correlation. 
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3.2.4 Internal two-flange loading tests 

The internal two-flange (ITF) test setup shown in Fig.  3.2 consists of a member subjected to 

two simultaneous transverse loads applied through two bearing plates, one positioned at the 

top flange and the other at the bottom flange. Both bearing plates had the same dimensions and 

were placed at the mid-span of the member. Carbon steel plates were welded to both ends of 

the test specimens. Similar to the IOF tests, the ITF tests were performed under displacement 

control at a constant rate of 0.005 mm/sec using an Instron 8800 750 kN hydraulic testing 

machine. Vertical displacement was measured by the testing machine, while the out-of-plane 

displacement was measured by the displacement transducer DT1. Fig.  3.16 shows the failure 

modes of all the internal two-flange test specimens. Mid-height out-of-plane web buckling 

failure together with significant local flange bending were observed in all cases. The load-web 

shortening responses of the ITF test specimens are presented in Fig.  3.17 and Fig.  3.18 while 

the load-out-of-plane displacement responses are plotted in Fig.  3.19 and Fig.  3.20. The key 

ITF test results are reported in Table 3.3, where δu is the vertical web shortening at the ultimate 

load taken as the displacement measured using the testing machine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  3.16. Failure modes of internal two-flange (ITF) loading test specimens. 
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Fig.  3.17. Load-web shortening response of the tested ITF h102 specimens. 

 

Fig.  3.18. Load-web shortening response of the tested ITF h160 specimens. 
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Fig.  3.19. Load-out-of-plane displacement response of the tested ITF h102 specimens. 

 

 

Fig.  3.20. Load-out-of-plane displacement response of the tested ITF h160 specimens. 

Digital Image Correlation (DIC) was also employed, as described previously for the IOF 

specimens, to obtain the out-of-plane deformation fields of the webs of the tested ITF 

specimens. Fig.  3.21 shows the load-out-of-plane displacement response, together with the 

out-of-plane deformation fields obtained during the testing of specimen ITF-h102-l500-ss20. 

The out-of-plane deformation fields indicate that the maximum out-of-plane displacement 

occurred at mid-span under the point of load application but unlike for IOF test specimens, the 

maximum out-of-plane displacement occurred approximately at the mid-height of the web. 
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Fig.  3.21. Load-out-of-plane displacement response of test specimen ITF-h102-l500-ss20 and 

corresponding out-of-plane web deformation fields 7obtained using Digital Image Correlation. 

3.3 Numerical modelling 

Numerical models were developed using the finite element analysis software Abaqus (2014). 

Initially, the full load-deformation histories and failure modes obtained from the experiments 

were used to validate the numerical models and assess their sensitivity to various input 

parameters. Parametric studies were then carried out to extend the experimental database. 

3.3.1 Modelling assumptions 

The four-noded shell element with reduced integration, referred to as S4R in the Abaqus 

element library (ABAQUS, 2014), was used to mesh the beams and endplates, while the eight-

noded linear solid element with reduced integration, referred to as C3D8R in the Abaqus 

element library (ABAQUS, 2014), was used to model the bearing plates. A uniform element 

size approximately equal to half the web thickness of the considered I-sections was adopted for 

all features of the models (i.e. bearing plates, I-section and end plates), following a preliminary 

mesh sensitivity study. The measured engineering material stress-strain curves obtained from 

the tensile coupon tests described in Section 3.2.1 (Gardner et al, 2016) were converted into 

the form of true stress and log plastic strain according to Eqs. (2.5) and (2.6) before input into 

the finite element models. The measured engineering stress-strain curve and the true stress-

strain curve for the material extracted from each of the tested cross-sections are shown in Fig.  

3.22. 
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Fig.  3.22. Engineering and true stress-strain curves for material from tested cross-sections. 

 

Elastic material behaviour was adopted for the end plates, with a Young’s modulus E of 210000 

MPa and a Poisson’s ratio ν of 0.3. The bearing plate was simulated as a rigid block by 

constraining all its degrees of freedom to a reference point where the load was applied. The 

boundary conditions of the models were defined to reflect the two test setups: for the IOF 

loading models, as shown in Fig.  3.23 (a), the vertical (U2) and out-of-plane (U1) 

displacements, as well as the rotations about the vertical (UR2) and longitudinal (UR3) axes at 

the bottom of each end plate were restrained; for the ITF loading models, as shown in Fig.  3.23 

(b), the out-of-plane displacement (U1) was restrained at four end plate nodes, while in all the 

models, the longitudinal displacement (U3) was restrained at the mid-length of the top flange, 

providing symmetry in the boundary conditions, as in the tests.  
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(a) IOF                     (b) ITF 

Fig.  3.23. Boundary conditions adopted in the finite element models. 

 

The interaction between the bearing plate and the top flange of the I-sections beneath the 

applied loading was taken into account by defining surface-to-surface contact between the 

bearing plate (master surface) and the I-section flange (slave surface). A finite sliding 

procedure ABAQUS (2014) was adopted which allows arbitrary motion of both surfaces. A 

friction coefficient of 0.4 was used for the tangential contact properties while for the normal 

contact properties, a “hard” contact relationship was adopted, which assumes that the contact 

pressure-overclosure relationship is dictated by the stiffness of each of the parts in contact with 

each other ABAQUS (2014). 

 

During the fabrication process, laser-welded I-sections are subjected to thermal gradients 

which lead to the development of residual stresses during the cooling phase. A predictive model 

for residual stresses in laser-welded I-sections was proposed in (Gardner et al, 2016; Bu and 

Gardner, 2019). However, a preliminary study into their influence on the structural response 

under concentrated loading revealed very low sensitivity; a similar finding was reported for the 

cross-section resistance of stainless steel welded I-sections in bending (Saliba and Gardner, 

2013), and residual stresses were thus not explicitly incorporated into the numerical models 

developed herein. Initial local geometric imperfections were accounted for by defining 

imperfection patterns in the form of the first buckling mode shapes obtained from prior linear 

eigenvalue buckling analyses. A sensitivity study was performed to investigate the influence 

of four different imperfection amplitudes ω0 on the structural response of the modelled I-

sections: (i) the value measured for each specimen in the experiments ω0 using the procedure 
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described in Section 3.2.2 and, (ii) 1/100, (iii) 1/300, and (iv) 1/500 of the cross-section web 

thickness. Following incorporation of the initial geometric imperfections into the numerical 

models, geometrically and materially non-linear analyses (GMNIA) were carried out using the 

modified Riks solver (ABAQUS, 2014) to obtain the full load-deformation response of the 

specimens, including the post-peak behaviour. 

 

3.3.2 Validation of finite element models 

The accuracy of the finite element (FE) models was assessed by comparing their load-web-

shortening responses, ultimate load predictions, web shortening values at the ultimate loads 

and failure modes against those observed of the experiments. The ultimate load and 

corresponding web shortening values, considering the four imperfection amplitudes in the 

numerical models, are reported in Table 3.4 for the IOF loading cases, and in Table 3.5 for the 

ITF loading cases. As can be seen from the table, the ultimate load and corresponding web 

shortening values obtained from the numerical models are very close to those of the tested 

specimens. The best agreement between the test and finite element results was obtained for an 

imperfection amplitude of tw/500 for both loading cases; hence, an amplitude of tw/500 is 

adopted in the numerical models for the parametric studies described in the following section.  
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Table 3.4. Comparison of the IOF test results with FE results for different imperfection amplitudes. 

Specimen 
Measured amplitude   tw/100   tw/300   tw/500 

Fu,FE / Fu,Test δu,FE / δu,Test   Fu,FE / Fu,Test δu,FE / δu,Test   Fu,FE / Fu,Test δu,FE / δu,Test   Fu,FE / Fu,Test δu,FE / δu,Test 

IOF-h150-l150-ss60 0.99 0.59   0.97 0.47   0.99 0.48   1.00 0.51 

IOF-h150-l200-ss60 1.01 1.05   0.99 0.66   1.01 0.73   1.06 0.81 

IOF-h150-l300-ss60 1.01 1.36   1.00 0.61   1.01 0.62   1.02 0.62 

IOF-h150-l400-ss60 1.04 0.59   1.02 0.22   1.02 0.19   1.03 0.21 

IOF-h150-l450-ss60 1.03 0.64   1.01 0.17   1.01 0.19   1.01 0.17 

                        

IOF-h152-l150-ss30 1.05 0.79   0.96 0.58   1.00 0.70   1.02 0.64 

IOF-h152-l300-ss30 0.96 0.93   0.93 0.57   0.95 0.66   0.96 0.65 

IOF-h152-l450-ss30 1.01 1.47   0.96 0.69   0.99 0.78   1.01 0.86 

IOF-h152-l600-ss30 0.96 1.53   0.93 0.62   0.95 0.69   0.96 0.68 

IOF-h152-l750-ss30 0.95 1.69   0.92 0.53   0.94 0.58   0.95 0.65 

                        

IOF-h102-l300-ss5 0.96 0.97   0.95 0.65   0.99 0.68   0.99 0.72 

IOF-h102-l300-ss7.5 1.03 1.49   0.96 0.75   0.99 0.77   1.01 0.80 

IOF-h102-l300-ss10 1.05 1.52   1.05 0.89   1.07 0.94   1.09 1.03 

IOF-h102-l300-ss12.5 0.92 1.08   0.92 0.63   0.94 0.70   0.95 0.70 

IOF-h102-l300-ss15 1.02 1.69   1.04 1.01   1.06 1.11   1.07 1.14 

IOF-h102-l300-ss20 1.02 1.98   0.96 0.82   0.99 0.91   1.00 0.94 

                        

Mean 1.00 1.21  0.97 0.62  0.99 0.67  1.01 0.70 

COV 0.04 0.36  0.04 0.35  0.04 0.36  0.04 0.37 
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Table 3.5. Comparison of the ITF test results with FE results for different imperfection amplitudes. 

Specimen 
Measured amplitude   tw/100   tw/300   tw/500 

Fu,FE / Fu,Test δu,FE / δu,Test   Fu,FE / Fu,Test δu,FE / δu,Test   Fu,FE / Fu,Test δu,FE / δu,Test   Fu,FE / Fu,Test δu,FE / δu,Test 

ITF-H102-L500-SS20 0.97 0.82   0.92 0.72   0.96 0.81   0.98 0.88 

ITF-H102-L500-SS40 0.98 0.85   0.90 0.62   0.92 0.74   0.93 0.72 

ITF-H102-L500-SS60 0.94 0.66   0.92 0.59   0.93 0.64   0.94 0.67 

ITF-H102-L500-SS80 0.94 0.58   0.95 0.59   1.02 0.70   1.03 0.69 

ITF-H102-L500-

SS100 
0.95 0.63   0.95 0.62   0.98 0.73   0.99 0.74 

                        

ITF-H160-L475-SS20 0.96 0.75   0.89 0.64   0.93 0.70   0.95 0.74 

ITF-H160-L475-SS40 0.90 0.51   0.87 0.46   0.91 0.53   0.92 0.54 

ITF-H160-L475-SS60 0.98 0.68   0.90 0.51   0.94 0.56   0.95 0.60 

                        

Mean 0.95 0.68 
 

0.91 0.59 
 

0.95 0.67 
 

0.96 0.70 

COV 0.03 0.17 
 

0.03 0.13 
 

0.04 0.14 
 

0.04 0.15 
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Excellent agreement is also observed between the numerical and experimental failure modes 

for both loading conditions, as shown in Fig.  3.24 for a typical IOF loading specimen and Fig.  

3.25 for a typical ITF loading specimen.  

 

Fig.  3.24. Experimental and numerical failure modes of specimen IOF-h102-l300-ss12.5. 

 

 

Fig.  3.25. Experimental and numerical failure modes of specimen ITF-h102-l500-ss60. 

 

Typical numerical and experimental load versus web shortening responses and load versus out-

of-plane displacement responses for the IOF and ITF loading cases are shown in Fig.  3.26 to 

Fig.  3.29. These comparisons show generally good agreement over the full load-deformation 

history, including initial stiffness, ultimate load and post-ultimate response.  
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Fig.  3.26. Experimental and numerical load-web shortening responses of the IOF-h102-l300-ss15 

specimen. 

 

Fig.  3.27. Experimental and numerical load-out-of-plane displacement response of the IOF-h152-

l450-ss30 specimen. 
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Fig.  3.28. Experimental and numerical load-web shortening response of the ITF-h102-l500-ss40 

specimen. 

 

Fig.  3.29. Experimental and numerical load-out-of-plane displacement response of the ITF-h102-

l500-ss100 specimen. 
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the form of the first buckling mode scaled with a maximum amplitude of 1/500 of the cross-

0

20

40

60

80

100

120

140

160

180

200

0 5 10 15 20 25

L
o
ad

 (
k
N

)

Web shortening (mm)

Test

FE

0

50

100

150

200

250

300

0 5 10 15

L
o
ad

 (
k
N

)

Web shortening (mm)

Test

FE



Chapter 3 – Concentrated internal one-flange and internal two-flange loading 

70 

 

section web thickness tw (i.e. tw/500). The web height (hw), flange thickness (tf) and flange 

width (bf) were kept constant and taken as equal to hw = 200 mm, tf = 5.2 mm and bf = 67.8 

mm for both loading conditions. A member length of 350 mm was adopted for the IOF models, 

while a member length of 500 mm was used for the ITF models in the parametric studies. The 

web thickness (tw) and the bearing length (ss) values were varied to cover a range of web 

slendernesses (hw/tw) from 10 to 120 and a range of ratios of bearing length to web height 

(ss/hw) from 0.05 to 1.20. The influence of these parameters is assessed in the following two 

sub-sections. 

 

3.3.3.1 Influence of bearing length 

The influence of bearing length ss on the ultimate web bearing resistances of the modelled I-

section members under IOF and ITF loading is shown in Figs. 3.30 and 3.31, respectively. The 

same data are plotted on two different scales on the vertical axis (which shows the ultimate 

load Fu) in (a) and (b) to distinguish better between the data points with lower failure loads. On 

the horizontal axis, the bearing length is normalised by the web height (i.e. ss/hw). For both 

loading types, the ultimate load may be seen to increase almost linearly with increasing bearing 

length, due to the load being spread of a larger region of the web.  

 

  

           (a) Vertical axis scale up to 3000 kN      (b) Vertical axis scale up to 250 kN 

Fig.  3.30. Influence of bearing length (ss), normalized by web height, on ultimate load of IOF models 

for different web slenderness (hw/tw). 
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        (a) Vertical axis scale up to 2500 kN     (b) Vertical axis scale up to 140 kN 

Fig.  3.31. Influence of bearing length (ss), normalized by web height, on ultimate load of ITF models 

for different web slenderness (hw/tw). 

 

3.3.3.2 Influence of web slenderness 

The influence of web slenderness on the ultimate resistance of the modelled I-section members 

for different bearing lengths is shown in Figs. 3.32 and 3.33 for IOF and ITF loading, 

respectively, in which the web slenderness hw/tw is plotted on the horizontal axis while the 

ultimate load Fu is again plotted at two different scales in (a) and (b) on the vertical axis. For 

both loading cases, the ultimate load may be seen to reduce sharply with increasing web 

slenderness, particularly for hw/tw values less than 60. 

  

           (a) Vertical axis scale up to 3000 kN      (b) Vertical axis scale up to 500 kN 

 

Fig.  3.32. Influence of web slenderness (hw/tw) on ultimate load of IOF models for different bearing 

length to web-height ratios.  
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           (a) Vertical axis scale up to 2500 kN      (b) Vertical axis scale up to 500 kN 

Fig.  3.33. Influence of web slenderness (hw/tw) on ultimate load of ITF models for different bearing 

length to web-height ratios.  

 

3.4 Assessment of existing design rules 

In this section, the methods provided in the European code EN 1993-1-4 (2006) and in the 

American AISC Design Guide 27  (2013) for the design of stainless steel members under 

concentrated transverse loading are described and assessed. The accuracy of the design 

provisions is evaluated by comparing the experimental and numerical failure loads (Fu) against 

the ultimate loads predicted by the specification (Fu,pred), utilising the recommended design 

interaction curves for resistance to combined concentrated loading and bending moment 

assuming proportional loading (see Fig.  3.34) for the internal one-flange (IOF) loading case. 

For the internal two-flange (ITF) loading case, the predicted ultimate loads (Fu,pred) are 

compared directly with the experimental and numerical ultimate loads. A value for Fu/Fu,pred 

greater than unity indicates a safe-sided design prediction. Note that the measured (or 

modelled) material and geometric properties were used in all the comparisons and that all 

partial safety factors were set equal to unity. 
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Fig.  3.34. Definition of Fu and Fu,pred for IOF loading case.  

3.4.1 European design provisions: EN 1993-1-4 (EC3) 

EN 1993-1-4 (2006) adopts the carbon steel design rules set out in Section 6 of EN 1993-1-5 

(2006) for stainless steel members under concentrated loading. The design resistance to local 

failure under concentrated transverse loading FRd is determined using Eq. (3.1), where fyw is 

the web 0.2% proof stress, tw is the web thickness and Leff is the effective length, which is given 

by the product of effective loaded length ly from Eq (3.2) and the reduction factor χF. The 

method adopted for the determination of the effective loaded length ly is based on the four-

hinge plastic mechanism model originally proposed by Roberts and Rockey (1979).  

Rd yw eff wF f L t= where eff F yL lχ=  (3.1) 

( )y s f 1 22 1l s t m m= + + +  where 
yf f

1

yw w

f b
m

f t
=  and 

2

w
F

2 f

F

0.02 0.5

0 0.5

h
for

m t

for

 
> 

=  

≤

λ

λ

 (3.2) 

The reduction factor χF, determined from Eq. (3.3) is a function of the slenderness parameter

Fλ , which is equal to the square root of the ratio of the plastic load (Eq. (3.4)) to the elastic 

buckling load Fcr of the member under concentrated force. The buckling load is determined 

from Eq. (3.5) where kF is the buckling coefficient, which has different values for different 

transverse loading types (i.e. IOF, ITF etc), and a is the distance between stiffeners taken as 

the span excluding the end plate thickness (i.e. epa L t= − ). Diagrams illustrating key variables 

of the resistance function can be seen in Table 2.1. 

Test or numerical 

ultimate load 

Predicted resistance 

Design interaction curve 

M 

F 

Fu,pred 

Fu 

MRd 

FRd 
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a
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=
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 (3.5) 

In the case of a member subjected to concentrated transverse loading plus bending moment  

(i.e. internal one-flange (IOF) loading), the interaction between the forces should be considered 

through Eq. (3.6) from Section 7.2(1) of EN 1993-1-5 (2006), where FEd is the applied 

concentrated transverse force, FRd is the design resistance to concentrated transverse loading 

given by Eq. (3.1), MEd is the applied bending moment and Mpl,Rd is the plastic bending moment 

resistance of the cross-section regardless of its classification (compactness). Note that the 

maximum attainable bending moment resistance MRd is still limited to the plastic, elastic or 

effective moment capacity for Class 1-2, Class 3 and Class 4 cross-sections, respectively.  

Ed Ed

Rd pl,Rd

0.8 1.4
F M

F M
+ ≤  (3.6) 

 

The experimental and numerical ultimate capacities for the case of internal one-flange (IOF) 

loading are plotted on the EC3 interaction diagram in Fig.  3.35. The comparisons reveal the 

safe-sided, but generally overly-conservative nature of the EN 1993-1-5 (EN 1993-1-4) 

resistance predictions for stainless steel I-sections, particularly with decreasing web 

slenderness Fλ . A quantitative evaluation of the accuracy of the EN 1993-1-5 resistance 

predictions for the IOF loading case can be found in Table 3.6, which shows a mean Fu/Fu,EC3 

value of 1.91 with a coefficient of variation (COV) of 0.44 for all the studied cases. The table 

also shows increasing Fu/Fu,EC3 ratios for the stockier sections (e.g. Fu/Fu,EC3 = 3.53 for hw/tw = 

10 in comparison to Fu/Fu,EC3 = 1.44 for hw/tw = 120). The overly-conservative results for the 

stockier sections, also observed in Fig.  3.36, are attributed to the neglect of the pronounced 

strain hardening exhibited by stainless steel members with stocky webs. Such behaviour has 

also be observed for stocky stainless steel cross-sections in other loading configurations (Zhao 
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et al, 2016; Saliba and Gardner, 2013) and addressed by means of the deformation based 

continuous strength method (Afshan and Gardner, 2013). 

 

Fig.  3.35. Comparison of IOF test and FE results with EN 1993-1-5 F-M interaction diagram. 

 

 
Fig.  3.36. Comparison of IOF loading test and FE results against the European and North American 

design resistance predictions. 
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Table 3.6. Comparisons of the IOF test and FE results with the ultimate web bearing strengths 

predicted by EN 1993-1-5 (EC3) and AISC 360-16. 

(a) All tests     

No. of tests: 16 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 24 

Mean 1.91 2.42 

COV 0.40 0.44 

 

(b) hw/tw = 10     

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 4 

Mean 3.53 3.04 

COV 0.26 0.27 

 

(c) 18 < hw/tw ≤ 22     

No. of tests: 16 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 0 

Mean 1.69 2.60 

COV 0.18 0.24 

 

(d) hw/tw = 30     

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 2.17 2.87 

COV 0.23 0.70 

 

(e) hw/tw = 60     

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 1.56 2.18 

COV 0.11 0.56 

 

(f) hw/tw = 90     

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 1.51 1.87 

COV 0.07 0.49 

 

(g) hw/tw = 120     

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 1.44 1.63 

COV 0.06 0.41 
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Fig.  3.37 shows a comparison of the EN 1993-1-5 strength curve for concentrated transverse 

loading, i.e. the reduction factor Fχ , given by Eq. (3.3) versus the non-dimensional slenderness 

, and the IOF test and FE results. The IOF test data of Sélen (2000) on welded stainless steel 

I-sections are also included in the figure. Note that only results where failure under 

concentrated loading (rather than bending) is dominant are shown, which is deemed to be the 

case according to the EN 1993-1-5 interaction formula when Mu < 0.5Mpl. The conservatism 

of the EN 1993-1-5 provisions is evident over the full analysed slenderness range, but 

particularly for the more stocky cross-sections. 

 

Fig.  3.37. Comparison of ultimate strengths determined from IOF loading tests and FE simulations 

against EN 1993-1-5 design curve. 

 

For the members under ITF loading, Table 3.7 and Fig.  3.38 provide a comparison of the 

experimental and numerical failure loads Fu with the predicted failure loads according to EN 

1993-1-5 Fu,EC3. The mean value of Fu/Fu,EC3 is equal to 1.80 with a coefficient of variation 

(COV) of 0.32, again indicating substantial conservatism in the current Eurocode design 

provisions. The ITF loading test and FE results are plotted against the EN 1993-1-5 strength 

curve in Fig.  3.39, revealing, together with Fig.  3.38, discrepancies between the reference 

results and the EN 1993-1-5 predicted values are most significant for stockier cross-sections 

(i.e. from hw/tw = 10 to hw/tw = 30). It should be noted also that an increase in Fu/Fu,EC3 values 

is  observed for cross-sections with slender webs relative to those with webs of moderate 

slenderness (i.e. Fu/Fu,EC3 = 1.55 for hw/tw = 90 and Fu/Fu,EC3 = 1.61 for hw/tw = 120). 
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Table 3.7. Comparisons of ITF test and FE results with the ultimate web bearing strengths predicted 

by EN 1993-1-4 (EC3) and AISC 360-16. 

(a) All cases     

No. of tests: 8 

Fu / Fu,EC3 Fu / Fu,AISC No. of FE simulations: 

24 

Mean 1.80 3.87 

COV 0.32 0.58 

 

(b) hw/tw = 10 
    

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 4 

Mean 2.70 2.82 

COV 0.32 0.83 

 

(c) 18 < hw/tw ≤ 22 
    

No. of tests: 8 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 0 

Mean 1.81 2.27 

COV 0.24 0.29 

 

(d) hw/tw = 30 
    

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 1.81 2.35 

COV 0.40 0.40 

 

(e) hw/tw = 60 
    

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 1.46 3.36 

COV 0.07 0.20 

 

(f) hw/tw = 90 
    

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 1.55 5.45 

COV 0.05 0.19 

 

(g) hw/tw = 120 
    

No. of tests: 0 
Fu / Fu,EC3 Fu / Fu,AISC 

No. of FE simulations: 5 

Mean 1.61 7.69 

COV 0.04 0.19 
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3.4.2 North American design provisions: AISC Design Guide 27 

The AISC Design Guide 27 (2013) for the design of stainless steel hot-rolled/welded I-section 

members under concentrated loading refers to the carbon steel design provisions set out in 

ANSI/AISC 360-16 (2016).  

 
Fig.  3.38. Comparison of ITF loading test and FE results against the European and North American 

resistance predictions. 

 

Fig.  3.39. Comparison of ultimate strengths determined from ITF loading tests and FE simulations 

against EN 1993-1-5 design curve. 

The design resistance is obtained through the evaluation of the following limit states: (i) web 
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2010), hence the provisions are evaluated by comparing the experimental and numerical failure 

loads Fu with the design resistance Fu,AISC taken as the minimum of the values determined for 

the aforementioned limit states. For the IOF loading case, Table 3.6 shows a mean value of 

2.42 for Fu/Fu,AISC with a coefficient of variation (COV) of 0.44 for all the studied cases. Higher 

ratios of Fu/Fu,AISC for stockier cross-sections are observed in Table 3.6 and Fig.  3.36, ranging 

from Fu/Fu,AISC = 1.63 for hw/tw = 120 to Fu/Fu,AISC = 3.04 for hw/tw = 10. For the ITF loading 

case, Table 3.7 and Fig.  3.38 show not only high Fu/Fu,AISC ratios for the stockier sections (i.e. 

Fu/Fu,AISC = 2.35 for hw/tw = 30 to Fu/Fu,AISC = 2.82 for hw/tw = 10) but also increasing Fu/Fu,AISC 

ratios for the more slender sections (i.e. Fu/Fu,AISC = 2.35 for hw/tw = 30 to Fu/Fu,AISC = 7.69 for 

hw/tw = 120). The former is attributed to the neglect of the strain hardening experienced by 

stainless steel members with stocky webs, while the latter is due to the conservatism of the web 

buckling limit state formulae given in AISC 360-16, which do not consider the bearing length 

and were only calibrated for sections with hw/tw ≤ 40 (Chen and Newlin, 1971). This 

conservatism has also been observed by Menkulasi et al (2016). 

3.4.3 Discussion 

Overall, the evaluations presented in Sections 3.4.1 and 3.4.2 reveal that the current European 

and North American design provisions for stainless steel members under concentrated 

transverse loading are safe-sided but generally overly-conservative; this is the case for both 

internal one-flange (IOF) loading and internal two-flange (ITF) loading. In the low slenderness 

range, the under-predictions of resistance are attributed to strain hardening, which is 

particularly prominent in stainless steels, especially the austenitic grades. In the high 

slenderness range, substantial under-predictions of resistance arose from the application of the 

North American design provisions to the case of ITF loading where web buckling is dominant. 

There is considered to be scope for the development of improved design formulae for resistance 

to concentrated loading that take account of the particular characteristics of stainless steel over 

the full slenderness range. 
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Table 3.8. Design resistance of members under concentrated transverse loading according to AISC 

360-16 (2016). 

Limit state Resistance formulae 

Web yielding 

AISC 360-16 (2016), J10.2 

If load is applied at a distance greater than h from the member end: 

( )Rd yw w s5F f t k s= +  

If load is applied at a distance equal or less than h from the member end:

( )Rd yw w s2.5F f t k s= +  

where k is the distance from the outer face of the flange to the web fillet toe. 

Web crippling 

AISC 360-16 (2016), J10.3 

If load is applied at a distance greater or equal to h/2 from the member end: 

1.5

yw f2 s w
Rd w

f w

0.80 1 3
E f ts t

F t
h t t

   
 = +   
    

 

If load is applied at a distance less than h/2 from the member end: 

For s / 0.2s h ≤ : 

1.5

yw f2 s w
Rd w

f w

0.40 1 3
E f ts t

F t
h t t

   
 = +   
    

 

For s / 0.2s h > : 

1.5

yw f2 s w
Rd w

f w

4
0.40 1 0.2

E f ts t
F t

h t t

   
 = + −   
    

 

Web buckling 

AISC 360-16 (2016), J.10.5 

(for ITF only) 

 

If load is applied at a distance equal or greater than h/2 from the member end:

3

w yw

Rd

w

24 t E f
F

h

 
 =
 
 

 

If load is applied at a distance less than h/2 from the member end:

3

w yw

Rd

w

241

2

t E f
F

h

 
 =
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3.5 Concluding remarks 

An extensive experimental and numerical investigation into the structural response of welded 

stainless steel I-beams under two types of concentrated transverse loading: (i) internal one-

flange (IOF) and (ii) internal two-flange (ITF) loading has been presented in this chapter. The 

physical experimental programme comprised twenty four member tests: sixteen IOF tests and 

eight ITF tests. The experimental results were complemented by numerically generated data, 

allowing further investigation of the influence of the bearing length and the web slenderness 

on the ultimate web bearing resistance of stainless steel I-beams. Both the numerical and test 

results were used to assess the accuracy of the European and North American design provisions 

for the ultimate web bearing resistance of welded stainless steel I-sections. The results showed 

that the existing design rules generally lead to safe-sided but conservative resistance 

predictions for members with stocky webs under both loading conditions; this is attributed to 

the neglect of the significant strain hardening associated with stainless steel. Overly 

conservative results were also observed for cross-sections with slender webs. The findings of 

this chapter highlight the need for the development of new design rules for stainless steel beams 

under concentrated transverse loading that recognise the particular characteristics of stainless 

steel; this is the focus of Chapter 5. 
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4 Concentrated end-one-flange loading 

4.1 Introduction 

The focus of this chapter is on the structural performance of stainless steel members under end-

one-flange (EOF) loading (or Type (c) loading), where the load is applied through one flange 

adjacent to an unstiffened end. Note that for cold-formed sections, the North American 

specification for the design of cold-formed steel members AISI S100-12 [39] requires the clear 

distance between the bearing edges to be greater than 1.5 times the section height for EOF 

loading. The specimens tested herein do not satisfy this requirement, but the presence of the 

stiffener at the loading point ensures that failure is nonetheless due to one-flange loading only, 

and this is clearly visible in the obtained failure modes. This loading condition is referred to 

Type (c) loading in EN 1993-1-5 (2006). Ten physical laboratory tests were carried out to 

investigate the influence of the bearing length, the distance between the end of the bearing 

length and the end of the member and the distance between the web stiffener and the bearing 

plate on the ultimate resistance of stainless steel beams under EOF loading; the test procedure 

and results are reported in Section 4.2. Following this, numerical models, which were validated 

using the results from the experiments and then employed to extend the database of results to 

cover a broad range of practical cases through parametric studies, are presented in Section 4.3. 

Finally, the experimental and numerical data are employed in Section 4.4 to assess the accuracy 

of existing provisions (EN 1993-1-5, 2006; AISC, 2013) for the design of stainless steel 

members under end-one-flange loading. 

 

4.2 Experimental investigation 

Ten end-one-flange loading (EOF) tests were conducted to assess the web bearing strengths of 

stainless steel I-section members. The specimens were fabricated from hot-rolled Grade EN 

1.4307 austenitic stainless steel plates by means of laser-welding in accordance with EN ISO 
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13919-1 (1997); the quality level was Class B (stringent). Two cross-section sizes were 

examined: I 140×140×10×12 and I 160×82×10×10. The key varied parameters in the EOF 

loading tests were the bearing length ss, the distance between the web stiffener and the critical 

support b and the distance between the end of the bearing length and the end of the member c; 

these parameters are illustrated in the experimental setup shown in Fig. 4.1. The adopted test 

specimen labelling system identifies the loading type (EOF), the nominal cross-section height 

h (140 mm or 160 mm), the nominal distance between the web stiffener and the critical support 

b (ranging from 170 mm to 210 mm), the bearing length ss (15 mm or 30 mm) and the distance 

from the critical support to the member end c (ranging from 0 to 20 mm); for example, EOF-

h140-b180-ss15-c10 indicates a member tested under EOF loading with a nominal cross-

section height of 140 mm, a nominal distance between the web stiffener and the critical support 

of 180 mm, a bearing length of 15 mm and a distance between the critical support and the 

member end of 10 mm. In the following subsections, the material coupon tests, geometric 

imperfection measurements and member tests are reported. 

 

 

 

 

 

 

             (a) Schematic illustration of setup                (b) Test setup 

Fig.  4.1. Experimental setup for EOF specimens. 

4.2.1 Material testing 

A comprehensive characterization of the tensile stress-strain properties of the cross-sections 

tested herein can be found in Gardner et al (2016); in this subsection, a brief summary of the 

testing procedure and results is provided. All the tensile coupon tests were performed according 

to EN ISO 6892-1 (2009), using an Instron 8802 250 kN hydraulic testing machine. The 

coupons were extracted from the longitudinal direction of the members (one from the web and 

one from the flange). A summary of the measured tensile material properties for each cross-

section size is given in Table 3.1 for the I 160x82x10x12 specimens and in Table 4.1 for the I 
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140x140x10x12 specimens, where the Young’s modulus E, the 0.2% proof stress fy, the 1% 

proof stress f1.0, the ultimate tensile stress fu, the strain at the ultimate stress εu and the strain at 

the fracture εf measured over the standard gauge length, are provided. 

Table 4.1. Summary of material properties measured from tensile coupon tests (Gardner et al, 2016). 

Specimen 

E fy f1.0 fu εu εf 

(N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) (%) 

I 140×140×10×12 (Web) 186800 260 312 617 55 66 

I 140×140×10×12 (Flange) 193700 272 328 615 50 64 

4.2.2 Geometric dimensions and imperfection measurements 

Prior to the member tests, the dimensions and geometric imperfections of the specimens were 

measured. The initial imperfection measurements were taken using the setup shown in Fig.  4.2 

following a similar procedure to that presented in Chapter 3 and employed in previous studies 

(dos Santos et al, 2018; Schafer and Peköz, 1998; Zhao et al, 2016). A Linear Variable 

Displacement Transducer (LVDT) attached to the head of a milling machine was employed to 

record out-of-plane measurements along the top, mid-height and bottom of the web from the 

web stiffener to the member end while the specimens were lying on a moving machine base. 

To eliminate the influence of the weld geometry, the measurements were taken 10 mm away 

from the web-to-flange and stiffener-to-web junctions, as shown in Fig.  4.2(a).  

 

 

                        (a) Schematic illustration of setup                                      (b) Test setup 

Fig.  4.2. Imperfection measurement setup. 

 

The web imperfection amplitude ω0 for each member was taken as the difference between the 

measured mid-height displacement (umid) and the average of the measured top (utop) and bottom 
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(ubottom) displacements at the centre of the bearing plate (i.e. c + ss/2 from the member end), as 

shown in Fig.  4.3.  

 

Fig.  4.3. Measured out-of-plane geometric imperfections uavg for EOF-h140-b180-ss15-c20 test 

specimen and definition of ω0. 

 

The measured geometric imperfections and the measured specimen dimensions are reported 

inTable 4.2, where h is the overall cross-section depth, tw is the web thickness, bf is the overall 

flange width, tf is the flange thickness, a is the distance from the member end to the first web 

stiffener,  ss is the bearing length (equal to the bearing height sh), L is the beam span, b is the 

free distance between the loading plate and the bearing plate, c is the free distance between the 

bearing plate and the member end, hep, bf,ep and tep are the end plate height, width and thickness 

respectively, hs, bs and ts are the web stiffeners height, width and thickness respectively, hw/tw 

is the ratio of the web height (where hw = h – 2tf) to the web thickness tw and ω0 is the measured 

web imperfection amplitude at the centre of the bearing plate. 

4.2.3 End-one-flange loading tests 

The end-one-flange (EOF) loading test setup consisted of a three-point bending configuration 

with the load applied through the loading plate at the top flange of the beam, as shown in Fig.  

4.1. The loading plate length was kept constant at 100 mm for all tests. The bearing plate was 

positioned at one end of the member and lightly tack-welded to the bottom flange. Rollers were 

welded to the top of the loading plate and to the bottom of the bearing plate to allow free in-
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plane rotation. A carbon steel end plate was welded to the opposite end of the member and 

supported on a roller. At both ends of the members, the rollers rested on plates that were 

configured to enable the beam to slide horizontally in response to the applied loading. Grease 

was used between the supporting plates to minimize any friction.  

A load cell was positioned under the bearing plate to measure the reaction force at the critical 

support. The tests were performed using an Instron 8800 3500 kN hydraulic testing machine 

under displacement control at a constant rate of 0.005 mm/sec. Displacement transducers were 

positioned on the top (DT1) and bottom (DT2) flanges in line with the centre of the bearing 

plate. 
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Table 4.2. Summary of measured dimensions, geometric imperfections and results from the EOF loading tests. 

Specimen 
h tw bf tf a ss = sh b c L hep bf,ep tep hs bs ts 

hw/tw 
ω0 Fu δu 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) (mm) 

EOF-h140-b180-ss15-c0 139.1 9.62 140.5 11.81 187.8 15.0 179.2 0.0 601.2 150.0 149.9 11.91 115.5 37.9 12.67 12.0 0.001 367.9 10.8 

EOF-h140-b180-ss15-c10* 139.2 9.61 140.3 11.78 197.6 15.0 178.9 10.0 600.7 150.0 149.9 11.94 115.6 38.0 12.72 12.0 0.004 414.7 9.4 

EOF-h140-b180-ss15-c20* 139.1 9.60 140.3 11.77 207.2 15.0 178.5 20.0 601.5 150.0 149.9 11.91 115.6 37.8 12.71 12.0 0.029 418.9 14.4 

EOF-h140-b180-ss30-c0* 139.2 9.62 140.3 11.78 203.5 30.0 179.8 0.0 601.0 150.0 150.0 11.93 115.6 38.0 12.69 12.0 0.005 374.3 15.1 

EOF-h140-b180-ss30-c10* 139.3 9.65 140.3 11.82 210.8 30.0 177.2 10.0 600.7 150.0 149.9 11.91 115.6 37.8 12.72 12.0 0.009 490.3 14.0 

EOF-h160-b170-ss15-c0 160.0 9.77 82.7 11.74 178.5 15.0 169.5 0.0 501.0 168.8 89.7 12.01 136.5 18.8 11.94 14.0 0.125 271.0 10.4 

EOF-h160-b180-ss15-c0 160.1 9.78 82.8 11.74 186.3 15.0 177.3 0.0 501.5 169.0 89.8 12.01 136.6 19.0 11.97 14.0 0.271 242.3 10.4 

EOF-h160-b190-ss15-c0 159.9 9.76 82.6 11.71 199.8 15.0 190.8 0.0 501.3 168.8 89.8 11.95 136.5 19.0 11.90 14.0 0.348 243.9 8.0 

EOF-h160-b200-ss15-c0 160.1 9.76 82.7 11.75 205.5 15.0 196.5 0.0 500.7 168.8 89.7 12.01 136.6 18.8 11.94 14.0 0.062 269.6 9.7 

EOF-h160-b210-ss15-c0 160.0 9.76 82.8 11.74 215.2 15.0 206.1 0.0 500.8 168.8 89.7 12.00 136.5 18.7 11.81 14.0 0.121 251.7 9.7 

 * Bending plus shear was the critical design check. 
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Fig.  4.4 shows the failed specimens, all of which exhibited out-of-plane deformation of the 

web and flange bending at the bearing point. The load-web shortening responses at the critical 

support (i.e. at the bearing point) are provided in Figs. 4.5 and 4.6 for the 140 mm and 160 mm 

height specimens respectively. Table 4.3 shows the key test results, where Fu is the ultimate 

(peak) web bearing load at the support and δu is the vertical web shortening at the bearing point 

at ultimate load. The web shortening was determined by taking the difference between the 

measured displacement at the top flange and at the bottom flange of the specimen, allowing for 

the rotation and longitudinal displacement of the member. These results were corroborated by 

those obtained from Digital Image Correlation (DIC), as described below. 

 

 

Fig.  4.4. Failure modes of end-one-flange (EOF) loading test specimens - side and front views. 

 

EOF-h140-b180-ss15-c0 

EOF-h140-b180-ss15-c10 

EOF-h140-b180-ss15-c20 

EOF-h140-b180-ss30-c0 

EOF-h140-b180-ss30-c10 

EOF-h160-b170-ss15-c0 

EOF-h160-b180-ss15-c0 

EOF-h160-b190-ss15-c0 

EOF-h160-b200-ss15-c0 

EOF-h160-b210-ss15-s0 



Chapter 4 – Concentrated end-one-flange loading 

90 

 

 

Fig.  4.5. Load-web shortening response of the tested EOF h140 specimens. 

 

 

Fig.  4.6. Load-web shortening response of the tested EOF h160 specimens. 

 

A Digital Image Correlation (DIC) system was used to record the deformation field of the webs 

of the tested members. A random speckle pattern was first applied to the web surface of each 

of the tested specimens. Two high-resolution cameras were used to monitor the web region 

during the tests as shown in Fig.  4.7. Images were taken at 3 sec intervals and processed using 

the software DaVis 8.4.0 (2016). Fig.  4.8 shows the out-of-plane displacement fields for all 

tested specimens at the area of interest (i.e. between the web stiffener and the member end) at 

the ultimate web bearing load, Fu. As expected, the maximum out-of-plane displacement 
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consistently arose at the critical member end with no significant out-of-plane displacement 

along the remainder of the member length. 

 

Fig.  4.7. Set-up of Digital Image Correlation (DIC) system. 
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Fig.  4.8. Out-of-plane displacement fields of tested specimens obtained at ultimate load using DIC. 

 

4.3 Numerical modelling 

Numerical models were developed using the finite element analysis software Abaqus (2014). 

Initially, the full load-deformation histories and failure modes obtained from the experiments 

were utilised to validate the numerical models and assess their sensitivity to various parameters. 

Then, parametric studies were carried out to cover a wider range of cases. 
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4.3.1 Modelling assumptions 

The S4R shell element type (ABAQUS, 2014) was again used to model the beam including the 

web stiffeners and the end plate, while the C3D8R solid element type (ABAQUS, 2014) was 

used to model the loading and bearing plates. An element size approximately equal to half of 

the web thickness of the considered I-sections was adopted for the entire model (i.e. loading 

and bearing plates, I-section, end plates and web stiffeners), on the basis of a preliminary mesh 

sensitivity study. The measured engineering stress-strain curves obtained using the original 

data from the tensile coupon tests (Gardner et al, 2016) were converted into the form of true 

stress and log plastic strain for input into Abaqus. The measured material engineering stress-

strain curves and the true stress-strain curves for the I 160x82x10x12 cross-section are shown 

in Fig. 3.22, whereas for the I 140x140x10x12 cross-secton, the stress-strain curves are shown 

in Fig.  4.9. 

 

Fig.  4.9. Engineering and true stress-strain curves for material from tested h160 (Gardner et al, 2016) 

and h140 specimens. 

 

Elastic material behaviour was assumed for the end plates and the loading plate with a Young’s 

modulus E of 210000 MPa and a Poisson’s ratio ν of 0.3. The bearing plate was simulated as a 

rigid block by constraining all its degrees of freedom to a reference point where the boundary 

conditions were applied. The boundary conditions were defined to replicate the test setup. A 

line, constrained to a reference point, was employed at the top of the loading plate to simulate 

the application of load through a roller. The transverse (U1) and vertical (U2) displacements 

were restrained at the non-critical support (i.e. at the left-hand end of Fig.  4.10). 
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Fig.  4.10. Boundary conditions adopted in EOF loading finite element models. 

 

For the bearing plate (i.e. at the right-hand support in Fig.  4.10), transverse (U1) and vertical 

(U2) displacements, as well as rotations about the vertical (UR2) and longitudinal (UR3) axes, 

were restrained. For the loading plate, transverse (U1) and longitudinal (U3) displacements, as 

well as rotations about the vertical (UR2) and longitudinal (UR3) axes were restrained. 

Longitudinal displacement was initially restrained (U3 = 0) at the left-hand support, but the 

restraint was removed (U3 free) once contact between the loading plate and the top flange of 

the I-beam, as well as between the bearing plate and the bottom flange of the I-beam, had been 

established. 

Surface-to-surface contact was defined between the loading and bearing plates (master 

surfaces) and the I-section flanges (slave surfaces) to simulate their interaction. A finite sliding 

procedure (ABAQUS, 2014) was adopted which allows arbitrary motion of both surfaces. A 

friction coefficient of 0.4 was used for the tangent contact properties while a “hard” contact 

relationship was adopted for the normal contact properties, which assumes that the contact 

pressure-overclosure relationship is dictated by the stiffness of each of the parts in contact with 

each other (ABAQUS, 2014). 

Residual stresses were not incorporated into the numerical models developed herein. Initial 

geometric imperfections were accounted for by adopting an imperfection pattern corresponding 

to the first buckling mode shape obtained from a linear eigenvalue buckling analysis, scaled to 

the measured amplitudes ω0 reported in Section 4.2.2 at the location shown in Fig.  4.3. A 

geometrically and materially non-linear analysis with imperfections (GMNIA) was then carried 

out using the general static solver (ABAQUS, 2014) with displacement control in order to 

obtain the full load-deformation responses of the specimens. 
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4.3.2 Validation 

The accuracy of the finite element models was evaluated by comparing the numerical ultimate 

(peak) load predictions, web shortening values at ultimate load, full load-web shortening 

responses and failure modes with those observed in the experiments. The numerical and 

experimental failure modes and the numerical and experimental load-web shortening responses 

were found to be in close agreement, as shown for the typical case of specimen EOF-h140-

b180-ss30-c0 in Figs. 4.11 and 4.12, respectively. The ratios of the ultimate load and 

corresponding web shortening values between the numerical models and the experiments 

(Fu,FE/Fu,Test and δu,FE/δu,Test, respectively) are shown in Table 4.3, considering imperfection 

amplitudes equal to (i) the measured values obtained as described in Section 4.2.2 and (ii) 1/500 

of the cross-section web thickness tw, as adopted by dos Santos et al (2018) for stainless steel 

I-section members under internal one-flange and internal two-flange loadings. Mean 

Fu,FE/Fu,Test values close to unity with a low coefficient of variation (COV) were obtained for 

the case of the measured imperfection amplitudes, while a similar mean value but with higher 

scatter was obtained when the imperfection amplitude of tw/500 was employed. The predictions 

of displacements at ultimate load were somewhat more scattered, as is typically the case in 

problems of this nature where the load-displacement curves exhibit a prolonged ‘flattered’ path 

in the region of the ultimate load (dos Santos et al, 2018; Zhao et al, 2016); nonetheless, 

satisfactory results were achieved with an imperfection amplitude of tw/500 and this value was 

therefore adopted in the parametric studies described in the following subsection.  

 

 

 

 

 

 

Fig.  4.11. Experimental and numerical failure modes of specimen EOF-h140-b180-ss30-c0. 
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Fig.  4.12. Experimental and numerical load-web shortening responses of specimen EOF-h140-b180-

ss30-c0. 

 

Table 4.3. Comparison of EOF loading test results with FE results for different imperfection 

amplitudes. 

Specimen 
Measured amplitude tw/500 

Fu,FE / Fu,Test δu,FE / δu,Test Fu,FE / Fu,Test δu,FE / δu,Test 

EOF-h140-b180-ss15-c0 0.95 1.79 0.81 1.66 

EOF-h140-b180-ss15-c10 0.94 1.23 0.85 0.91 

EOF-h140-b180-ss15-c20 1.03 0.75 1.07 0.65 

EOF-h140-b180-ss30-c0 1.00 0.89 0.92 0.52 

EOF-h140-b180-ss30-c10 0.95 0.80 0.89 0.49 

EOF-h160-b170-ss15-c0 0.96 1.40 1.06 1.29 

EOF-h160-b180-ss15-c0 1.02 1.22 1.18 1.30 

EOF-h160-b190-ss15-c0 0.99 1.45 1.17 1.69 

EOF-h160-b200-ss15-c0 1.00 1.63 1.05 1.40 

EOF-h160-b210-ss15-c0 1.03 1.46 1.13 1.39 

Mean 0.99 1.26 1.01 1.13 

COV 0.04 0.28 0.13 0.40 

 

4.3.3 Parametric studies 

Parametric studies were performed to investigate the influence of key parameters on the 

ultimate capacity of welded stainless steel I-sections under end-one-flange (EOF) loading. In 

these studies, the measured material properties of the I 140×140×10×12 specimen were 

adopted, together with an initial geometric imperfections in a form of the first buckling mode 

shape, with an amplitude of tw/500. All the modelled cross-sections had a flange width bf of 

100 mm, a flange thickness tf of either 15 mm or 20 mm, a web height hw of either 550 mm or 
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650 mm and a loading plate length s1 – see Fig.  4.10 – of either 100 mm or 300 mm. The 

distance between the web stiffener and the bearing plate b was set equal to 1.5 times the web 

height (i.e. either b = 780 mm or b = 975 mm). A member span L equal to twice the distance 

between the free member end and the mid-length of the loading plate was adopted, i.e.

12 ( 2)sL b s c s= × + + + . The web thickness tw, the bearing length ss and the distance between 

the bearing plate and the member end c were varied to cover a similar range of ratios of 

parameters as considered in previous studies on carbon steel members under end-one-flange 

loading conditions (Bamm et al, 1983; Elgaaly, 1991; Lagerqvist, 1995). The lateral 

displacement (U1) of the top flange at the member end was restrained in order to reproduce the 

conditions assumed in the current European design formulae (EN 1993-1-4, 2006). 

4.3.3.1 Influence of bearing length 

The influence of bearing length ss on the ultimate resistance of the modelled I-section members 

under EOF loading is shown in Fig.  4.13. On the horizontal axis, the bearing length ss is 

normalized by the web height hw. The ultimate load Fu is plotted on the vertical axis. Only 

models with the bearing plate positioned at the free member end (i.e. c = 0) were considered 

herein. For all web slenderness values, the ultimate load may be seen to increase almost linearly 

with increasing bearing length, due to the load being spread over a larger region of the web. 

 

Fig.  4.13. Influence of normalised bearing length ss/hw on the ultimate load of EOF loading models 

(with c = 0) for different web slenderness values hw/tw. 
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4.3.3.2 Influence of web slenderness 

The influence of web slenderness on the ultimate resistance of the modelled I-section members 

subjected to EOF loading for different bearing lengths is shown in Fig.  4.14. The web 

slenderness is plotted on the horizontal axis while the ultimate load Fu is plotted on the vertical 

axis at two different scales in (a) and (b). Again only models with the bearing plate positioned 

at the free member end (i.e. c = 0) were considered. The results show a reduction in ultimate 

load for increasing web slenderness; the rate of reduction is greater for lower web slenderness.  

  

(a) Vertical axis scale up to 800 kN (b) Vertical axis scale up to 400 kN 

Fig.  4.14. Influence of web slenderness hw/tw on the ultimate load of EOF loading models (with c = 0) 

for different bearing length to web height ss/hw ratios.  

 

4.3.3.3 Influence of the distance between the bearing plate and the member end 

The influence of the distance between the bearing plate and the free member end c on the 

ultimate resistance of the modelled I-section members under EOF loading is shown in Fig.  

4.15. The bearing length ss was kept constant at 15 mm. The ultimate load generally increases 

as the distance c increases due to the load being able to spread into the member to both sides 

of the bearing plate and hence over a larger region of the web.  
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Fig.  4.15. Influence of c/ss ratio on the ultimate load of EOF loading models with ss = 15 mm for 

different web slenderness values hw/tw. 

 

4.4 Assessment of existing design rules 

 

In this section, the methods set out in EN 1993-1-4 (2006) and AISC Design Guide 27  (2013) 

for the design of stainless steel members under concentrated transverse loading are assessed. 

The accuracy of the design provisions is evaluated by comparing the experimental (from both 

the present and existing studies) and numerical failure loads Fu with the failure loads predicted 

by the specification Fu,pred. A value of Fu/Fu,pred greater than unity indicates a safe-sided design 

prediction. Measured (or modelled) material and geometric properties were used in all the 

comparisons and all partial safety factors were set equal to unity. Note that only results where 

the critical design check was resistance to concentrated loading are shown in the comparisons 

presented in this section. The tests where the critical design check was not resistance to 

concentrated loading, but combined bending plus shear, are indicated with an asterisk in Table 

4.2; these specimens generally exhibited a higher degree of bending and shear deformations, 

as can be seen in Fig.  4.4. Hence, overall data from 10 end-one-flange loading tests, 6 from 

the current study (i.e. those where EOF loading failure was critical) and 4 from previous 

investigations (Sélen, 2000), were considered. 
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4.4.1 EN 1993-1-4 (EC3) 

EN 1993-1-4 (2006) adopts the carbon steel design rules described in EN 1993-1-5 (2006) for 

stainless steel members under end-one-flange loading. The design resistance to local failure 

under concentrated transverse loading FRd is determined using Eq. (4.1), where fyw is the web 

0.2% proof stress, tw is the web thickness and Leff is the effective length, which is given by the 

product of the effective loaded length ly from Eqs. (4.2)-(4.4) and the reduction factor χF. The 

method adopted for the determination of the effective loaded length ly is based on the original 

plastic mechanism proposed by Voss (1987) and further developed by Lagerqvist and 

Johansson (1996).  

Rd yw eff wF f L t= where eff F yL l=χ  (4.1) 

y ,1 ,2 ,3min( , , )y y yl l l l=  (4.2) 

( )y,1 s f 1 22 1= + + +l s t m m , 

2

e1
y,2 e f 2

f2

lm
l l t m

t

 
= + + + 

 
 and 

y,3 e f 1 2l l t m m= + +  

(4.3) 
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2

F w
e s

yw w2

k E t
l s c

f h
= ≤ +  (4.4) 

 

The reduction factor χF, determined from Eq. (4.5), is a function of the slenderness parameter

Fλ , which is equal to the square root of the ratio of the plastic load, given by Eq. (4.6), to the 

elastic buckling load Fcr of the member under concentrated force. The elastic buckling load Fcr 

is determined from Eq. (4.7) where kF is the buckling coefficient for EOF loading. 

 

F
F

0.5
1.0χ

λ
= ≤ where y

F

cr

F

F
λ =  (4.5) 

y y w ywF l t f=  (4.6) 



Chapter 4 – Concentrated end-one-flange loading 

101 

 

3
w

cr F

w

0.9
t

F k E
h

= where 

2

s
F

w

2 6 6
s c

k
h

 +
= + ≤ 

 
 (4.7) 

 

A quantitative evaluation of the accuracy of EN 1993-1-4 (i.e. EN 1993-1-5) for members 

under EOF loading (where resistance to concentrated loading was the critical design check) 

can be found in Table 4.5, which shows for all studied cases a mean value for Fu/Fu,EC3 of 1.59 

with a coefficient of variation (COV) of 0.24. The table also shows a general increasing trend 

of Fu/Fu,EC3 with reducing web slenderness values (e.g. the mean value of Fu/Fu,EC3 = 2.35 for 

hw/tw < 20 in comparison to Fu/Fu,EC3 = 1.32 for hw/tw ≥ 110).  

The overly-conservative results in the low hw/tw range, also observed in Fig.  4.17, can be 

attributed to the neglect of the pronounced strain hardening of stainless steel, which is more 

influential on the behaviour of the stockier webs. Fig.  4.16 shows a comparison between the 

test/FE results and the EC3 strength curve for concentrated transverse loading, i.e. the reduction 

factor χF, given by Eq. (4.5) versus the non-dimensional slenderness Fλ . The EOF tests on 

welded stainless steel I-sections of Sélen (2000) are also included in this figure. Conservatism 

in the current code provisions is visible over the full slenderness range, and is particularly 

pronounced for stocky cross-sections. 

 
Fig.  4.16. Comparison of normalised ultimate loads from EOF loading tests and FE simulations with 

EC3 design curve. 
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Fig.  4.17. Comparison of EOF loading test and FE results with European and North American design 

resistance predictions.  

 

4.4.2 AISC Design Guide 27 

AISC Design Guide 27 (2013) for the design of stainless steel hot-rolled and welded I-section 

members refers to the provisions for carbon steel members under concentrated transverse 

loading given in ANSI/AISC 360-16 (2016). The design resistance of members subjected to a 

single load at the free member end (i.e. end-one-flange loading) is obtained by the evaluation 

of two limit states: (i) web local yielding, and (ii) web local crippling, both of which are 

presented in Table 4.4.  
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Table 4.4. Design resistance functions for members under concentrated end-one-flange loading from 

AISC 360-16 (2016). 

Limit state Resistance 

Web local yielding 

AISC 360-16 (2016), 

J10.2 

If c + ss > h: FRd = fyw tw (5k + ss) 

If c + ss ≤ h: FRd = fyw tw (2.5k + ss)  

where k is the distance from outer face of the flange to the web fillet toe. 

Web local crippling 

AISC 360-16 (2016), 

J10.3 

If c ≥ h/2: 

1.5

yw f2 s w
Rd w

f w

0.80 1 3
E f ts t

F t
h t t

   
 = +   
    

 

If c < h/2:  

For ss/h ≤ 0.2: 

1.5

yw f2 s w
Rd w

f w

0.40 1 3
E f ts t

F t
h t t

   
 = +   
    

 

For ss/h > 0.2: 

1.5

yw f2 s w
Rd w

f w

4
0.40 1 0.2

E f ts t
F t

h t t

   
 = + −   
    

 

 

The design provisions are evaluated by comparing the experimental or numerical failure loads 

Fu with the design resistance Fu,AISC taken as the minimum of the values determined for the 

aforementioned limit states – see Table 4.4. Based on the full range of experimental and 

numerical data (where resistance to concentrated loading was the critical design check), a mean 

value of Fu/Fu,AISC of 1.86 with a coefficient of variation (COV) of 0.50 was obtained. As for 

EC3, higher ratios of Fu/Fu,AISC are observed for the stockier sections, as shown in Table 4.5 

and Fig.  4.17, ranging from a mean value of Fu/Fu,AISC = 2.84 for 20 ≤ hw/tw < 40 to Fu/Fu,AISC 

= 1.28 for 80 ≤ hw/tw < 110, and are again attributed to the neglect of strain hardening in the 

design calculations.  
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Table 4.5. Comparisons of EOF loading tests and FE results with the ultimate web bearing resistances 

predicted by EC3 and AISC 360-16. 

(a) All cases       

No. of tests: 10 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 90     

Mean   1.59 1.86 

COV   0.24 0.50 

(b) hw/tw < 20       

No. of tests: 6 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 0     

Mean   2.35 2.17 

COV   0.12 0.19 

(c) 20 ≤ hw/tw < 40       

No. of tests: 0 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 13     

Mean   1.99 2.84 

COV   0.24 0.27 

(d) 40 ≤ hw/tw < 50       

No. of tests: 1 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 13     

Mean   1.74 2.52 

COV   0.21 0.28 

(e) 50 ≤ hw/tw < 60       

No. of tests: 2 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 15     

Mean   1.40 2.23 

COV   0.17 0.34 

(f) 60 ≤ hw/tw < 80       

No. of tests: 1 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 15     

Mean   1.47 1.96 

COV   0.07 0.32 

(g) 80 ≤ hw/tw < 110       

No. of tests: 0 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 16     

Mean   1.50 1.28 

COV   0.12 0.30 

(h) 110 ≤ hw/tw < 245       

No. of tests: 0 Fu/Fu,EC3 Fu/Fu,AISC 

No. of FE simulations: 18     

Mean   1.32 0.63 

COV   0.05 0.26 
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The high degree of conservatism in the AISC Design Guide 27/ANSI/AISC 360-16 resistance 

predictions to local failure under other types of concentrated transverse loading has also been 

observed in previous research (dos Santos et al, 2018; Menkulasi et al, 2016). For very slender 

webs, lower ratios of Fu/Fu,AISC are observed (i.e. for 110 ≤ hw/tw < 245, the mean value of 

Fu/Fu,AISC = 0.63), signifying overpredictions of the ultimate resistance by the design resistance 

equations. This apparent shortcoming may relate to the fairly limited range of test data (Graham 

et al, 1959; Elgaaly and Salkar, 1991) upon which the design rules were developed (40 ≲ hw/tw 

≲ 60) and to the fact that the AISC web compression buckling checks apply only when a pair 

of exactly adjacent compressive concentrated forces exists. 

4.4.3 Discussion 

An evaluation of the current European and North American design provisions for stainless steel 

members under end-one-flange loading (EOF) has been presented in Sections 4.4.1 and 4.4.2, 

respectively. In the low web slenderness range, both sets of resistance functions resulted in 

conservative capacity predictions since no account is taken of strain hardening. In the high web 

slenderness range, the European design provisions remain conservative while the North 

American design provisions lead to overpredictions of resistance. Overall, there is clear scope 

for the development of improved design equations for the resistance of stainless steel members 

under end-one-flange loading over the entire slenderness range.  

4.5 Concluding remarks 

An experimental and numerical study of welded stainless steel I-beams under concentrated 

end-one-flange (EOF) loading has been presented in this chapter. A total of 10 experiments 

and 90 finite element simulations were carried out, covering a wide range of the key driving 

parameters in the structural response. Both the numerical and test results were used to evaluate 

the accuracy of the European and North American design provisions. The results showed that 

the existing design procedures are generally safe-sided but overly conservative for members 

with stocky webs due to the influence of strain hardening being omitted from the resistance 

functions. The findings of this study illustrate the need for the development of new design rules 

for stainless steel beams under concentrated end-one-flange loading, which is the focus of the 

next chapter. 
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5 Design recommendations for stainless steel 

members under concentrated transverse loading 

5.1 Introduction 

Chapters 3 and 4 have evidently shown through data from experimental and numerical analyses 

performed on austenitic stainless steel beams that the current EN 1993-1-4 (2006) design 

provisions are rather conservative. The primary aim of this chapter is to present improved rules 

for the design of stainless steel beams under concentrated transverse loading, suitable for 

inclusion in the next revision of EN 1993-1-4. Three stainless steel grades - austenitic, duplex 

and ferritic and three concentrated loading types are investigated herein: (i) internal one-flange 

(IOF) loading, referred to herein as Type (a) loading where failure occurs beneath a single 

concentrated load away from the beam end, (ii) Internal two-flange (ITF) loading, referred to 

herein as Type (b) loading where failure occurs between two concentrated loads applied at 

opposite flanges away from the beam end and (iii) End one-flange (EOF) loading, referred to 

herein as Type (c) loading where failure occurs beneath a concentrated load near the beam end, 

as shown in Table 2.1. After a review of existing design methods and experimental data, design 

provisions for each of the loading conditions and material grades are developed, and their 

reliability is assessed in accordance with Annex D of EN 1990 (2002). 

5.2 Review of existing design methods and experimental data 

In this section, existing design methods for determining the resistance of hot-rolled and welded 

steel and stainless steel members under concentrated transverse loading are reviewed. A 

summary of existing experimental data on hot-rolled and welded stainless steel sections under 

concentrated transverse loading is then presented. 
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5.2.1 ENV 1993-1-1 (1992) 

The prediction of the resistance of a hot-rolled or welded steel member to concentrated 

transverse loading in Eurocode 3 was first dictated by the critical of web crippling, web 

crushing and web buckling resistance formulae, as described in Section 2.2.2.1. Later on, these 

rules were reformulated leading to the current European design provisions in EN 1993-1-5. 

5.2.2 EN 1993-1-5 (2006) 

The current European design provisions for the resistance of carbon steel members to 

concentrated transverse loading are set out in EN 1993-1-5. Originally proposed by (Lagerqvist 

and Johansson, 1996), the design resistance to local failure under concentrated transverse 

loading FRd is presented as a function of the web yield strength fyw, the web thickness tw, an 

effective length Leff and the partial safety factor γM1, as shown in Eq. (5.1): 

yw eff w

Rd

M1

f L t
F


  (5.1) 

The effective length eff F yL l  is given by the product of the reduction factor 
F and the 

effective loaded length, denoted ly in general and ly,a, ly,b or ly,c for loading Type (a), Type (b) 

or Type (c) respectively, as given by Eqs. (5.2)-(5.5), where ss is the bearing length, tf is the 

flange thickness, bf is the flange width, fyf is the flange yield strength, hw is the web height and 

m2,a, m2,b and m2,c are the m2 factors for loading Types (a) and (b) and loading Type (c), 

respectively.  

 y,a y,b y,1 y,c y,1 y,2 y,3, min , ,l l l l l l l    (5.2) 
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 (5.5) 

The method adopted for the determination of the effective loaded length for Type (a) and Type 

(b) loading, ly,a and ly,b respectively, is based on the four-hinge plastic mechanism model 

proposed by Roberts and Rockey (1979), whereas the effective loaded length ly,c for Type (c) 

loading is based on different plastic mechanisms proposed by Voss (1987) and modified by 

Lagerqvist (1995).  

The reduction factor F , determined from Eq. (5.6) is a function of the slenderness parameter

F , which is equal to the square root of the ratio of the plastic load, given by Eq. (5.8), to the 

elastic buckling load Fcr of the member under concentrated force.  

F
F

0.5
1.0


   (5.6) 

y
F

cr

F

F
   (5.7) 

y y w ywF l t f  (5.8) 

The elastic buckling load Fcr is determined from Eq. (5.9) where E is the Young’s modulus, kF 

is the buckling coefficient dependent on the type of transverse loading, as given by Eq. (5.10), 

a is the distance between web stiffeners and c is the distance between the bearing load and the 

member end. The definitions of the parameters a and c are also illustrated in Table 2.1. 
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In the case of members subjected to concentrated transverse loading F plus bending moment 

M (i.e. Type (a) loading), the F-M interaction is considered through Eq. (5.11), where FEd is 

the applied concentrated transverse force, FRd is the design resistance to the concentrated 

transverse force given by Eq. (5.1), MEd is the applied bending moment and Mpl,Rd is the plastic 

bending moment resistance of the cross-section, regardless of its classification (compactness). 

Note though that the maximum attainable bending moment resistance MRd is still limited to the 

plastic, elastic or effective moment capacity for Class 1-2, Class 3 and Class 4 cross-sections, 

respectively.  

Ed Ed

Rd pl,Rd

0.8 1.4
F M

F M
   (5.11) 

Recent research (Davaine, 2005; Gozzi, 2007; Clarin, 2007; Chacón et al, 2010) has indicated 

that the design resistance model described above can be improved through adjustments to the 

formulae for the effective loaded length ly and the buckling reduction factor F . The new 

proposals (Chacón et al, 2012), which are due to be included in the next revision of EN 1993-

1-5, are described in the following section. 

5.2.3 Recent design proposals for carbon steel by Chacón et al (2012) 

Following a series of studies on the behaviour of carbon steel I-beams subjected to concentrated 

transverse loading (Davaine, 2005; Gozzi, 2007; Clarin, 2007; Chacón et al, 2010), two main 

modifications were proposed to the existing effective loaded length ly formulae, i.e. Eqs. (5.2)-

(5.5), to simplify and improve the prediction of ultimate load-carrying capacity: (i) removal of 

the m2 term for Type (a) and Type (b) loading cases (Davaine, 2005; Gozzi, 2007; Clarin, 2007) 

and (ii) removal of the yield strength ratio from the m1 term for all loading types (Chacón et al, 

2010), resulting in the replacement of Eq. (5.5) by Eq. (5.12). 
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 (5.12) 

A new expression for the buckling reduction factor χF was also proposed (Chacón et al, 2012) 

to replace the existing plate-like resistance function of Eqs. (5.6)-(5.10) by a column-like 

resistance function given by Eqs. (5.13)-(5.14), with imperfection factor αF0 = 0.75 and plateau 
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length F0  = 0.50. Note that the buckling reduction factor χF in Eq. (5.13) is to be equal to unity 

when F F0  . 

F F
2

FF F

1
but 1.0 

  
 

 
 (5.13) 

where  

 F F0 FF F0

1
1

2
        

 
 (5.14) 

 

5.2.4 EN 1993-1-4 (2006) 

For the design of stainless steel members under concentrated transverse loading, EN 1993-1-4 

(2015) simply refers back to the carbon steel design rules set out in EN 1993-1-5 (2006). 

Adoption of the carbon steel design rules, as described in Section 5.2.2, for the design of 

stainless steel members under concentrated transverse forces was originally proposed by Sélen 

(2000) following an investigation that included nine experiments (five under Type (a) loading 

and four under Type (c) loading) performed on welded I-sections made of austenitic stainless 

steel. However, more extensive recent research, presented in Sélen (2000) and in Chapters 3 

and 4,  has shown a high level of conservatism in the ultimate resistance predictions of 

austenitic stainless steel members under all three concentrated loading types. 

 

5.2.5 Review of existing experimental data 

A total of 43 experiments on austenitic stainless steel I-section beams under three types of 

concentrated loading – Type (a), Type (b) and Type (c) loading have been reported in previous 

studies (Sélen, 2000) and in Chapters 3 and 4; of these, 21 were performed under Type (a) 

loading, 8 under Type (b) loading and 14 under Type (c) loading. A summary of the key 

geometric and material properties, as well as the ultimate capacities from the tests, is shown in 

Table 5.1, where h is the overall height of the cross-section, L is the beam span, b is the free 

distance between the loading plate and the bearing plate in the Type (c) loading configuration, 

hw/tw is the ratio between the web height (where hw = h – 2tf) and the web thickness tw and 

Fu,test is the ultimate test load at the load application point for Type (a) and Type (b) loading or 

at the bearing support for Type (c) loading.  
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Table 5.1. Experimental database on stainless steel members subjected to concentrated transverse forces. 

Load type Reference Label 
Grade 

(EN) 

fy,f fy,w h tw bf tf ss L a b c 

hw/tw 
() 

Fu,Test 

(N/mm2) (N/mm2) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) 

Type (a), IOF Sélen (2000) Pli 4301:1 1.4301 285 297 262 4 119 12 40 888 998 – – 58 176 

    Pli 4301:2 1.4301 285 297 262 4 120 12 80 886 996 – – 58 196 

    Pli 4301:3 1.4301 285 297 340 4 121 12 40 1287 1397 – – 77 168 

    Pli 4301:4 1.4301 285 297 462 4 121 12 40 1513 1623 – – 107 169 

    Pli 4301:5 1.4301 285 297 425 9 120 12 40 1572 1682 – – 46 478 

  Chapter 3 IOF-H150-L150-SS60 1.4404 267 274 150 7 76 10 60 162 150 – – 19 424 

    IOF-H150-L200-SS60 1.4404 267 274 150 7 76 10 60 212 200 – – 19 393 

    IOF-H150-L300-SS60 1.4404 267 274 150 7 76 10 60 313 301 – – 19 369 

    IOF-H150-L400-SS60 1.4404 267 274 150 7 76 10 60 414 402 – – 19 342 

    IOF-H150-L450-SS60 1.4404 267 274 150 7 76 10 60 464 452 – – 19 340 

    IOF-H152-L150-SS30 1.4571 227 272 152 6 160 9 30 162 150 – – 22 340 

    IOF-H152-L300-SS30 1.4571 227 272 153 6 159 9 30 313 301 – – 22 322 

    IOF-H152-L450-SS30 1.4571 227 272 152 6 160 9 30 463 451 – – 22 301 

    IOF-H152-L600-SS30 1.4571 227 272 152 6 160 9 30 610 598 – – 22 297 

    IOF-H152-L750-SS30 1.4571 227 272 152 6 160 9 30 763 751 – – 22 275 

    IOF-H102-L300-SS5 1.4571 222 222 101 5 68 5 5 311 299 – – 19 127 

    IOF-H102-L300-SS7.5 1.4571 222 222 102 5 68 5 8 311 299 – – 18 132 

    IOF-H102-L300-SS10 1.4571 222 222 101 5 68 5 10 311 299 – – 18 122 
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    IOF-H102-L300-SS12.5 1.4571 222 222 101 5 68 5 13 310 298 – – 18 143 

    IOF-H102-L300-SS15 1.4571 222 222 102 5 68 5 15 310 298 – – 18 131 

    IOF-H102-L300-SS20 1.4571 222 222 101 5 68 5 20 311 299 – – 18 143 

Type (b), ITF Chapter 3 ITF-H102-L500-SS20 1.4571 222 222 101 5 68 5 20 524 512 – – 19 154 

    ITF-H102-L500-SS40 1.4571 222 222 102 5 68 5 40 522 510 – – 18 178 

    ITF-H102-L500-SS60 1.4571 222 222 101 5 68 5 60 524 512 – – 19 195 

    ITF-H102-L500-SS80 1.4571 222 222 101 5 68 5 80 524 512 – – 19 210 

    ITF-H102-L500-SS100 1.4571 222 222 102 5 68 5 100 524 512 – – 18 240 

    ITF-H160-L475-SS20 1.4307 286 264 160 10 82 12 20 501 489 – – 14 627 

    ITF-H160-L475-SS40 1.4307 286 264 160 10 82 12 40 500 488 – – 14 679 

    ITF-H160-L475-SS60 1.4307 286 264 160 10 83 12 60 500 488 – – 14 691 

Type (c), EOF Sélen (2000) Ple 4301:1 1.4301 285 297 262 4 119 12 20 1,000 – 280 0 58 81 

    Ple 4301:2 1.4301 285 297 265 4 120 12 40 997 – 260 0 59 102 

    Ple 4301:3 1.4301 285 297 341 4 119 12 60 1,402 – 419 0 77 111 

    Ple 4301:4 1.4301 285 245 424 9 121 12 20 1,666 – 610 0 45 258 

  Chapter 4 EOF-h140-b180-ss15-c0 1.4307 272 260 139 10 140 12 15 601 – 194 0 12 368 

    EOF-h140-b180-ss15-c10 1.4307 272 260 139 10 140 12 15 601 – 204 10 12 415() 

    EOF-h140-b180-ss15-c20 1.4307 272 260 139 10 140 12 15 602 – 214 20 12 419() 

    EOF-h140-b180-ss30-c0 1.4307 272 260 139 10 140 12 30 601 – 210 0 12 374() 

    EOF-h140-b180-ss30-c10 1.4307 272 260 139 10 140 12 30 601 – 217 10 12 490() 

    EOF-h160-b170-ss15-c0 1.4307 286 264 160 10 83 12 15 501 – 184 0 14 271 

    EOF-h160-b180-ss15-c0 1.4307 286 264 160 10 83 12 15 502 – 192 0 14 242 
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    EOF-h160-b190-ss15-c0 1.4307 286 264 160 10 83 12 15 501 – 206 0 14 244 

    EOF-h160-b200-ss15-c0 1.4307 286 264 160 10 83 12 15 501 – 211 0 14 270 

    EOF-h160-b210-ss15-c0 1.4307 286 264 160 10 83 12 15 501 – 221 0 14 252 

– Not applicable; () hw = h – 2  tf ; 
() Critical design check was combined bending and shear force. This result was not considered in the assessment of design curves for concentrated loading. 
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All tests were performed on austenitic stainless steel members with web slenderness (hw/tw) 

ranging from 18 to 107 for Type (a) loading, 14 to 19 for Type (b) loading and 12 to 77 for 

Type (c) loading. A numerical modelling program, described in Chapters 3 and 4, was therefore 

carried out to expand the structural performance database for austenitic stainless steel I-sections 

with a broader range of slenderness ratios. Further numerical results are presented in this 

chapter for the duplex and ferritic grades. 

5.3 Numerical modelling 

A numerical modelling programme was carried out to examine the behaviour of stainless steel 

I-section members of different slenderness ratios under Type (a) loading, Type (b) loading and 

Type (c) loading (see Table 2.1). The nonlinear finite element software Abaqus (2014) was 

adopted to carry out the numerical analyses. A comprehensive description of the finite element 

models and their validation against experimental results were presented in Chapters 3 and 4; 

hence, only a summary of key features of the modelling are presented in this section. While 

austenitic stainless steel I-sections under concentrated loading have been examined 

experimentally and numerically in previous research, equivalent studies have yet to be 

performed on the duplex and ferritic stainless steel grades. This is addressed in the numerical 

study presented in this section. 

5.3.1 Modelling assumptions and validation 

The S4R and the C3D8R Abaqus elements (ABAQUS, 2014) were used in the simulations as 

described in Section 3.3.1, with an appropriate element size chosen by a preliminary mesh 

sensitivity study. A typical FE model is shown in Fig 5.1. For the validation of the numerical 

models, the existing tests on austenitic stainless steel members summarised in Section 5.2.5 

were utilised, where the measured material stress-strain properties Gardner et al (2016) 

(converted into true stress-strains) were adopted. The material modelling approach adopted in 

the parametric studies on duplex and ferritic stainless steel sections is described in Section 

5.3.2. 
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Fig.  5.1. Finite element model and typical deformed shape under Type (c) loading for EOF-h140-b180-

ss30-c0 specimen. 

 

The boundary conditions of the developed FE models were defined to reflect the test setups 

and previous numerical validation studies described in Chapters 3 and 4, as shown in Fig. 3.23 

for Type (a) and Type (b) loading and Fig. 4.10 for Type (c) loading. The bearing and loading 

plates were simulated as rigid blocks. For the Type (a) loading model, the vertical (U2) and 

out-of-plane (U1) displacements, as well as the rotations about the vertical (UR2) and 

longitudinal (UR3) axes at the bottom of each end plate were restrained, as shown in Section 

3.23.  For the Type (b) loading model, the out-of-plane displacement (U1) was restrained at 

four end plate nodes, as also shown in Section 3.23. Both the Type (a) and Type (b) loading 

models had their longitudinal displacement (U3) restrained at the mid-length of the top flange 

to provide symmetry in the boundary conditions, similar to the tests. For the Type (c) loading 

model, the bearing plate (at the right-hand support) was restrained in the transverse (U1) and 

vertical (U2) directions, and rotations about the vertical (UR2) and longitudinal (UR3) axes 

were also prevented. The loading plate (at the top flange) had its transverse (U1) and 

longitudinal (U3) displacements, and its rotations about the vertical (UR2) and longitudinal 

(UR3) axes,  restrained. The longitudinal displacement was initially restrained (U3 = 0) at the 

Applied  

displacement 

Reaction Fu 

Reaction 
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left-hand support, but the restraint was removed (U3 free) once contact between the loading 

plate and the top flange of the I-beam, as well as between the bearing plate and the bottom 

flange of the I-beam, had been established. 

The contact interaction between the bearing plate and loading plates (master surfaces) and the 

I-section flanges (slave surfaces) was simulated using a finite sliding procedure (ABAQUS, 

2014). A friction coefficient of 0.4 was used for the tangential contact properties while a “hard” 

contact relationship was adopted for the normal contact properties, assuming that the contact 

pressure-overclosure relationship is dictated by the stiffness of each of the parts in contact with 

each other (ABAQUS, 2014).  

The accuracy of finite element models in predicting the ultimate load-carrying capacity of 

members under concentrated transverse forces was previously assessed in Sections 3.3.2 and 

4.3.2 by comparing numerical results with those obtained by tests. In these studies, it was found 

that stainless steel I-section members under concentrated transverse loading have very low 

sensitivity to residual stresses, which can hence be omitted from numerical models, and that an 

imperfection pattern corresponding to the first elastic buckling mode shape obtained from a 

linear eigenvalue analysis with an imperfection amplitude ω0 of 1/500 of the web thickness 

provided an accurate representation of test behaviour. A similar approach was therefore 

adopted herein. Geometrically and materially non-linear analyses with imperfections 

(GMNIA) were then carried out using the general static solver (ABAQUS, 2014) with 

displacement control. A detailed description of the validation of the finite element models of 

austenitic stainless steel I-sections subjected to Type (a) and Type (b) loading was presented 

in Section 3.3.2, while for Type (c) loading was examined in Section 4.3.2. A summary of the 

validation results for all three loading cases is shown in Table 5.2. The test results used for the 

FE model validation are also used in Section 5.4 for the assessment of design provisions. 
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Table 5.2. Summary of comparisons between test and FE results for imperfection amplitude of tw/500. 

Loading type No. of tests 
Fu,FE/Fu,test for ω = tw/500 

Mean COV 

Type (a), IOF, ref. Chapter 3  16 1.01 0.04 

Type (b), ITF, ref. Chapter 3  8 0.96 0.04 

Type (c), EOF, ref. Chapter 4 10 1.01 0.13 

 

5.3.2 Parametric studies 

For the austenitic stainless steel members, results from previously conducted parametric studies 

(see Sections 3.3.3 and 4.3.3) were used for all three investigated loading types. For the duplex 

and ferritic stainless steel members, the stress-strain behaviour was represented by the two-

stage Ramberg-Osgood (R-O) material model (Arrayago et al, 2015), as given by Eqs. (2.3) 

and (2.4). The standardised values for the key parameters of the material stress-strain curves 

recommended in (Afshan et al, 2019) were adopted for the duplex and ferritic grades, a 

summary of which is given in Table 5.3. 

 

Table 5.3. Material properties adopted for numerical studies. 

Material grade 
E fy fu u 

Ramberg-Osgood 

parameters 

(N/mm2) (N/mm2) (N/mm2) (%) n m 

Austenitic  
(see I 1026855 in Chapter 3) 

186800 222 580 50 3.1* 3.9* 

Duplex 
(see Afshan et al, 2019) 

200000 530 770 30 9.3 3.6 

Ferritic  
(see Afshan et al, 2019) 

200000 320 480 16 17.2 2.8 

* Average of measured material properties from tensile coupon tests adopted in validation and parametric 

studies.  

 

The engineering material stress-strain curves, obtained either from coupon tests or the 

Ramberg-Osgood model, were converted into true stress and log plastic strain. The adopted 

engineering stress-strain curves and the corresponding true stress-strain curves for the modelled 

austenitic, duplex and ferritic stainless steels are shown in Fig.  5.2. 
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All modelled cross-sections had a web height hw of 410 mm or 250 mm, flange width bf of 150 

mm, flange thickness tf of 20 mm and bearing length ss of 20 mm or 35 mm. For Type (a) 

loading, the member length (L) was also varied from 600 mm to 2100 mm to consider the 

effects of combined concentrated transverse force and bending moment. For Type (b) loading, 

the distance between web stiffeners a were kept constant at 600 mm and for Type (c) loading, 

the distance between the web stiffener and the bearing plate b was kept constant at 615 mm. 

For all loading and material types, the web thickness was varied to cover slendernesses values 

F from 0.30 to 3.00. 

 

 

Fig.  5.2. Engineering and true stress-strain curves for austenitic, duplex and ferritic stainless steel. 
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5.4 Assessment of existing design methods and new design proposal 

In this section the available test and numerical data are used to evaluate the accuracy of the 

design provisions in EN 1993-1-4 (2006), the design procedure proposed by Chacón et al 

(2012) and a new design proposal for stainless steel members under concentrated transverse 

loading. The accuracy of the design predictions is evaluated by comparing the numerical or test 

failure load (Fu) with the ultimate load predicted by the design procedure (FRd,pred) for 

austenitic, duplex and ferritic stainless steel members under three types of concentrated loading 

– Type (a), (b) and (c) loading. Four Type (c) tests, indicated by an  in Table 5.2, were not 

considered in the evaluation due to their critical design check relating to bending plus shear 

failure rather than failure under concentrated loading. To account for the combined bending 

moment and concentrated loading that arises under Type (a) loading, the design interaction 

curve given by Eq. (5.11) was used, where the test or numerical failure load Fu corresponds to 

the distance on the F-M interaction diagram from the origin to the test or numerical data point 

whereas the predicted design load Fu,pred corresponds to the distance on the interaction diagram 

from the origin to the intersection with the design curve, assuming proportional loading. Note 

that all partial safety factors were set equal to unity for comparison purposes. 

5.4.1 EN 1993-1-4 (2006) 

The existing test results summarised in Section 5.2.5, together with the parametric numerical 

data generated herein and in Chapters 3 and 4, were used to evaluate the current design 

provisions of EN 1993-1-4 (2006) for stainless steel members under concentrated transverse 

loading. The full set of data is shown in Fig. 5.3  in terms of the ultimate capacity Fu normalized 

by the EN 1993-1-4 predicted resistance Fu,EC3, grouped by stainless steel type in Fig. 5.3(a) 

and grouped by loading type in Fig. 5.3(b). A quantitative evaluation of the mean Fu/Fu,EC3 

value and the COV of all data points is presented in Table 5.4 by loading type and slenderness. 

All data points are located above the unity line in Fig. 5.3, showing that conservative results 

were obtained throughout the entire slenderness range for all three loading types. Average 

underpredictions of capacity of approximately 50% for Types (a) and (c) loading and 80% for 

Type (b) loading were obtained. The underpredictions of capacity are particularly evident in 

the stocky slenderness range ( F F0  ). The test and numerical data on stainless steel members 

under concentrated loading are also plotted in terms of the buckling reduction factor χF versus 

slenderness F  in Fig. 5.4. Note that data for members subjected to Type (a) loading with Mu 
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≥ 0.5 Mpl,Rd are not included in Fig. 5.4. The latter figure shows significant conservativism 

throughout the entire slenderness range, with clear scope for improvement.  

 

(a) 

  

(b) 

Fig.  5.3. Ratio of ultimate test or numerical resistance to EN 1993-1-4 predicted resistance versus 

slenderness (a) grouped by stainless steel type and (b) grouped by loading type. 
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Table 5.4. Summary of evaluation of current design procedure in EN 1993-1-4 (2005) for stainless steel 

members under concentrated transverse loading. 

Loading 

type 

Fu/Fu,EC3 

All cases F F0   F F0   

n Mean COV n Mean COV n Mean COV 

Type (a) 140 1.50 0.11 72 1.45 0.10 68 1.56 0.12 

Type (b) 83 1.79 0.13 23 1.76 0.13 60 1.81 0.11 

Type (c)  182 1.48 0.19 53 1.74 0.17 129 1.37 0.09 

 

 

Fig.  5.4. Comparison of test and numerical data with EN 1993-1-4 design resistance for stainless steel 

members under concentrated transverse loading. 

 

5.4.2 Chacón et al (2012) 

The design approach developed by Chacón et al (2012) for carbon steel members subjected to 

concentrated loading, including a new definition for the effective loaded length ly for Type (a) 

and Type (b) loading and new buckling curves, as described in Section 5.2.3, is assessed herein. 

The ratio between the test or numerical resistances Fu and the resistance predicted using the 
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F  in Fig.  5.5, where the data are grouped by stainless steel type in Fig.  5.5(a) and by loading 

type in Fig.  5.5(b). A value greater than unity indicates a safe-sided prediction. A quantitative 

evaluation of the mean and COV values for the Fu/Fu,Chacón ratio is presented in Table 5.5. The 

former shows a slight improvement, particularly for higher values of slenderness F , over EN 

1993-1-4, with Fu/Fu,Chacón mean values of 1.48, 1.74 and 1.46 for Types (a), (b) and (c) loading, 

respectively – see Table 5.4. However, there still remains considerable scope for improvements 

in the ultimate capacity predictions of stainless steel members subjected to concentrated 

loading, as presented in Section 5.4.3. 

 

(a) 

0

0.5

1

1.5

2

2.5

3

3.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0

F
u
/F

u
,C

h
ac

ó
n

Austenitic

Duplex

Ferritic

F



Chapter 5 – Design recommendations for stainless steel members under concentrated transverse loading 

123 

 

 

(b) 
Fig.  5.5. Ratio of ultimate test or numerical resistance to predicted resistance from Chacón et al’s 

proposal (2012) versus slenderness (a) grouped by stainless steel type and (b) grouped by loading type. 

 

 

Table 5.5. Summary of evaluation of Chacón et al (2012) design procedure applied to stainless steel 

members under concentrated transverse loading. 

Loading 

type 

Fu/Fu,Chacón 

All cases F F0   F F0   

n Mean COV n Mean COV n Mean COV 

Type (a) 140 1.45 0.12 72 1.41 0.13 68 1.49 0.07 

Type (b) 83 1.74 0.11 23 1.79 0.12 60 1.73 0.09 

Type (c)  182 1.40 0.23 53 1.75 0.24 129 1.25 0.10 
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5.4.3 New design rules for stainless steel 

The improved design rules proposed in this section for stainless steel are based on Chacón et 

al’s (2012) resistance function, which ensures compatibility of design approach between 

stainless steel and carbon steel members in the next revision of Eurocode 3, but with the F0  

and F0  parameters calibrated for stainless steel. The calibration is carried out based on data 

from the 39 test results and 369 numerical results reported in Sections 5.2.5 and 5.3, 

respectively. In the new design proposal, the buckling reduction factor F  is given by Eq. 

(5.13), with the parameter F  defined by Eq. (5.14) and slenderness F  given by Eq. (5.7). The 

critical buckling load crF  and the buckling coefficient Fk  for each loading type are given by 

Eq. (5.9) whereas the plastic collapse load yF  is given by Eq. (5.8). The effective loaded length 

ly is given by Eqs. (5.2)-(5.4), with values of m1 and m2 given by Eq. (5.12). Following analysis 

of the test and numerical data, new imperfection factor F0  and plateau length F0 values are 

proposed in Table 5.6 according to the loading type and stainless steel grade.  

Table 5.6. Values of F0  and F0 . 

Loading type 
Austenitic and Duplex Ferritic 

F0  F0  F0  F0  

Type (a) 

0.60 0.60 0.30 0.65 

Type (b) 

Type (c) 0.75 0.50 0.75 0.50 

 

 

The ratios between the test and numerical ultimate loads Fu and the proposed ultimate 

resistances u,propF  are plotted in Fig. 5.6 as a function of slenderness, with data grouped by 

stainless steel type in Fig. 5.6 (a) and by loading type in Fig. 5.6 (b). The mean and COV values 

of the Fu/Fu,prop ratios for the different loading types and material grades are shown Table 5.7. 

The new design proposals bring consistent improvements for Type (a) and Type (b) loading, 

and the same result for Type (c) loading.  

 



Chapter 5 – Design recommendations for stainless steel members under concentrated transverse loading 

125 

 

 

(a) 

 

(b) 
 

Fig.  5.6. Ratio of ultimate test or numerical resistance to resistance prediction from new design 

proposal versus slenderness (a) grouped by stainless steel type and (b) grouped by loading type. 
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Table 5.7. Summary of evaluation of proposed design method for stainless steel members under 

concentrated transverse loading. 

Loading type 

Fu/Fu,prop 

All cases F F0   F F0   

n Mean COV n Mean COV n Mean COV 

Type (a) 140 1.37 0.14 72 1.47 0.10 68 1.26 0.07 

Type (b) 83 1.54 0.15 23 1.77 0.14 60 1.46 0.09 

Type (c)  182 1.43 0.23 53 1.85 0.18 129 1.25 0.10 

 

A comparison of the EN 1993-1-4, Chacón et al (2012) and new proposed strength curves are 

presented in Fig. 5.7 to Fig.  5.9, where the data are presented in groups of the same proposed

F0  and F0  values: austenitic and duplex stainless steel members under Type (a) and Type 

(b) loading are shown in Fig 5.7; ferritic stainless steel members under Type (a) and Type (b) 

loading are shown in Fig.  5.8 and all stainless steel members under Type (c) loading are shown 

in Fig.  5.9. 

 
Fig.  5.7. Comparison of test and numerical data with proposed design resistance equations for 

austenitic and duplex stainless steel members under Type (a) and Type (b) concentrated loading. 
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Fig.  5.8. Comparison of test and numerical data with proposed design resistance equations for ferritic 

stainless steel members under Type (a) and Type (b) concentrated loading. 

 

Fig.  5.9. Comparison of test and numerical data with proposed design resistance equations for stainless 

steel members under Type (c) concentrated loading. 
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The members subjected to Type (a) loading with u pl,Rd0.5M M  have not been included in the 

comparisons presented thus far to allow the effect of concentrated transverse loading to be 

assessed in isolation. These data points are now assessed using the interaction curve given by 

Eq. (5.11), as presented in Fig.  5.10, where Fu and Mu are the ultimate load and moment 

respectively from the Type (a) loading tests and numerical models, Fu,prop is the ultimate load 

predicted using the proposals made in this section and Mpl,Rd is the plastic bending resistance 

of the cross-section, regardless of its classification. The design interaction curve may be seen 

to provide consistently safe-sided predictions with the proposed end-point for resistance to 

concentrated transverse loading Fu,prop. 

Overall, the proposed design rules are consistent with the new provisions for carbon steel 

sections subjected to concentrated transverse loading due to be incorporated into the next 

revision of EN 1993-1-5, feature new imperfection factors and plateau length values that reflect 

the particular characteristics of stainless steel and result in average enhancements in efficiency 

of about 10% for Type (a) loading and 20% for Type (b) loading. 

 

Fig.  5.10. Interaction curve adopted in EN 1993-1-4 for Type (a) loading together with numerical data. 
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5.4.4 Reliability analysis 

An assessment of the reliability of the proposed design equations for predicting the ultimate 

capacity of stainless steel members under concentrated transverse forces, as set out in Section 

5.4.3, was performed according to Annex D of EN 1990 (2002). Reliability analyses were 

carried out on the following 12 groups of data: one for each material grade, i.e. austenitic, 

duplex and ferritic, and for each loading type – i.e. Type (a) loading with Mu ≥ 0.5MRd 

(accounting for interaction between bending and concentrated loading), Type (a) loading with 

Mu < 0.5 MRd (no interaction between bending and concentrated loading), Type (b) loading and 

Type (c) loading. 

The procedure described in Annex D of EN 1990 requires that the assessed resistance function 

RdF  contains only independent variables. Eq. (5.1) is therefore rewritten in the form presented 

in Eq. (5.15) where tw and fyw are the independent (or basic) variables, k is a constant which 

does not depend on tw or fyw and the powers d and e are model parameters which should be 

determined for each specimen according to the approach described below.  

Rd w yw
d eF k t f  (5.15) 

Considering two beams with the same web thickness tw but different web yield strengths fyw,1 

and fyw,2, the ratio of their resistances to concentrated transverse loading is given by Eq. (5.16). 

w yw,2 yw,2Rd,2

Rd,1 yw,1w yw,1

F

F

ed e

d e

k t f f

fk t f

 
   

 
 

 (5.16) 

Hence, the power e may be calculated as follows: 

Rd,2

Rd,1

yw,2

yw,1

ln

ln

F

F
e

f

f

 
  
 


 
 
 
 

 (5.17) 

The power d is subsequently determined from Eq. (5.18) by considering two beams with 

different web thicknesses tw,1 and tw,2. 
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Owing to the complex form of the resistance function for members under concentrated 

transverse forces RdF , the variability of the basic variables tw and fyw for different slenderness 

values is given by Eq. (5.19), where  2
rt mg X  and  rtVAR g X    are the mean and variance of 

the resistance function  rtg X  given in Eq. (5.15), 
wt

  and 
ywf  are the standard deviations of 

the web thickness and the web yield strength respectively, w,mt and yw,mf  are the mean values 

of the web thickness and the web yield strength respectively and 
w

Vt  and 
yw

Vf are the 

coefficients of variation of the web thickness and the web yield strength, respectively. 
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 (5.19) 

Based on previous research into the mechanical and geometrical properties of stainless steel 

structural sections (Afshan et al , 2015), the variability of the web yield strength 
yw

Vf  was taken 

as 0.060, 0.030 and 0.045 for austenitic, duplex and ferritic stainless steel respectively, and the 

variability of the web thickness 
w

Vt was taken equal to 0.05. Over-strength factors for the 

material yield strength fy,mean/fy,min, where fy,mean is the mean yield strength and fy,min is the 

minimum specified yield strength, of 1.30, 1.10 and 1.20 for austenitic, duplex and ferritic 
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stainless steel respectively, were also adopted based on the recommendations of Afshan et al 

(2015). 

A summary of the key statistical parameters and the results of the reliability analyses are 

presented in Table 5.8 for each combination of material grade and loading type, where n is the 

number of test and FE results under consideration, b is the average ratio of test or FE ultimate 

capacity Fu to proposed ultimate design resistance Fu,prop, Vδ is the variation of the error in the 

prediction of ultimate load, VFEM is an artificial coefficient of variation relating to the use of 

numerical results and determined by considering the variation between the experimental and 

numerical results given in Table 5.2, Vr is the coefficient variation of the resistance function 

given by Eq. (5.20) and kd,n is the design fractile factor given in EN 1990 (2002). Note that kd,n 

was obtained based on the total number of tests and FE models in each of the twelve sub-sets 

analysed, in accordance with EN 1990 (2002). 

2 2 2
r rt FEMV V V V    (5.20) 

The required values for the partial safety factor γM1 are lower than 1.10, which is the partial 

safety factor adopted in EN 1993-1-4 for the design of stainless steel members under 

concentrated loading. Therefore the proposed design equations presented in Section 5.4.3 with 

partial safety factor M1 1.10   can be safely applied to the design of stainless steel members 

under concentrated transverse loading. 
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Table 5.8. Summary of reliability analysis results for design expressions for stainless steel members under concentrated transverse loading. 

Load type Material αF0 F0  n b fy,mean/fy,nom Vδ Vfyw Vtw Vrt VFEM kd,n γM1 

Type (a), Mu < 0.5Mpl Austenitic 0.60 0.60 15 1.252 1.30 0.095 0.060 0.050 0.089 0.040 3.44 1.08 

  Duplex 0.60 0.60 26 1.416 1.10 0.105 0.030 0.050 0.082 0.040 3.44 1.05 

  Ferritic 0.30 0.65 23 1.106 1.20 0.027 0.045 0.050 0.077 0.040 3.44 1.05 

Type (a), Mu ≥ 0.5Mpl Austenitic 0.60 0.60 19 1.697 1.30 0.191 0.060 0.050 0.062 0.040 3.44 0.96 

  Duplex 0.60 0.60 18 1.192 1.10 0.052 0.030 0.050 0.037 0.040 3.44 0.94 

  Ferritic 0.30 0.65 16 1.214 1.20 0.043 0.045 0.050 0.045 0.040 3.44 0.85 

Type (b) Austenitic 0.60 0.60 15 1.347 1.30 0.096 0.060 0.050 0.099 0.040 3.44 1.00 

  Duplex 0.60 0.60 24 1.642 1.10 0.096 0.030 0.050 0.091 0.040 3.44 0.88 

  Ferritic 0.30 0.65 21 1.334 1.20 0.082 0.045 0.050 0.087 0.040 3.44 0.98 

Type (c) Austenitic 0.75 0.50 61 1.281 1.30 0.100 0.060 0.050 0.099 0.130 3.44 0.97 

  Duplex 0.75 0.50 36 1.237 1.10 0.091 0.030 0.050 0.093 0.130 3.44 1.04 

  Ferritic 0.75 0.50 32 1.219 1.20 0.091 0.045 0.050 0.094 0.130 3.44 1.01 
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5.5 Concluding remarks 

The design of stainless steel members subjected to concentrated transverse loading has been 

investigated in this chapter. Firstly a review of existing design methods was presented and 

relevant experimental data from the literature were summarised. Additional data covering the 

three main families of stainless steel and three concentrated loading conditions were then 

generated by means of numerical parametric studies. In total, 39 test results and 366 numerical 

results were then used to assess the current design provisions in EN 1993-1-4 (2006), the design 

method of Chacón et al (2012) for carbon steel members and a proposed new design approach. 

The new design proposals are in line with the method of Chacón et al (2012), enabling 

consistency between the treatment of carbon steel and stainless steel in the next revision of 

Eurocode 3, reflect the particular characteristics of stainless steel and offer 10-20% 

improvements in capacity predictions over existing methods. The reliability of the proposed 

design expressions was demonstrated in accordance with EN 1990 (2002).  
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6 Numerical derivation of plastic collapse loads 

6.1 Introduction 

Structural design codes commonly employ design methods based on two key reference loads: 

(i) the plastic collapse load and (ii) the elastic buckling load, from which the element 

slenderness and hence the element resistance can be determined as an alternative to the design 

method present in Chapter 5, a design method based on these reference values is developed in 

Chapter 7. Both of these reference loads can be obtained either through simplified analytical 

expressions or numerical analyses. For structural elements under uniform loading and with 

regular geometry and boundary conditions, the former is suitable, while for those with complex 

non-uniform stress distributions, which may arise due to concentrated transverse loading, 

numerical analyses are necessary. 

For the prediction of the plastic collapse loads of structural elements through numerical 

methods such as the finite element method, Materially Nonlinear Analyses (MNA) based on 

small displacement theory using an elastic perfectly-plastic material model (i.e. a first-order 

elastic-plastic analysis without strain hardening) are typically adopted (Duarte and Silvestre, 

2013; Bock and Real, 2014). The plastic collapse loads are assumed to be the load values where 

the load-deformation curves obtained from MNA become flat, while the elastic critical loads 

are typically determined through Linear Bifurcation Analyses (LBA). The determination of 

elastic buckling loads through LBA is generally straightforward. However, in many cases, the 

determination of plastic collapse loads from MNA is not straightforward since (i) the load-

displacement paths obtained from MNA can continue to slowly rise and fail to become flat at 

the end of MNA or (ii) the analysis can terminate prematurely or (iii) the obtained load-

deformation paths can flatten out only after unrealistically large deformations have been 

reached, with the result that the corresponding load does not reflect the nature of a realistic 

plastic collapse mechanism. 
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In this chapter, different graphical techniques for the consistent determination of the plastic 

collapse loads of structural steel elements from MNA are investigated with an emphasis on 

elements under concentrated transverse loading. Finite element models of a large number of 

steel elements are created. Potential problems encountered in the determination of plastic 

collapse loads are analysed. A new graphical technique based on tangent stiffness degradation 

criteria, referred to as the tangent stiffness plot (TS Plot), is developed considering a large range 

of practical cases. Unlike the Modified Southwell Plot (MS Plot) and the Convergence 

Indicator Plot (CIP), the proposed TS Plot technique does not require a series of projections of 

the plastic collapse loads for the estimation of its value, leading to a more straightforward and 

rapid determination of plastic collapse loads from MNA. It is shown that the developed TS Plot 

is generally both more practical and more accurate than the aforementioned alternative 

graphical techniques. 

6.2 FE model and material stress-strain response 

Finite element (FE) models of a large range of steel elements subjected to different loading 

conditions were developed through the finite element analysis software ABAQUS (2014). 

Materially Nonlinear Analyses (MNA) based on small displacement theory were carried out 

on each of the models. In all the considered cases, a bi-linear elastic-perfectly plastic stress-

strain relationship was utilised with the Young's modulus E = 200 GPa and Poisson's ratio ν = 

0.3, neglecting strain hardening of the material. An elastic-perfectly plastic material model is 

invariably adopted in numerical MNA by analysts since the use of a rigid-plastic material 

model, as adopted in classical plastic theory, can lead to convergence problems when 

performing MNA using some finite element solution algorithms; this was also observed within 

the preliminary analyses performed at the onset of this study. Unless otherwise indicated, the 

yield stress was taken as fy = 400 MPa in all the considered cases. A four-node general purpose 

reduced integration shell element, referred to as S4R in ABAQUS (2014) element library, was 

adopted in all the numerical simulations. A fine mesh density was used in all the finite element 

models, with an element size of 5 mm unless otherwise indicated. In line with Doerich and 

Rotter (2011), the MNA were implemented through the modified Riks solver (Crisfield, 1981) 

without consideration of any geometrical nonlinearities. The generated FE results are used 

throughout the following sections for the assessment of existing and proposed graphical 

techniques for the determination of plastic collapse loads from numerical MNA. 
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6.3 Potential problems with the determination of plastic collapse loads 

from MNA 

In this section, the aforementioned problems with respect to the determination of plastic 

collapse loads from MNA are illustrated by considering the case of a steel plate subjected to 

transverse loading with a range of different loaded lengths. The geometry, boundary conditions 

and loading conditions of the analysed plate are shown in Fig.  6.1, where ss is the loaded 

length, b and h are the width and depth of the plate, tp is the plate thickness and δ0 is the 

imperfection value at the middle of the plate. 

 

Fig.  6.1. Transversely loaded steel plate with different loaded lengths ss. 

 

Taking b = 900 mm, h = 300 mm, tp = 4mm and δ0 = 0.01mm, different values were adopted 

for the loaded length ss. Curves of load P versus vertical displacement δv at the middle of the 

loaded length ss obtained through MNA are illustrated in Fig.  6.2. These plates, which are 

representative of many cases commonly encountered in structural engineering applications, are 

expected to undergo localised plasticity resulting from local plate bending, in contrast with 

perfect plates subjected to only membrane yielding. The load deformation curves for three 

loaded lengths (ss = 50 mm, 400 mm and 700 mm) are shown in Fig.  6.2. All, after a very high 

number of increments and excessively high deformations reach the load value of Ppl,full = 1440 

kN, which is the theoretical plastic collapse load of a perfect plate (i.e. δ0 = 0) that is fully 

loaded along the edges (i.e. ss = 900 mm).  
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Fig.  6.2. Load-deformation paths for steel plates with different loaded lengths ss. 

 

It should be noted though that for the shorter loaded lengths, the strains required in order to 

reach Ppl,full are beyond those compatible with the small strain/displacement assumption of an 

MNA. Also, in all the cases, the corresponding collapse mechanism feature yielding of 

excessive regions of the finite element models. Since (i) these types of mechanisms are not 

representative of the actual collapse mechanisms, (ii) the load-deformation paths of the plates 

with smaller loaded lengths still continue to rise with unrealistic values of deformations 

violating the small displacement/strain assumption of the MNA and (iii) reaching the upper-

bound plastic collapse load value of the fully-loaded perfect plate (i.e. Ppl, full = 1440 kN) 

regardless of the loaded length is nonsensical, a clear need for criteria to determine realistic 

estimates of plastic collapse loads from numerical analyses is highlighted. Similar observations 

were made by Holst et al (2005). Addressing this point is the focus of this chapter. An 

additional potential problem encountered is the determination of plastic collapse loads from 

MNA is the premature termination of the analyses due to their failure to satisfy necessary 

convergence criteria, furnishing ultimate load values that may be significantly lower than the 

anticipated result. The use of finer mesh densities and alternative numerical solution algorithms 

may resolve such problems (Cook, 2007; Bathe, 2006). However, in cases where the premature 

termination of the MNA cannot be resolved, extrapolation techniques utilising data obtained 

up to the point of termination are necessary. This study will also address the extrapolation of 

plastic collapse loads from prematurely terminating MNA. 
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6.4 Graphical techniques for estimation of plastic collapse loads from 

MNA 

6.4.1 Introduction 

In this section, existing graphical techniques from the literature used for the estimation of 

plastic collapse loads from MNA are first described. Then, the tangent stiffness plot proposed 

in this study is introduced. In the following sections, the application of these approaches to the 

determination of plastic collapse loads from MNA of different structural steel elements is 

illustrated. 

6.4.2 Existing techniques from the literature 

6.4.2.1 Southwell Plot 

Southwell (1932) observed that in the region where the applied load P approaches to the Euler 

critical load Pcr, the load-lateral deflection P – δ curve of an imperfect column can be 

approximated by a hyperbolic function that is asymptotic to the Euler critical load Pcr. To obtain 

an estimate of the Euler critical load Pcr from experimental data, Southwell proposed to plot 

the graph obtained by the division of the lateral deflection of the column at the mid-height δ by 

the applied load P (i.e. δ / P) against the lateral deflection δ, thereby transforming the 

hyperbolic part of the load-displacement curve into a linear form. Within the small 

displacement region, this relationship could be approximated by a straight line with a slope 

equal to the inverse of the critical load (i.e. 1/Pcr), hence providing an estimate of the elastic 

critical loads of steel elements Pcr. Since the load-displacement paths obtained from MNA also 

tend to exhibit a hyperbolic form at the final stages of the loading, approaching plateau values 

equal to their plastic collapse loads Ppl (see Fig.  6.3a), the graphical technique proposed by 

Southwell (1932) may also be used for the determination of plastic collapse loads from MNA 

as shown in Fig.  6.3b taking P as the applied load and δ as the displacement at the critical 

degree of freedom (DOF). The accuracy of this approach is determining the plastic collapse 

loads of steel elements through MNA will be assessed in this study. 
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(a) Load-displacement response 

 

(b) Southwell Plot 

 

(c) Modified Southwell (MS) Plot 

 

(d) Convergence Indicator Plot (CIP) 

Fig.  6.3. Load-displacement response of a structural element from MNA and alternative graphical 

techniques for the estimation of its plastic collapse load. 

 

6.4.2.2 Modified Southwell Plot (MS Plot) 

The Modified Southwell Plot (MS Plot), originally developed by Horne and Merchant (1965) 

to estimate elastic critical loads of structural elements, was utilised by Doerich and Rotter 

(2011) and Holst et al (2005) for the determination of the plastic collapse loads from MNA. In 

the MS Plot, (i) the applied load P is plotted against the ratio P/δ, where δ is the displacement 

at the degree of freedom (DOF) deemed to be critical, (ii) a series of regression lines are drawn 

using three consecutive values on the P – P/δ curve, (iii) the points where these regression lines 

intersect the vertical axis are taken as the projections of the plastic collapse load P and (iv) the 

lowest value of these projections PMS,i is taken as the plastic collapse load Ppl of the steel 

element. The procedure outlined above is illustrated in Fig.  6.3(c), and was used by Holst et 

al (2005) and Doerich and Rotter (2011) to determine the plastic collapse loads of steel plates 
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and shells. As can be seen from Fig.  6.3(c), the MS Plot has an initial vertical path, signifying 

the loading range within which the analysed element remains elastic; the slope then 

progressively decreases, manifesting the development and spread of plasticity. The MS Plot 

will be assessed in this paper for the estimation of the plastic collapse loads from MNA of 

elements under transverse loading. 

 

6.4.2.3 Convergence Indicator Plot (CIP) 

 

The Convergence Indicator Plot (CIP) was proposed by Doerich and Rotter (2011) for the 

determination of plastic collapse loads utilising the projections of collapse loads from the MS 

Plot. As shown in Fig.  6.3(d), in the CIP, the vertical axis represents the plastic collapse load 

projections obtained from the MS plot PMS,i for each increment using the final three consecutive 

data points, while the horizontal axis features the parameter ω which is equal to the difference 

between the plastic load projection of the MS Plot PMS,i and the total applied load Pi for each 

increment of the MNA, normalised by Pi (i.e. ω = (PMS - Pi) / Pi). When the projected plastic 

load from the MS plot PMS,i converges to the total applied load Pi at the end of an increment, ω 

converges to zero and the plastic collapse load Ppl is obtained. The parameter ω, therefore, 

provides an indication of the proximity of the total applied load at the end of each increment to 

the plastic collapse load value projected through the MS Plot. However, since in many cases 

the applied load Pi never reaches the plastic collapse load projection obtained from the MS Plot 

PMS,i (i.e. ω ≠ 0), (i) a series of linear regression lines based on the least-squares estimation 

must be drawn for each load increment using all the data points in the CIP obtained prior to 

that increment, (ii) the projections of these lines on the load axis PCIP,i should be considered as 

the extrapolations of the plastic collapse loads and (iii) the final projection of the plastic 

collapse load utilising all the data points in the CIP PCIP,final is taken as the plastic collapse load 

of the analysed steel element. 

 

Doerich and Rotter (2011) used the CIP for the prediction of the plastic collapse loads of steel 

elements, showing that the actual collapse loads can be accurately predicted provided small ω 

values can be achieved in the analyses. The high accuracy of the CIP relative to the MS Plot is 

also shown in these studies. Based on the URDFIL Fortran user subroutine (ABAQUS, 2014) 

that can be used in the MNA of steel elements performed through the finite element analysis 

software Abaqus, Sadowski et al. (2017) developed an automated procedure to identify the load 
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increments that are of use in the MS Plot for meaningful projections of plastic collapse loads. 

The procedure of Sadowski et al (2017) automatically identifies the data points of the MS Plot 

that have deviated significantly from the initial vertical path (i.e. using P/δ values only after 

their coefficient of variation becomes larger than 10%), obtains the plastic collapse load 

projections of the MS Plot using these data points, employs the MS Plot projections to plot the 

CIP and creates a series of regression lines for the projections of plastic collapse loads using 

the data points within the CIP. The procedure ends when the differences between the two 

adjacent normalised CIP plastic collapse load projections is less than 0.01%, i.e. (PCIP,i – PCIP,i-

1) / PCIP,i-1 = 0.01%, taking the last CIP plastic collapse load prediction as the plastic collapse 

load of the investigated element. 

 

6.4.2.4 Tangent Stiffness Plot (TS Plot) 

 

As described in the previous subsection, the estimation of the plastic collapse load of a steel 

element from MNA may require significant calculation effort when the existing graphical 

techniques are used. With the intention of establishing a graphical technique for more practical 

estimations of plastic collapse loads from MNA, a new approach, referred to as the Tangent 

Stiffness Plot (TS Plot), is proposed in this study.  The TS Plot considers the change of tangent 

stiffness of a structural element based on the slope of its load-deformation curve obtained 

through MNA.  Since the load-deformation curve is expected to be asymptotic to the plastic 

collapse load, a load corresponding to a specific level of erosion of the initial stiffness may be 

assumed to provide a suitable estimate of its value.  

 

For the application of the method, the TS Plot of the investigated structural element is 

constructed, featuring the tangent stiffness reduction factor τK on the vertical axis and the 

applied load P on the horizontal axis. The tangent stiffness reduction factors τK,i are determined 

by dividing the tangent stiffness for each increment Ki (the slope of the load-deformation curve) 

by the initial elastic stiffness Kini (the initial slope of the load-deformation curve), i.e. τK,i = 

Ki/Kini. Note that the tangent stiffness Ki value for an increment i is determined by dividing the 

change of the applied load ΔP by the change in the deformation Δδ at the critical DOF, as given 

by Eq. (6.1). 
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The initial elastic stiffness is determined by considering the load P and deformation δ values 

obtained from the initial increments of the MNA; typically the first two increments can be 

adopted to give: 
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(6.2) 

 

In this study, the load value at which the tangent stiffness Ki of the structural element (i.e. the 

slope of the load-deformation curve) drops to 1% of the initial elastic stiffness Kini (i.e. the 

initial slope) is assumed to be the plastic collapse load, i.e. the load value corresponding to the 

tangent stiffness reduction factor τK of 0.01 on the TS Plot is taken as the plastic collapse load. 

In the following sections, justification of the proposed value for the limit tangent stiffness 

reduction factor τK,lim = 0.01 is presented utilising plastic collapse loads for a range of steel 

elements determined either through closed-formed theoretical solutions or the described MS 

Plot and CIP techniques. 

 

Implementation of the TS Plot is displayed in Fig.  6.4, which shows that, unlike the MS Plot 

or CIP, the proposed TS Plot does not require any projections of plastic collapse loads, but 

simply requires the extraction of the load value corresponding to τK,lim = 0.01, thus offering a 

more practical means of estimating the collapse loads of steel elements.  

 

As can be seen from the figure, the TS Plot clearly illustrates the loading ranges where the 

element is still elastic (i.e. the elastic stage, where τK = 1.00), experiences significant spread of 

plasticity (i.e. the primary plastic stage), and finally undergoes a slower rate of spread of 

plasticity (i.e. the secondary plastic stage); the load value at which plasticity sets in can be 

clearly observed. The slope of the TS Plot in the primary plastic stage also provides valuable 

information with respect to the nature of the development of plasticity: (i) a steep slope 

represents the rapid development of plasticity which is usually encountered in elements 

undergoing membrane yielding, (ii) a lower slope indicates that the spread of plasticity is more 

gradual, which is usually encountered in members undergoing plasticity dominated by bending.   
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(a) Initial stiffness and tangent stiffnesses (b) Tangent stiffness plot (TS Plot) 

Fig.  6.4. Application of the proposed Tangent Stiffness Plot (TS Plot). 

 

The TS Plot technique proposed herein recognises that zero tangent stiffness of an element 

with the development of an actual mechanism is rarely achieved in MNA; thus, it adopts a limit 

value for the tangent stiffness relative to the initial elastic stiffness and assumes that the 

corresponding load is the plastic collapse load of the element. The rarity of the total loss of 

stiffness in the numerical analyses of structural elements is also observed in other studies, 

where the adoption of limit values for deformations, which are synonymous with the erosion 

of stiffness, or directly for tangent stiffnesses have been put forward to determine consistent 

and safe values of limit loads. For instance, similar to the proposal made in this study, Ziemian 

et al (1992) and Zhang and Rasmussen (2013) assumed that the limit load of a structural steel 

frame is equal to the load value at which the slope of the load-displacement path drops to 5% 

of the initial slope. On the other hand, the ultimate bearing resistance of a connection was 

proposed by Perry (1981) to be taken as the applied load corresponding to the deformation 

value equal to 6.35 mm. For the determination of the ultimate resistance of connections used 

in tubular steel members, Lu et al (1994) took the collapse load to be the point at which the 

displacement reached at limit value of 3% of the cross-section depth.      
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6.5 Evaluation of graphical techniques 

The graphical techniques described in the previous section and the proposed TS Plot are 

evaluated for a range of structural steel elements in this section. Initially, a number of structural 

steel elements having theoretical solutions available for the determination of their plastic 

collapse loads are considered. Following this, the investigated graphical techniques are applied 

to a large number of transversally loaded plates, cold-formed beams and hot-rolled beams. In 

all the considered cases, the benefits and drawbacks of the alternative approaches are 

illustrated. 

6.5.1 Cases with theoretical solutions for plastic collapse loads 

A range of structural steel elements whose plastic collapse loads are available through 

theoretical solutions is investigated herein. These theoretical collapse loads are utilised to 

assess the accuracy of the alternative graphical approaches. The investigated elements with 

their closed form expressions for the theoretical plastic collapse loads are provided in Table 

6.1, where Ppl,th is the theoretical collapse loads of the investigated elements, A is the cross-

sectional area of the investigated column and My,pl is the major axis plastic bending moment 

resistance of the investigated beams. As can be seen from the table, a fully loaded flat plate 

with an imperfection of δ0 (i.e. FLPδ0), fully loaded plates with curved corners having internal 

radius ri of 5 mm (FLPr5), 10 mm (FLPr10), 20 mm (FLPr20), 40 mm (FLPr40) and 50 mm 

(FLPr50), a simply-supported column (SSC), a simply-supported beam under a point load at 

the mid-span (SSB-PL), a clamped beam under a point load at the mid-span (CB-PL), a 

clamped beam under a uniformly distributed load (CB-UDL) and a shell subjected to ring (S-

RL) loading are investigated. The derivation of the theoretical collapse load of a perfect steel 

plate with curved corners is provided in dos Santos et al. (2017) and that of a ring-loaded shell 

can be found in Sawczuk and Hodge (2017). It is important to note that the theoretical plastic 

collapse loads determined analytically through the closed form solutions provided in Table 1 

require a number of assumptions to be made during their derivation. Therefore, although they 

cannot necessarily be regarded as the ‘true’ plastic collapse loads, they can be regarded as 

reference values suitable for assessing the consistency and accuracy of the alternative graphical 

approaches; a similar procedure was followed in Holst et al (2005) and Doerich and Rotter 

(2011). 
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Table 6.1. Investigated steel elements with theoretical collapse loads. 

Investigated element Ppl,th Investigated element Ppl,th 

FLPδ0 

 

yf bt  

FLPr 

 

 2 2
y i i3 3f L r r t    

SSC 

 

yfA  

S-RL 

 

y1.949 /f t t r  

SSB-PL 

 

y,pl4M

L
 

CB-PL 

 

y,pl8M

L
 

CB-UDL 

 

y,pl16M

L
  

 

A comparison of the predicted plastic collapse load values determined through the MS Plot, 

CIP and the proposed TS Plot with different limit tangent stiffness reduction factors τK,lim with 

the theoretical values given in Table 6.1 is provided in Table 6.2. The ultimate load values 

observed at the end of the MNA are also compared. In the table, the predicted loads are 

normalised by the theoretical collapse loads of the elements, where a value larger than 1.00 is 

indicative of a plastic collapse load estimation greater than the analytically determined 

theoretical plastic collapse load by the considered graphical technique. Table 6.2 shows that 
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both the MS Plot and CIP provide plastic collapse loads close to the theoretical plastic collapse 

load values. The TS Plot adopting different limit tangent stiffness reduction factors τK,lim 

ranging between 0.01 and 0.05 also results in estimations close to the theoretical plastic 

collapse loads. However, among all the adopted τK,lim values, τK,lim  = 0.01 leads to the values 

closest to the analytically determined theoretical plastic collapse loads. Both the CIP and MS 

Plot require a number of projections for the determination of the plastic collapse loads, whereas 

the proposed TS Plot leads to values consistently closer to the theoretical plastic collapse loads 

without the need for any projection but simply requiring the extraction of the load values 

corresponding to τK,lim =0.01. Ultimate load values obtained at the end of MNA are also 

provided in Table 6.2, showing that in the cases where the plasticity is dominated by membrane 

yielding, the loads achieved at the end of MNA are close to the analytically determined 

theoretical values. However, for elements experiencing plasticity resulting from extensive 

localised bending (i.e. SSB-PL, CB-PL, CB-UDL), the ultimate loads achieved at the end of 

the MNA can be far in excess of the theoretical plastic collapse loads, showing that caution is 

necessary in the assessment of the estimations obtained from the MNA instead of simply taking 

the load value at the end of the analyses. It is worth noting that in the MNA of the SSB-PL, 

CB-PL and CB-UDL cases, excessively high strains were generated, well beyond those 

compatible with the small strain assumption of the MNA, leading to stretching of the shell 

finite elements and an increase in the size of the cross-section; this resulted in spurious load 

values significantly higher than the theoretical plastic collapse loads. 

 

Observing the increased proximity of the plastic collapse load estimations to the theoretical 

loads with the adoption of lower values for τK,lim, a limit value for the tangent stiffness reduction 

factor even smaller than 0.01 could be considered. This is investigated in Fig.  6.5, where the 

mean, maximum and minimum values of the ratios of the plastic collapse loads estimated by 

the TS Plot to those determined from the theoretical formulae are provided for different limit 

values of the tangent stiffness reduction factor τK,lim. As can be seen from Fig.  6.5, for τK,lim 

values smaller than 0.01, the TS Plot starts to provide estimations greater than the theoretical 

plastic collapse loads of steel elements with increasing plastic collapse load estimations for 

lower values of τK,lim. It is therefore concluded that the adoption of τK,lim = 0.01 as the limit 

stiffness reduction factor in the TS Plots is most suitable, resulting in the load estimations 

closest to the analytically determined theoretical values and without any load estimation 

significantly higher than the theoretical values. 
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Table 6.2. Comparison of the ratios of plastic collapse loads calculated through different approaches 

to those determined through theoretical formulae. 

Element 

Predicted plastic collapse load / Theoretical collapse load 

MNA MS P. CIP TS P 1% TS P 2% TS P 3% TS P 4% TS P 5% 

FLPδ0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

FLPr5 1.00 0.99 0.95 0.98 0.98 0.98 0.98 0.98 

FLPr10 1.01 0.99 0.99 0.99 0.99 0.98 0.98 0.98 

FLPr20 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 

FLPr40 0.98 0.98 0.98 0.98 0.97 0.97 0.97 0.97 

FLPr50 0.98 0.98 0.98 0.97 0.97 0.97 0.97 0.97 

SSC 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

SSB-PL 2.23 1.06 1.04 1.03 1.03 1.03 1.03 1.03 

CB-PL 2.26 1.07 1.02 1.03 0.99 0.98 0.97 0.96 

CB-UDL 2.87 1.04 0.91 1.01 1.01 1.00 1.00 1.00 

S-RL 1.09 1.02 1.02 0.99 0.98 0.97 0.96 0.96 

Mean 1.40 1.01 0.99 1.00 0.99 0.99 0.99 0.98 

COV 0.474 0.029 0.034 0.019 0.017 0.017 0.019 0.020 

Max 2.87 1.07 1.04 1.03 1.03 1.03 1.03 1.03 

Min 0.98 0.98 0.91 0.97 0.97 0.97 0.96 0.96 
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Fig.  6.5. Ratios of the plastic collapse loads determined through the TS Plot to theoretical plastic 

collapse loads for different tangent stiffness reduction factor limits. 

 

6.5.2 Comparison of graphical solutions 

With the exception of a few cases having simple geometry and boundary conditions, theoretical 

plastic collapse loads are not available for the great majority of structural steel elements. Thus, 

numerical solutions through MNA are typically sought. In this subsection, MNA of a large 

number of structural steel elements under transverse loading are carried out. The plastic 

collapse loads of these elements determined through the MS Plot, CIP and TS Plot are 

compared.  

6.5.2.1 Imperfect flat plate subjected to transverse loading 

Prior to the analysis of a large number of steel elements, different graphical techniques used to 

estimate plastic collapse loads from MNA are investigated for the previously presented 

imperfect flat plate shown in Fig.  6.1, considering a loaded length of ss = 400 mm. 
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(a) δv ≤ 6 mm (b) δv ≤ 100 mm 

Fig.  6.6. Determination of the plastic collapse load of an imperfect flat plate through the Southwell 

plot. 

 

In Fig.  6.6(a), the Southwell Plot was constructed for δv values up to 6 mm, while Fig.  6.6(b) 

illustrates the Southwell Plot of the plate for δv values up to 100 mm. Comparing the plastic 

collapse loads estimated in Fig.  6.6(a) and (b), which are 666.67 kN and 769.23 kN 

respectively, it is seen that the Southwell Plot provides significantly different values of plastic 

collapse loads for different values of considered deformations. Based on this observation, it 

suffices to state that the Southwell Plot may not be classified as a consistent technique for the 

determination of the plastic collapse loads of steel elements from MNA, and hence will not be 

further investigated in the remaining part of this paper.     

The MS Plot of the plate is also constructed in Fig.  6.7. As can be seen from the figure, the 

load-deformation curve of the plate shown in Fig.  6.7 (a) is transformed into a path composed 

of largely linear segments in the MS Plot shown in Fig.  6.7 (b), featuring a prominent plateau 

signifying the rapid development of extensive plasticity fields with the significant loss of 

stiffness. 
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(a) Load-deformation curve (b) MS Plot 

Fig.  6.7. Determination of the plastic collapse load of an imperfect flat plate through the MS Plot. 

 

Following the plateau, the MS Plot exhibits a nearly vertical path, which results from the very 

slowly decreasing slope of the load-displacement curve after the occurrence of extensive 

plasticity. Since the lowest projection of the plastic collapse load obtained using three data 

points within the plateau is assumed as the plastic collapse load of an element, which is equal 

to 671.32 kN, the second vertical path is not of use in the MS Plot, illustrating that the MS Plot 

assumes that the plastic collapse load is achieved once a significant loss of stiffness occurs in 

line with the TS Plot. Fig.  6.7(a) shows the unrealistic levels of deformation that can be 

achieved through MNA, even exceeding the deformation required to cause overlapping of the 

plates, and the corresponding unrealistic load values associated with these deformations. 

Similarly unrealistic deformations and load values have been encountered in a number of other 

cases, some of which are shown in Fig.  6.12(a) and Fig.  6.15(a). 

 

Utilising the projections of plastic collapse loads from the MS Plot, the CIP of the investigated 

plate is created in Fig.  6.8. For the estimation of the plastic collapse load from the CIP, two 

different approaches were adopted: (i) taking the intercept of the regression line generated 

using the last three data points before the increment at which the plastic collapse projection 

obtained from the MS Plot PMS,i becomes greater than that of the preceding increment PMS,i-1  

or (ii) taking the intercept of the regression line generated employing all the data points after 

the COV of the P – δ data within the MS Plot becomes larger than 10% (P – δ)COV > 10 and 

before the plastic collapse load projection from the MS Plot becomes larger than that of the 
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preceding increment.  As can be seen from Fig.  6.8, both approaches lead to virtually the same 

estimations of the plastic collapse loads equal to 666.90 kN and 668.85 kN respectively, which 

are also very close to that obtained through the MS Plot. Note that in Doerich and Rotter (2011) 

and Sadowski et al (2017), the plastic collapse load projections from the MS Plot always 

exhibited a decreasing trend. Thus, unless otherwise stated, the former approach utilising the 

last three data points before PMS,i > PMS,i-1 to generate regression lines is adopted in this study 

owing to its observed higher accuracy relative to the latter approach. In accordance with the 

MS Plot, the CIP also has a second path with increasing ω and PMS values. Using all the data 

points after (P – δ)COV > 10  including the second path, the plastic collapse load was incorrectly 

estimated as 629.18 kN, illustrating the necessity for the consideration of only the decreasing 

PMS data within the CIP. 

    

 

Fig.  6.8. Determination of the plastic collapse load of an imperfect flat plate through the CIP. 

 

 

The TS Plot of the investigated plate is shown in Fig.  6.9, where it is seen that the plate is 

elastic up to the applied load P value of 320 kN, and then experiences the spread of plasticity 

and thus loss of stiffness. The primary plastic stage occurs between P values of 320 kN and 

660 kN, followed by the secondary plastic stage whose path is almost a horizontal line 

signifying the development of extensive plasticity fields with unrealistic deformations. It is 

very difficult to distinguish the loading range where the investigated element experiences the 

rapid spread of plasticity from the load-deformation curve shown in Fig.  6.7(a), whereas it 
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may be very clearly observed in the TS Plot. The TS Plot estimates the plastic collapse load of 

the plate as PTS = 660.63 kN, which is very close to (with 1–2%) the values predicted by the 

MS Plot and CIP.  

 

 

Fig.  6.9. Determination of the plastic collapse load of an imperfect flat plate through the TS Plot. 

 

6.5.2.2 Steel plates, cold-formed C sections and hot-rolled I-sections under transverse 

loading 

In this subsection, the MS Plot, CIP and the proposed TS Plot are applied to a large number of 

structural steel elements subjected to transverse loading. The considered elements are steel 

plates, cold-formed C sections and hot-rolled I-sections with different loading conditions and 

geometries.  

 

6.5.2.2.1 Steel plates 

 

The geometrical properties, and loading and boundary conditions of the considered plates are 

provided in Table 6.3, where N is the number of plates in each category. As can be seen from 

the table, fully loaded flat plates (FLP) with different imperfection values δ0, partially loaded 

flat plates (PLP) with different loaded lengths ss, fully loaded perfect plates having curved 

corners (FLPC) with different corner radius ri and partially loaded perfect plates having curved 

corners (PLPC) with different values of loaded lengths ss and corner radius ri are analysed.  
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The comparison of the plastic collapse load estimations obtained from the TS Plot PTS against 

those estimated through the MS Plot PMS and CIP PCIP is illustrated in Fig.  6.10 for all the 

considered plates, where rp,av, rp,COV, rp,max and rp,min are the average, coefficient of variation, 

maximum and minimum of the ratios of the plastic collapse load estimations made by the TS 

Plot to those made by MS Plot and CIP respectively. In Fig.  6.10, PLPCr5 and PLPCr20 stand 

for partially loaded plates with curved corners having corner radii of 5 mm and 20 mm 

respectively, whereas FLPCcr5-20 indicates fully loaded plates with corner radii ranging 

between 5 mm and 50 mm.  As can be seen from the figure, the TS Plot leads to results very 

similar to those obtained through the MS Plot and CIP with rp,av values very close to 1.00 and 

very small rp,COV values, illustrating that the proposed approach provides plastic collapse load 

estimations for plates that are consistent with those obtained through the MS Plot and CIP. 
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Table 6.3. Investigated steel plates. 

Label Properties of plate N Considered parameters 

FLP 

 

39 

δ0 = 0.05 mm 

δ0 = 0.15 to 1.6 mm with  

Δδ0 = 0.05 mm 

δ0 = 1.6 to 2 mm with Δδ0 = 0.1 mm 

δ0 = 2 to 4 mm with Δδ0 = 0.5 mm 

 

PLP 

 

8 

ss = 880 mm & δ0 = 0.01 mm 

ss = 800 mm & δ0 = 0.01 mm 

ss = 100 to 600 mm with Δss = 100 

mm 

& δ0 = 0.01 mm 

FLPC 

 

5 

r = 5 mm 

r = 10 to 20 mm with Δr = 10 mm 

r = 40 to 50 mm with Δr = 10 mm 

 

PLPC 

 

20 

r = 5 mm & ss = 880 mm 

r = 5 mm with ss = 100 mm to 800 mm 

with  

Δss = 10 mm 

r = 5 mm with ss = 50 mm 

r = 20 mm with ss = 880 mm 

r = 20 mm & ss = 100 mm to 800 mm 

with Δss = 100 mm 

r = 20 mm with ss = 50 mm 
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(a) MS Plot (b) CIP 

Fig.  6.10. Ratios of plastic collapse loads estimated through the proposed TS Plot approach to those 

estimated through the MS Plot and CIP for a series of transversely-loaded steel plates. 

 

6.5.2.2.2 Cold-formed C sections 

 

The accuracy of the proposed TS Plot was also investigated against the MS Plot and CIP for 

cold-formed unlipped channels taken from Young and Hancock (2003), on which a series of 

physical experiments were performed to investigate their web-crippling strengths. The 

properties of the investigated cold-formed sections are provided in Table 6.4, where U and UR 

are the displacement and rotation degree-of-freedom respectively. The same labelling system 

as used by Young and Hancock (2003) is adopted herein, with IOF and EOF standing for 

interior- and end-one-flange loading, and ITF and ETF standing for interior- and end-two-

flange-loading, respectively. An interesting discussion of plastic collapse loads for different 

collapse mechanisms under IOF and EOF loading conditions and their influence on the design 

rules is provided in Heurkens et al (2018). The specimens considered in this paper are provided 

in Table 6.5, where the first three letters indicate the type of loading, the following number 

indicates the depth of the section, and the following letter N and number indicate the loaded 

length ss.  

 

 



Chapter 6 – Numerical derivation of plastic collapse loads 

 

156 

 

 

Table 6.4. Investigated cold-formed C sections. 

Label Properties of C-section N Considered parameters 

IOF 

 

8 

d = 75 mm & ss = 20 to 40 mm Δss = 

20 mm 

d = 100 mm & ss = 25 to 50 mm Δss = 

25 mm 

d = 125 mm & ss = 65 mm  

d = 200 mm & ss = 75 mm 

d = 250 mm & ss = 90 mm 

ITF 

 

3 

ss = 880 mm & δ0 = 0.01 mm 

ss = 800 mm & δ0 = 0.01 mm 

ss = 100 to 600 mm with Δss = 100 

mm 

& δ0 = 0.01 mm 

EOF 

 

3 

r = 5 mm 

r = 10 to 20 mm with Δr = 10 mm 

r = 40 to 50 mm with Δr = 10 mm 

 

ETF 

 

3 

r = 5 mm & ss = 880 mm 

r = 5 mm with ss = 100 mm to 800 mm 

with  

Δss = 10 mm 

r = 5 mm with ss = 50 mm 

r = 20 mm with ss = 880 mm 

r = 20 mm & ss = 100 mm to 800 mm 

with Δss = 100 mm 

r = 20 mm with ss = 50 mm 
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Table 6.5. Investigated cold-formed C section specimens. 

Loading Specimen 

IOF IOF75N20, IOF75N40, IOF80N40, IOF100N25, IOF100N50, IOF125N65, IOF200N75, 

IOF250N90 

EOF EOF125N32, EOF200N37, EPF250N45 

ITF ITF80N40, ITF100N50, ITF125N32 

ETF ETF80N40, ETF150N75, ETF200N75 

 

The exact properties of the each specimen, reported by Young and Hancock (2003), are 

included in the finite element models created in this study, which are shown in Fig.  6.11. For 

the application of the loads, bearing blocks modelled using eight-node linear hexahedral solid 

elements C3D8 were utilised. The loading P was applied to the bearing blocks. To enable the 

transfer of the loading to the cold-formed sections, surface-to-surface contact with a friction 

coefficient of 0.4 and a contact stiffness of 4000 N/mm per unit area were employed between 

the faces of the bearing blocks and the flanges and corners of the cold-formed sections. 

Nonlinearities arising in structural steel elements can be categorised into three groups: (i) 

material nonlinearities, (ii) geometric nonlinearities and (iii) boundary nonlinearities whose 

common source is contact problems. Abaqus (2014) enables the consideration of surface-to-

surface contact (i.e. boundary nonlinearities) in geometrically linear, materially nonlinear 

analyses (MNA) through a finite-sliding tracking approach where the load transfer paths 

between the surfaces and the contact direction are updated at each increment; this approach is 

adopted in the MNA performed herein where the loads are applied through bearing blocks. 

 

 
 

(a) IOF (b) ITF 
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(c) EOF (d) ETF 

Fig.  6.11. Finite element models of the investigated cold-formed I-sections under different transverse 

loading conditions. 

 

The load-displacement path obtained through the MNA of specimen IOF100N50 is illustrated 

in Fig.  6.12(a), where δv is the vertical displacement of the bearing plate. Fig.  6.12(a) shows 

that the load-displacement path of the cold-formed section is different than those obtained for 

the plates since it exhibits a series of kinks indicating the development of consecutive plasticity 

fields. The MS Plot of the specimen is illustrated in Fig.  6.12(b), showing that its initial path 

is not vertical during the initial loading stage, which is ascribed to the transfer of the applied 

load through the contact. Following the initial loading stage, the MS Plot exhibits its first 

plateau with a decreasing slope, signifying the development of an extensive plasticity field. 

After the first plateau, the slope of the MS Plot increases and then decreases, exhibiting a 

second plateau indicating the development of a second region of extensive plasticity. The same 

trend following the first plateau is also observed after the second plateau, leading to the third 

plateau at the very end of the loading. The lowest projection of the plastic collapse load is equal 

to 103.11 kN, taken as the intercept of the regression line created through three data points 

within the first plateau. Although MS Plots of this nature were not explicitly examined in 

Doerich and Rotter (2011), based on the fact that this value arises from the lowest projection, 

103.11 kN should be taken as the plastic collapse load. However, since there exists significant 

remaining stiffness in the model, it may be argued that the projection obtained through the final 

plateau equal to 149.65 kN should be assumed as the plastic collapse load. It may also be argued 

that the third plateau appears after very large deformations after some increase of the slope of 

the load-displacement path, thus the plastic collapse load should be taken as the projection 

obtained with reference to the second plateau, from which a value of 122.61 kN is determined. 
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All these arguments resulting in three very different plastic collapse load estimations are 

justifiable. The above example illustrates a shortcoming in the application of the MS Plot to 

structural elements that exhibit kinks in their load-deformation responses. Moreover, the 

determination of the plastic collapse load following the first plateau requires an element of 

visual judgement of the MS Plot by the analyst, which impairs the practicality of the method if 

a parametric study is performed on a large number of cases. 

 

  

(a) Load-deformation path (b) MS Plot 

  

(c) CIP (d) TS Plot 

Fig.  6.12. Load-deformation path, MS Plot, CIP and TS Plot of IOF100N50a. 
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Since the CIP is based on the MS Plot, three different plastic collapse load estimations may 

also be determined through it using the last three data points obtained from the first, second 

and third plateaus of the MS Plot as illustrated in Fig.  6.12(c). The plastic collapse load 

estimation from the first plateau is very conservative (equal to 76.44 kN). The plastic collapse 

load estimations using the last three data points within the second and third plateau are much 

closer to the plastic collapse loads determined through the MS Plot, both of which may be 

assumed as the plastic collapse loads. Nevertheless, it is clear from Fig.  6.12(c) that the CIP 

does not exhibit consistent trends for ω and PMS values, and may also have shortcomings when 

applied to the estimation of plastic collapse loads of steel elements exhibiting load-deformation 

paths involving kinks. 

 

In contrast with the MS Plot and CIP, the TS Plot leads to a very straightforward and clear 

estimation of the plastic collapse load of specimen IOF100N50, as can be seen from Fig.  

6.12(d). The load value corresponding to the limit tangent stiffness reduction factor of 0.01 

τK,lim = 0.01 is simply assumed as the plastic collapse load of the steel element, which is equal 

to 116.68 kN and close to those obtained through the data points within the second plateaus of 

the MS Plot and CIP. Since the loading is transferred through the contact between the bearing 

plate and section, the tangent stiffness of the element shows variations in the initial stages of 

the loading. Nevertheless, taking the initial stiffness as the tangent stiffness determined through 

the loads and displacements from the first two data points (Kini = P2 – P1)/(δ2 – δ1) or assuming 

Kini as the largest tangent stiffness along the load-deformation curve Ki,max both lead to almost 

the same estimate of the plastic collapse loads as shown in Fig.  6.12(d). 

 

The comparison of the plastic collapse load predictions of the specimens determined through 

the TS Plot against those obtained from the MS Plot and CIP is provided in Fig.  6.13. Note 

that the final plateaus were used to determine the plastic collapse loads from the MS Plot and 

CIP. As can be seen from the figure, the plastic collapse load values estimated through the TS 

Plot and those obtained by the MS Plot and CIP are generally close.   
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(a) MS Plot (b) CIP 

Fig.  6.13. Ratios of plastic collapse loads estimated through the proposed TS Plot approach to those 

estimated through MS Plot and CIP for a series of transversely-loaded cold-formed sections. 

 

6.5.2.2.3 Hot-rolled I-sections 

 

The plastic collapse loads of hot-rolled I-sections estimated through the TS Plot are also 

compared against those obtained through the MS Plot and CIP for different types of transverse 

loading. The key parameters and the loading and boundary conditions of the investigated I-

sections are illustrated in Table 6.6. Note that all the I-IOF specimens have a flange width b = 

161 mm and web and flange thickness tw = 6.18 mm and tf = 8.79 mm respectively. The loading 

was applied to the hot-rolled sections through bearing blocks, and the same labelling approach 

was adopted as in Section 6.5.2.2.2 but using I- at the front to distinguish the I-sections from 

the cold-formed C-sections. Finite element models of the investigated I-sections are illustrated 

in Fig.  6.14.  
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Table 6.6. Investigated hot-rolled I-sections. 

Label Properties of I-section N Considered parameters 

I-IOF 

 

26 

h = 152 mm, ss = 30 mm, L = 150 to 

750 mm with ΔL = 150 mm; 

h = 152 mm, L = 750 mm, ss = 10 and 

20 mm; 

h = 152 mm, L = 750 mm, ss = 40 to 

160 mm with Δss = 10 mm; 

ss = 30 mm, L = 750 mm, h = 218, 268 

and 318 mm; 

ss = 30 mm, L = 750 mm, h = 318, 418 

and 518 mm. 

 

I-ITF 

 

5 

h = 102 mm, b = 68 mm, tw = 5 mm, tf 

= 5 mm, L = 500 mm, ss = 20, 40 and 

100 mm; 

h = 140 mm, b = 140 mm, tw = 9.71 

mm, tf = 11.82 mm, L = 500 mm, ss = 

10 and 80 mm. 

 

I-EOF 

 

5 

h = 116 mm, b = 140.78 mm, tw = 

9.71 mm, tf = 11.82 mm, L = 500 mm, 

ss = 15 mm, c = 0 mm; 

h = 136 mm, b = 83.24 mm, tw = 9.71 

mm, tf = 11.82 mm, L = 500 mm, ss = 

15 and 30 mm, c = 0 mm; 

h = 136 mm, b = 83.24 mm, tw = 9.71 

mm, tf = 11.82 mm, L = 500 mm, ss = 

15 mm, c = 20 mm. 

I-ETF 

 

5 

h = 102 mm, b = 68 mm, tw = 5 mm, tf 

= 5 mm, L = 600 mm, ss = 20, 40, 80 

and 100 mm; 

h = 140 mm, b = 140.78 mm, tw = 

9.71 mm, tf = 11.82 mm, L = 500 mm, 

ss = 80 mm. 
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(a) I-IOF (b) I-ITF 

 
 

(c) I-EOF (d) I-ETF 

Fig.  6.14. Finite element models of the investigated hot-rolled I-sections under different transverse 

loading conditions. 

 

The application of the TS Plot, MS Plot and CIP to an I-section subjected to interior two flange 

loading with the cross-section depth h of 102 mm and loaded length ss of 40 mm (i.e. I-

ITFh102N40) is illustrated in Fig.  6.15. The MS Plot of the I-section is shown in Fig.  6.15(b), 

illustrating that its minimum plastic collapse projection, which is the intercept of the regression 

line created using the three red data points, is equal to 115.29 kN. After this minimum 

projection, the plastic collapse projections increase and then starts to decrease, providing 

another minimum value of 117.33 kN, which is determined through the three green data points 

as illustrated in Fig.  6.15(b), before the projections start to increase again. Both values are very 

close, thus either of them can be assumed as the plastic collapse load according to the MS Plot. 

The CIP created using the MS Plot projections is illustrated in Fig.  6.15(c). As can be seen 

from the figure, the use of the three data points before PMS values start to exhibit an increasing 

trend in the CIP, leads to a significant underprediction of the plastic collapse load with a value 

of 95.13 kN. Alternatively, the use of the data points within the path exhibiting a second 

decreasing trend of PMS values leads to an accurate estimation of the plastic collapse load equal 

to 115.74 kN. This example also shows the need for the visual interpretation of the CIP to 
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estimate the plastic collapse loads accurately. On the other hand, the TS Plot provides the 

plastic collapse load estimation of 113.38 kN by simply extracting the load value corresponding 

to τK,lim = 0.01. 

 

  

(a) Load-deformation path (b) MS Plot 

  

(c) CIP (d) TS Plot 

Fig.  6.15. Load-deformation path, MS Plot, CIP and TS Plot of IOF100N50a. 

 

The plastic collapse loads estimated through the TS Plot were compared against those of the 

MS Plot and CIP for all the considered loading conditions, geometries and parameters in Fig.  

6.16. The minimum projections of plastic collapse loads from the MS Plot and the three data 

points corresponding to the last observed decrease in the MS Plot projections PMS were used 

for the plastic collapse load estimations in the CIP. Fig.  6.16 shows that the TS Plot provides 
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estimations of plastic collapse loads that are consistent with those determined through the MS 

Plot and CIP, indicating the reliability of the plastic collapse load estimations made by the TS 

Plot.   

  

(a) MS Plot (b) CIP 

Fig.  6.16. Ratios of plastic collapse loads estimated through the proposed TS Plot approach to those 

estimated through MS Plot and CIP for a series of transversely-loaded hot-rolled I-sections. 

 

6.6 Extrapolation of plastic collapse loads from MNA 

In the previous section, the MNA of all the analysed elements exhibited significant loss of 

stiffness, such that the tangent stiffnesses calculated at the end of the MNA were less than 1% 

of the initial stiffnesses, which enabled the application of the TS Plot. However, in some cases, 

the tangent stiffness of elements may not degrade below 1% of the initial stiffness values as a 

result of the MNA terminating before reaching this value due to either their failure to satisfy 

the necessary convergence criteria or exhaustion of the number of requested increments. Thus, 

the load values obtained at the end of MNA may be significantly lower than the plastic collapse 

loads of the steel elements, which precludes the application of the proposed approach.  Hence, 

an extrapolation technique that may be used in conjunction with the TS Plot is developed 

herein, showing that accurate estimations of plastic collapse loads can be achieved even if 

MNA stops at a relatively early stage of the analysis. The accuracy of the proposed approach 

is also compared against the extrapolations of the plastic collapse loads made through the MS 

Plot and CIP.   
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6.6.1 Extrapolation of the plastic collapse loads through the TS Plot 

Since the load-deformation curves of the steel elements from MNA typically exhibit curves 

with progressively decreasing slopes, the Ramberg-Osgood expression, originally developed 

for materials exhibiting rounded stress-strain curves, as given by Eq. (6.3), may be utilised: 

 

n

E 

 
 



 
   

 
 (6.3) 

 

where σ and ε are stress and strain respectively, E is the Young's modulus of the material, σα is 

the proof stress of the material corresponding to the strain value of εα = σα/E + α and n is the 

strain hardening exponent defining the roundedness of the curve; the lower the n value, the 

more rounded the curve. As shown in Fig.  6.17, comparing a stress-strain curve of a material 

and a load-deformation curve obtained from MNA, an analogy can be made by assuming σ to 

be analogous to the applied load P, ε to the deformation δ, E to the initial stiffness of the element 

Kini, σα to the load value obtained at the end of MNA PMNA, εα to the displacement value 

obtained at the end of MNA δMNA and n to d, which is a parameter defining the roundedness of 

the load-displacement curve. 

 

 

Fig.  6.17. Analogy between the Ramberg-Osgood curve and a load-displacement path obtained from 

MNA. 

 

Clearly a lower value of d would correspond to cases where more gradual yielding was 

experienced. which would be expected in bending dominated scenarios. On the basis of the 
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described analogy, the load-displacement path obtained from the MNA can be expressed as 

follows: 

i

ini MNA

d

PP
c

K P


 
   

 
 (6.4) 

 

Considering the transformation of α to c, c can be determined as follows: 

MNA
MNA

ini

P
c

K
   

(6.5) 

 

In this study, the tangent stiffness value at the last increment of the MNA Kfinal = dP / dδ(PMNA) 

was utilised to estimate the value of d and thus the roundedness of the remaining part of the 

load-displacement curve. The inverse of the tangent stiffness value at the last increment can be 

expressed as follows: 
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(6.6) 

 

Taking the derivative of Eq. (6.4) with respect to P and using the value of this derivative at P 

= PMNA: 
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 (6.7) 

 

Substituting Eq. (6.6) into Eq. (6.7): 

final ini MNA

1 1 cd

K K P
   

(6.8) 

 

Thus, 

MNA

final ini

1 1
10

P
d

c K K

 
   

 
 (6.9) 

 

Lower d values are obtained when the tangent stiffness observed in the final increment of MNA 

Kfinal remains high, indicating that the plastic collapse load of the analysed element is 

significantly higher than the load obtained at the end of MNA. In cases where the MNA stops 

at the very early stages of plasticity, d values determined from Eq. (6.9) could be very low, 
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leading to considerable overpredictions of plastic collapse loads. To eliminate this possibility, 

a lower bound value equal 10 was adopted for d in this study, i.e. d ≥ 10. 

The developed Ramberg-Osgood expression of the load-displacement curve utilising the data 

obtained prior to the termination of the MNA enables an informed prediction of the remainder 

part of the curve to be made. Using Eq. (6.4), Eq. (6.5) and Eq. (6.9), the full load-deformation 

curves of structural steel elements can be predicted, whereby the TS Plots of the investigated 

elements can be constructed and the plastic collapse load estimations corresponding to the limit 

tangent stiffness value of τK,lim = 0.01 can be extrapolated. It is worth noting that the plastic 

collapse load extrapolations PTS,ext can also be directly obtained using the following formula 

after the determination of c, d and Kini: 

d
MNA

1
TS,ext

ini ini

1 1

0.01
d

P
P

cd K K


 
  

 
 (6.10) 

 

In the following subsection, the proposed extrapolation technique is assessed against the MS 

Plot and CIP considering a large number of structural elements under transverse loading.    

 

6.6.2 Application of the Ramberg-Osgood extrapolation based TS Plot technique 

to steel elements under transverse loading 

6.6.2.1 Hot-rolled I-section subjected to internal-two-flange (ITF) loading 

 

In this subsection, the TS Plot technique is utilised to predict plastic collapse loads based on 

extrapolated (using the R-O expression of Eq. (6.4)) load-deformation curves. The previously 

investigated hot-rolled I-section ITFh102N40 subjected to internal two-flange loading shown 

in Fig.  6.15 with a loaded length of ss = 40 mm is used to illustrate the application of the 

proposed approach. The conducted MNA were intentionally terminated prematurely, at three 

different ratios of tangent stiffness to the initial stiffness of the section, to simulate cases where 

the MNA stops at different stages of the loading history. Predictions of plastic collapse loads 

were also made through the MS Plot and CIP so as to compare the accuracy of the R-O based 

TS Plot technique against these approaches.    
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The prediction of the plastic collapse load through the Ramberg-Osgood (R-O) extrapolation 

based TS Plot technique is compared against those obtained through the MS Plot and CIP in 

Fig.  6.18, Fig.  6.19 and Fig.  6.20 for the cases where the MNA aborts at a final tangent 

stiffness value τK,f equal to 84%, 30% and 4% of the initial stiffness respectively.  

 

  

(a) Load-deformation curve (b) TS Plot 

  

(c) MS Plot (d) CIP 

Fig.  6.18. Comparison of the extrapolations of plastic collapse loads when the MNA stops at a load 

value where the tangent stiffness is equal to 84% of initial stiffness. 
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(a) Load-deformation curve (b) TS Plot 

  

(c) MS Plot (d) CIP 

Fig.  6.19. Comparison of the extrapolations of plastic collapse loads when the MNA stops at a load 

value where the tangent stiffness is equal to 30% of initial stiffness. 
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(a) Load-deformation curve (b) TS Plot 

  

(c) MS Plot (d) CIP 

Fig.  6.20. Comparison of the extrapolations of plastic collapse loads when the MNA stops at a load 

value where the tangent stiffness is equal to 4% of initial stiffness. 

 

The extrapolated values of the plastic collapse loads through the TS Plot PTS, the MS Plot PMS 

and CIP PCIP are also provided in Table 6.7. In the table, the ratios of the extrapolated plastic 

collapse load values to those determined using the full load-deformation curves by the TS Plot 

re,TS, MS Plot re,MS and CIP re,CIP are also provided. Table 6.7 shows that all the methods provide 

increased accuracy when the MNA is stopped at the later stages of the analyses where the 

element experiences higher extents of plasticity. The R-O extrapolation based TS plot 

technique generally provides more accurate predictions of the plastic collapse loads in 

comparison to the MS Plot and CIP techniques for the investigated hot-rolled I-section.  
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Table 6.7. Comparison of the plastic collapse loads extrapolated through the Ramberg-Osgood curve 

based on TS Plot technique against those of the MS Plot and CIP using MNA aborted at different 

values of tangent stiffness reduction factor values τK,f for a hot-rolled I-section with a loaded length ss 

= 40 mm. 

 τK,f = 0.84 τK,f = 0.30 τK,f = 0.04 

PTS (kN) 134.52 124.32 116.28 

re,TS 1.21 1.12 1.04 

PMS (kN) 638.62 179.81 117.65 

re,MS 5.44 1.53 1.00 

PCIP (kN) 245.57 180.99 116.74 

re,CIP 2.12 1.56 1.01 

  

6.6.2.2 Steel plates, hot-rolled I-sections and cold-formed C sections under transverse 

loading 

In this subsection, the accuracy of the proposed R-O extrapolation based TS Plot technique is 

assessed for a large number of steel plates, cold-formed C sections, and hot-rolled I-sections 

under transverse loading. The MNA were stopped at different stages of the analyses with the 

elements possessing different final stiffness values τK,f, corresponding to different extents of 

plastification. The considered plates, cold-formed C-sections and hot-rolled I-sections were the 

same as those considered in the previous section, whose properties are provided in Table 6.3, 

Table 6.4 and Table 6.5 respectively. Additionally, the cases with the theoretical solutions of 

the plastic collapse loads shown in Table 6.1 with the exception of fully loaded perfect plate 

were also taken into consideration. 

 

The accuracy of the plastic collapse load extrapolations of the R-O curve based TS Plot 

technique made by the load-deformation curves obtained from the MNA aborted at different 

values of tangent stiffness ratios τK,f is illustrated in Table 6.8 for all the considered plates, 

cold-formed C sections and hot-rolled I-sections. In the table, (re)av, (re)COV, (re)max and (re)min 

are the average, coefficient of variation, maximum and minimum of the ratios of the plastic 

collapse loads extrapolated using the load-deformation curves from the prematurely aborted 

MNA through the R-O extrapolation curve based TS Plot technique to those estimated using 

the full load-deformation curves through the TS Plot respectively. N corresponds to the number 

of the considered cases. Table 6.8 shows that the proposed R-O extrapolation based TS Plot 

technique provides accurate predictions of the plastic collapse loads for the wide range of 
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considered cases. Its accuracy decreases when the MNA stops at the early stages of the analyses 

but the approach generally provides safe predictions even for these cases. It should be noted 

that the cases where the MNA of steel elements stop at the later stages of the loading histories 

are much more common in comparison to the early stages as the development of extensive 

plasticity fields leads to problems with respect to the satisfaction of the necessary convergence 

criteria. Table 6.8 therefore indicates that the proposed R-O extrapolation based TS Plot 

approach is very accurate in the situations where the extrapolation techniques are most likely 

to be used.  

Table 6.8. Accuracy of the plastic collapse loads extrapolated through the Ramberg-Osgood curve 

based on TS Plot technique using MNA aborted at different values of tangent stiffness reduction 

factor. 

 0.05 ≤ τK,f < 0.10 0.10 ≤ τK,f < 0.20 0.20 ≤ τK,f < 0.30 0.30 ≤ τK,f < 0.40 0.40 ≤ τK,f < 0.50 

(re)av 0.99 0.99 1.01 1.01 1.01 

(re)COV 0.04 0.99 0.15 0.20 0.21 

(re)max 1.07 1.12 1.19 1.26 1.29 

(re)min 0.82 0.44 0.42 0.40 0.38 

N 135 135 135 135 135 

 

The accuracy of the plastic collapse loads extrapolated through the CIP and MS Plot using the 

load-deformation curves obtained from MNA aborted at different tangent stiffness ratios τK,f is 

assessed in Table 6.9 and Table 6.10 respectively. In the tables,  (re)av, (re)COV, (re)max and (re)min 

are the average, coefficient of variation, maximum and minimum of the ratios of plastic 

collapse load extrapolations made by the CIP and MS Plot to those estimated through the TS 

Plot using the full curves from the MNA. The accuracy of the CIP and MS Plot with respect to 

the extrapolation of the plastic collapse loads was assessed using the plastic collapse load 

estimations obtained from the TS Plot since it was observed in the previous sections that the 

TS Plot invariably provides accurate estimations of plastic collapse loads in a very 

straightforward way. As can be seen from Table 6.9 and Table 6.10, the plastic collapse load 

extrapolations made by the CIP and MS Plot are less accurate relative to those made by the R-

O extrapolation curve based TS Plot technique. In the case of the MS Plot, large 

overestimations of plastic collapse loads are observed. 
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Table 6.9. Accuracy of the plastic collapse loads extrapolated through the CIP technique using MNA 

aborted at different values of tangent stiffness reduction factor τK,f. 

 0.05 ≤ τK,f < 0.10 0.10 ≤ τK,f < 0.20 0.20 ≤ τK,f < 0.30 0.30 ≤ τK,f < 0.40 0.40 ≤ τK,f < 0.50 

(re)av 0.99 0.98 1.95 0.94 0.96 

(re)COV 0.04 0.10 0.14 0.19 0.22 

(re)max 1.11 1.11 1.24 1.71 1.66 

(re)min 0.79 0.49 0.41 0.42 0.42 

N 135 135 135 135 135 

 

Table 6.10. Accuracy of the plastic collapse loads extrapolated through the MS Plot technique using 

MNA aborted at different values of tangent stiffness reduction factor τK,f. 

 0.05 ≤ τK,f < 0.10 0.10 ≤ τK,f < 0.20 0.20 ≤ τK,f < 0.30 0.30 ≤ τK,f < 0.40 0.40 ≤ τK,f < 0.50 

(re)av 1.05 1.08 1.17 1.27 1.45 

(re)COV 0.04 0.10 0.15 0.20 0.22 

(re)max 1.18 1.25 1.51 1.62 2.00 

(re)min 0.93 0.43 0.40 0.42 0.48 

N 135 135 135 135 135 

 

6.7 Concluding remarks 

Alternative graphical techniques that may be used for the determination of plastic collapse 

loads from Materially Nonlinear Analyses (MNA) with emphasis on structural steel elements 

under concentrated transverse forces were investigated in this chapter. Initially, ambiguities 

with regard to the estimations of consistent plastic collapse loads directly from the load-

deformation curves of MNA were highlighted. Then three different graphical techniques from 

the literature, referred to as the Southwell Plot, Modified Southwell Plot (i.e. MS Plot) and 

Convergence Indicator Plot (CIP), used for the determination of plastic collapse loads of steel 

elements from MNA are described. A new graphical technique, based on the tangent stiffness 

degradation and referred to as the Tangent Stiffness (TS) Plot, was developed. According to 

the developed approach, the plastic collapse load of the analysed element is equal to the load 

value at which the tangent stiffness of the analysed element becomes 1% of its initial elastic 

stiffness. The practicality and accuracy of the proposed TS Plot relative to the MS Plot and CIP 

are illustrated for a large number of plates, cold-formed C-sections and hot-rolled I-sections 
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subjected to transverse loading. It was observed that the visual judgement of the analyst is 

necessary when the load-deformation paths involve several kinks in the determination of plastic 

collapse loads through the MS Plot and CIP, which impairs the practicality of these methods if 

a large number of elements are analysed as a part of a parametric study. In contrast with the 

MS Plot and CIP, the proposed TS Plot technique always provided consistent estimations of 

plastic collapse loads in a straightforward manner.    

 

In some cases, the MNA of steel elements may be aborted at relatively early stages of the 

loading, requiring the extrapolation of plastic collapse loads from the load-deformation curves 

obtained through the prematurely terminated MNA. For the practical extrapolation of plastic 

collapse loads of steel elements, a new approach referred to as the Ramberg-Osgood 

extrapolation curve based TS Plot technique is developed in this study. The proposed technique 

recognises the analogy between the stress-strain curves of materials exhibiting a rounded 

nonlinear response and the load-deformation curves obtained from the MNA of structural steel 

elements. Hence a modified R-O expression is employed to extrapolate the partial load-

deformation curve to a full curve, from which the TS Plot of the element is created, and the 

load value corresponding to the tangent stiffness reduction factor of 0.01 is taken as the plastic 

collapse load. The accuracy of the proposed R-O extrapolation curve based TS Plot technique 

was assessed for a large number of steel elements under transverse loading considering MNA 

terminated at the tangent stiffness reduction factors ranging between 5% and 50%. It was 

observed that the proposed extrapolation approach provides safe and accurate predictions of 

the assumed plastic collapse loads. The improved accuracy of the proposed R-O extrapolation 

based TS Plot technique relative to the MS Plot and CIP was also illustrated. 

 

The significant advantage of the proposed TS Plot technique is its ability to provide safe and 

accurate estimations of plastic collapse loads in a very straightforward manner. Consistent 

estimations of plastic collapse loads through the TS Plot were observed in the full range of 

considered cases in this study, which is of vital importance for the accurate determination of 

the failure loads of steel elements using design methods from steel design codes such as the 

European structural steel design code EN 1993. The developed method can be used to derive 

plastic collapse reference loads, which can be employed in conjunction with reference loads 

determined through LBA, to calculate the slenderness and hence the resistance of structural 
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elements. The strength curves to describe the relationship between resistance and slenderness 

can be calibrated against GMNIA results, as presented in Chapter 7. 
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7 FE-based design recommendations for stainless 

steel members under concentrated transverse 

loading  

7.1 Introduction 

 

Steel structural design codes commonly adopt design methods based on two key reference 

loads: the plastic collapse load and the elastic buckling load, from which the element 

slenderness and hence the element resistance can be determined. These reference loads are 

typically determined using simplified analytical expressions e.g. the squash load and the Euler 

load of a column. However, for the more complex loading conditions, boundary conditions and 

failure mechanisms associated with concentrated transverse loading, obtaining accurate values 

for these reference loads from simplified analytical expressions is less straightfoward. Hence, 

this chapter presents an FE-based design method for stainless steel members subjected to 

concentrated transverse loading in which both key reference loads are obtained from finite 

element analysis. This allows not only more accurate values for the reference loads to be 

obtained for the common cases covered by analytical expressions, but also straightforward 

extension of the scope of the deisgn approach to non-standard cases, such as partial depth 

stiffeners. Following a brief overreview of the traditional analytical-based design method 

applied to stainless steel members under concentrated loading presented in Chapter 5, 

numerical modelling assumptions and parametric studies are presented. An FE-based design 

proposal is then presented and assessed against aforementioned analytical methods and its 

reliability is evaluated in accordance with Annex D of EN 1990 (2002). 
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7.2 Traditional design approach 

The traditional analytical-based approach for the design of stainless steel members under 

concentrated transverse loading, proposed in Chapter 5, is in line with the European design 

provisions set out in EN 1993-1-4 (2006). The ultimate resistance to local failure under 

concentrated transverse loading FRd is given as a function of the web yield strength fyw, the web 

thickness tw, an effective length Leff and the partial safety factor γM1, as detailed in Section 

5.2.2. Note that the effective length is a function of the effective loaded length ly and the 

reduction factor F. The effective loaded length is then given by Eqs. (5.2)-(5.4) and (5.12) and 

the reduction factor is given by a non-linear function of the slenderness parameter F  with the 

imperfection factor αF0 and plateau length 
F0  given in Table 5.6. Both the imperfection factor 

and plateau length are calibrated according to the existing test and numerical database of results 

for the three investigated types of concentrated transverse loading – Type (a), Type (b) and 

Type (c) loading. 

 

The analytical design approach is based on theoretically derived and empirically calibrated 

elastic buckling load, and plastic collapse mechanisms based on the three loading types 

considered – Type (a) loading, Type (b) loading and Type (c) loading (Roberts and Rockey, 

1979; Voss, 1987, Lagerqvist, 1995, Davaine, 2005; Gozzi, 2007; Clarin, 2007 and Chacón et 

al, 2010). Such a method is not directly applicable to non-standard situations such as members 

with partial web stiffeners; an FE-based design procedure utilising numerically obtained elastic 

buckling loads and plastic collapse loads (following the approach developed in Chapter 6) is 

therefore proposed herein.  

 

7.3 Numerical modelling 

A numerical modelling programme was carried out to obtain the key reference loads for the 

numerical design of stainless steel I-beams under concentrated transverse loading – i.e. the 

plastic collapse load and the elastic buckling load. The finite element software Abaqus (2014) 

was adopted to carry out the numerical analyses. Apart from test data, the results of the 

parametric studies presented in Chapters 3 and 4 were used for the ultimate capacity of 

members Fu under concentrated transverse loading. Further FE modelling is performed in this 

chapter to obtain the plastic collapse load Fpl,FE, according to the validated methodology 
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presented in Chapter 6, and the elastic buckling load Fcr,FE from linear buckling analysis 

corresponding to each of the parametric cases. A comprehensive description of the finite 

element models used to obtain the plastic collapse load is presented in Section 6.2, hence, only 

a summary of the key features of the modelling are presented in this section. While only the 

structural behaviour of stainless steel I-beams without web stiffeners under concentrated load 

has been examined thus far, the new numerical-based design approach proposed in this chapter 

also allows non-standard cases to be considered. This is demonstrated by the consideration of 

members with partial-depth web stiffeners. 

 

7.3.1 Modelling assumptions and validation 

Shell elements were used to simulate the studied I-section members, web stiffeners and end 

plates – S4R in the Abaqus library (ABAQUS, 2014), whereas solid elements were use to 

simulate the loading and bearing plates – C3D8R in the Abaqus library (ABAQUS, 2014). An 

adequate element size was chosen following a preliminary sensitivity study. For the 

geometrically and materially non-linear analyses with imperfections (GMNIA), the measured 

material stress-strain properties were obtained from tensile coupon tests (Gardner et al, 2016) 

on austenitic stainless steels. For duplex and ferritic stainless steel members, the two-stage 

Ramberg-Osgood material model given by Eqs. (2.3) and (2.4) was adopted with standardised 

values for the coefficients n and m recommended by Afshan et al (2019) and given in Table 

5.3.  

The adopted boundary conditions of the FE models, shown in Fig. 3.23 for Type (a) and Type 

(b) loading and Fig. 4.10 for Type (c) loading, were defined to reflect the test setup. The contact 

interaction between the bearing plate and loading plates (master surfaces) and the I-section 

flanges (slave surfaces) was simulated through a friction coefficient of 0.4 for the tangential 

contact properties and a “hard” contact relationship for the normal contact properties 

(ABAQUS, 2014). Residual stresses were omitted from the numerical models and an initial 

geometric imperfection shape obtained from a linear eigenvalue analysis with an imperfection 

amplitude ω0 of 1/500 of the web thickness was adopted, following previous findings presented 

in Sections 3.3.2 and 4.3.2 for Type (a) and (b) loading and for Type (c) loading, respectively. 

Further details of the accuracy of the finite element models in predicting the ultimate load-

carrying capacity of members under concentrated transverse forces are given in Sections 3.3.2 

and 4.3.2 and summarized in Table 5.2.  
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7.3.2 Materially non-linear analysis and linear buckling analysis 

Materially non-linear analysis (MNA) and linear buckling analysis (LBA) were performed for 

the cases presented in Sections 3.3.3, 4.3.3 and 5.3.2, excluding those with bearing lengths 

longer than 50 mm. MNA adopts an elastic perfectly plastic model defined by an Young’s 

modulus E and an yield strength fy, whereas the LBA adopts a linear elastic material model 

defined by an Young’s modulus E. A summary of the material properties is given in Table 5.3. 

Note that the adopted yield (0.2% proof) strength fy values (Table 5.1) for MNA of the tested 

specimens were obtained from previous studies (Gardner et al, 2016 and Sélen, 2000). The 

numerical procedure to obtain the plastic collapse load Fy,FE from a materially non-linear 

analysis (MNA) was presented and validated in Sections 6.4.2.4 and 6.5.1, respectively. The 

elastic buckling load Fcr,FE obtained from a linear elastic buckling analysis corresponds to the 

first eigenvalue. 

 

7.3.3 Standard cases 

For the standard cases, a total of 1005 FE-models were run – 335 GMNIA to obtain ultimate 

loads Fu, 335 MNA to obtain plastic collapse loads Fpl,FE and 335 linear buckling analyses to 

obtain elastic buckling loads Fcr,FE. The material grades and loading cases covered are 

summarised in Table 7.1. 

Table 7.1.Summary of FE-models of standard cases. 

Loading type Material GMNIA MNA LBA 

Type (a) 

Austenitic 10 10 10 

Duplex 50 50 50 

Ferritic 48 48 48 

Type (b) 

Austenitic 8 8 8 

Duplex 30 30 30 

Ferritic 30 30 30 

Type (c) 

Austenitic 71 71 71 

Duplex 48 48 48 

Ferritic 40 40 40 

TOTAL 335 335 335 
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7.3.4 Non-standard cases 

To demonstrate the applicability of the proposed design equations to non-standard cases, 

members with partial web stiffeners were considered. All modelled cross-sections had a web 

height hw of 410 mm, a flange width bf of 150 mm, a flange thickness tf of 20 mm, a bearing 

length ss of 20 mm, a member length (L) equal to 600 mm, a web stiffener thickness tws = tw 

and a web stiffener height hws varying from 10% to 30% of the web height. The cross-section 

web thickness was also varied to cover web slendernesses values F  from 0.40 to 2.70. Only 

duplex stainless steel beams under Type (a) loading were investigated herein due to the wide 

application of duplex stainless steel in structural elements of bridge structures, frequently 

subjected to concentrated transverse loading. A typical FE model of a member with partial web 

stiffeners subjected to Type (a) loading and its deformed shape obtained from geometrically 

and materially non-linear analysis with imperfections (GMNIA) is shown in Fig. 7.1. 

 

Fig. 7.1. Finite element model with a partial-depth web stiffener of 30% of the web height and 

corresponding deformed shape under Type (a) loading. 

 

  

F 
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7.4 New FE-based design proposal 

7.4.1 Introduction 

In this section, an FE-based design proposal for stainless steel members under concentrated 

transverse loading is presented. The accuracy of the design proposal is evaluated by comparing 

the numerical or test failure loads (Fu) with the ultimate loads predicted by the design procedure 

(FRd,pred) for austenitic, duplex and ferritic stainless steel members under three types of 

concentrated loading – Type (a), (b) and (c) loading; the accuracy is also compared against the 

traditional design proposal presented in Chapter 5. Note that only members with bearing 

lengths (ss) equal or smaller than 50 mm were considered. To account for the combined bending 

moment and concentrated loading that arises under Type (a) loading, the design interaction 

curve given by Eq. (5.11) was used, where the test or numerical failure load Fu corresponds to 

the distance on the F-M interaction diagram from the origin to the test or numerical data point, 

whereas the predicted design load Fu,pred corresponds to the distance on the interaction diagram 

from the origin to the intersection with the design curve, assuming proportional loading. Note 

that all partial safety factors were set equal to unity for comparison purposes. 

 

7.4.2 Development of FE-based design proposal 

The FE-based design proposal presented herein is based on the two key reference loads – plastic 

collapse loads Fpl,FE and elastic buckling loads Fcr,FE – obtained through a materially non-linear 

analysis (MNA) and a linear buckling analysis (LBA), respectively. Hence, the ultimate 

resistance FRd of a stainless steel member under concentrated transverse loading is given by 

the product of a buckling reduction factor F and the numerically obtained plastic collapse load 

Fpl,FE, as shown in Eq. (7.1). 

Rd F pl,FEF F  (7.1) 

The buckling reduction factor (i.e. the strength curve) defined using the same form of equation 

adopted for the traditional design approach – i.e. Eqs. (5.13) and (5.14), but with the parameters 

αF0 and F0  re-calibrated based on the numerically derived slenderness, termed F,FE  in place 

of F . F,FE  is defined by Eq. (7.2) where Fcr,FE is the elastic buckling load given as the first 

eigenvalue obtained from a linear buckling analysis and Fpl,FE is the plastic collapse load 

obtained according to the tangent stiffness plot (TS Plot) method presented in Section 6.4.2.4 
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– i.e. plastic collapse load is defined as the load value in which the tangent stiffness in the load-

displacement curve of an MNA becomes 1% of its initial elastic stiffness. No extrapolation 

techniques to obtain the plastic collapse load, such as those presented in Section 6.6, were 

required herein. 

pl,FE
F,FE

cr,FE

F

F
   (7.2) 

Following calibration of the resistance function against the test and numerical data, a new set 

of imperfection factors and plateau length values are proposed in Table 7.2. A comparison 

between the EN 1993-1-4 and the new proposed strength curves using FE-based slenderness

F,FE  are presented in Fig. 7.2 to Fig. 7.4, where the data are presented by loading type. 

Table 7.2. Values of F0  and F0 . 

Loading type F0  F0  

Type (a) 0.40 0.50 

Type (b) 0.10 0.85 

Type (c) 1.05 0.80 

 

Fig. 7.2. Comparison of test and numerical data with FE-based resistance equations for stainless steel 

members under Type (a) concentrated loading. 
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Fig. 7.3. Comparison of test and numerical data with FE-based resistance equations for stainless steel 

members under Type (b) concentrated loading. 

 

 

Fig. 7.4. Comparison of test and numerical data with FE-based resistance equations for stainless steel 

members under Type (c) concentrated loading. 
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7.4.3 Assessment of the design proposal 

The existing test results given in Table 5.1 and the parametric numerical data from the previous 

analyses presented in Chapters 3, 4 and 5 are used to assess the FE-based design proposal for 

stainless steel members under concentrate transverse loading. The full set of data is plotted in 

Fig. 7.5 in terms of the ratio between the test and numerical ultimate load Fu and the proposed 

ultimate resistance Fu,prop according to Eq. (7.1) as a function of the slenderness F,FE , with 

data grouped by stainless steel type in Fig. 7.5(a) and by loading type in Fig. 7.5(b). The mean 

and COV values of the Fu/Fu,EC3, Fu/Fu,Ch5 and Fu/Fu,prop ratios for different loading types are 

shown in Table 7.3, where Fu,EC3 is the ultimate resistance given by the EN 1993-1-4 (2006) 

design provisions described in Section 5.2.2 and Fu,Ch5 is the ultimate resistance given by the 

design proposal presented in Section 5.4.3. Note that only data with F < 1 in all three design 

methods, i.e. EN 1993-1-4 (2006) provisions, then Chapter 5 design proposal and the FE-based 

design proposal were considered in Fig. 7.3 and Table 7.3 in order to assess the strength curves. 

As noted in Chapters 3, 4 and 5, the resistance predictions become  excessively conservative 

in the stocky range for all design methods due to strain hardening effects. 
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(b) 

Fig. 7.5. Ratio of ultimate test or numerical resistance to resistance prediction from FE-based design 

proposal versus slenderness: (a) grouped by stainless steel type and (b) grouped by loading type. 

 

 

Table 7.3. Comparison between resistance predictions from EN 1993-1-4 (2005), design proposal in 

Chapter 5 and FE-based proposal. 

Loading 

type 

No. of tests 

and FE 

results 

Fu/Fu,design for F  

Fu/Fu,EC3 Fu/Fu,Ch5 Fu/Fu,prop 

Mean COV Mean COV Mean COV 

Type (a) 47 1.640 0.110 1.326 0.091 1.248 0.079 

Type (b) 42 1.909 0.097 1.627 0.086 1.120 0.066 

Type (c)  79 1.379 0.093 1.251 0.100 1.086 0.068 

 

For the purpose of assessing the effect of the concentrated transverse loading in isolation, 

members subjected to Type (a) loading with Mu ≥ 0.5 Mpl,Rd have not been included in the 

previous comparisons. These data points are now assessed using the interaction curve given by 
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Eq. (5.11) and presented in Fig. 7.6, where Fu and Mu are the ultimate load and moment 

respectively from the Type (a) loading tests and numerical models, Fu,prop is the ultimate load 

predicted using the Eq. (7.1) and Mpl,Rd is the plastic bending resistance of the cross-section, 

regardless of its classification. The design interaction curve may be seen to provide generally 

safe-sided predictions with the proposed resistance to concentrated transverse loading Fu,prop. 

 

Overall the FE-based design proposal for stainless steel members under concentrated transverse 

loading, based on numerical estimates for the key reference loads – the elastic buckling load 

and the plastic collapse load – results in average enhancements in efficienty of 17% in 

comparison to the design method presented in Chapter 5, with 31% enhancement for Type (b) 

loading. Relative to both the current Eurocode design approach and the approach developed in 

Chapter 5, the mean predictions are more accurate and the scatter is reduced – see Table 7.3. 

A further benefit of the proposed FE-based approach – i.e. the applicability to non-standard 

cases – is assessed in the following section. 

 

Fig. 7.6. Interaction curve adopted in EN 1993-1-4 for Type (a) loading with FE-based end point for 

resistance to concentrated loading, together with numerical ultimate capacity data. 
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7.4.4 Application of design proposals to members with partial-depth web 

stiffeners 

The FE-based design approach for stainless steel members under concentrated transverse 

loading has been considered thus far for members without web stiffeners under the bearing 

load. However the FE-based design approach allows the analysis of non-standard cases, such 

as members with partial-depth web stiffeners. A comparison between the proposed strength 

curve for Type (a) loading and duplex stainless steel members without web stiffeners and with 

partial-depth web stiffeners is presented in Fig. 7.7. The figure shows the data corresponding 

to the members with the partial-depth web stiffeners aligns with or lies above the data for 

members with no web stiffeners, indicating that the proposed design expressions for Type (a) 

members without web stiffeners may be safely applied to the design of members with partial-

depth web stiffeners. This indicates the general applicability and flexibility of the proposed 

method an sets foundations for further study. 

 

Fig. 7.7. Comparison of numerical data for duplex stainless steel members under Type (a) loading (i) 

with partial-depth web stiffeners, (ii) without web stiffeners and (iii) design resistance equation 

proposed in Section 7.4.2. 
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7.4.5 Reliability analysis 

Statistical analysis were carried out to assess the reliability of the proposed FE-based design 

equations for predicting the ultimate capacity of stainless steel members under concentrated 

transverse forces according to Annex D of EN 1990 (2002). Reliability analyses were 

performed on 12 groups of data, divided by loading type and material type. Coefficients of 

variation for the web yield strength Vfyw were taken as 0.060, 0.030 and 0.045 for austenitic, 

duplex and ferritic stainless steel respectively, while the coefficient of variation for the web 

thickness Vtw was taken as 0.05. Material overstrength factors  fy,mean/fy,min of 1.30, 1.10 and 

1.20 for austenitic, duplex and ferritic stainless steel were respectively adopted and the 

variability related to the numerical results VFEM was set according to the coefficient of variation 

for each material type given Table 5.2.  

 

In the reliability analyses, b is the average ratio of the test or FE ultimate capacity Fu to the 

proposed ultimate design resistance Fu,prop, Vδ is the variation of the error in the prediction of 

ultimate load, Vr is the coefficient variation of the resistance function given by Eq. (5.20) and 

kd,n is the design fractile factor given in EN 1990 (2002). Note that kd,n was obtained based on 

the total number of tests and FE models in each of the twelve sub-sets analysed, in accordance 

with EN 1990 (2002). The required values for the partial safety factor γM1 are, on average lower 

than 1.10, which is the partial safety factor adopted in EN 1993-1-4 for the design of stainless 

steel members under concentrated loading. Therefore the proposed design equations presented 

in Section 7.4.2 with a partial safety factor M1 1.10   can be safely applied to the design of 

stainless steel members under concentrated transverse loading. 
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Table 7.4. Summary of reliability analysis results for FE-based design expressions for stainless steel members under concentrated transverse loading. 

Load type Material αF0 λF0 n b fy,mean/fy,nom Vδ Vfyw Vtw Vrt VFEM kd,n γM1 

Type (a), Mu < 0.5Mpl Austenitic 0.40 0.50 16 1.611 1.30 0.158 0.060 0.050 0.068 0.040 3.440 1.12 

  Duplex 0.40 0.50 32 1.341 1.10 0.073 0.030 0.050 0.044 0.040 3.440 0.90 

  Ferritic 0.40 0.50 32 1.323 1.20 0.068 0.045 0.050 0.055 0.040 3.440 0.83 

Type (a), Mu ≥ 0.5Mpl Austenitic 0.40 0.50 10 1.952 1.30 0.188 0.060 0.050 0.056 0.040 3.440 0.80 

  Duplex 0.40 0.50 18 1.337 1.10 0.056 0.030 0.050 0.037 0.040 3.440 0.84 

  Ferritic 0.40 0.50 16 1.345 1.20 0.029 0.045 0.050 0.045 0.040 3.440 0.79 

Type (b) Austenitic 0.10 0.85 12 1.435 1.30 0.078 0.060 0.050 0.068 0.040 3.440 0.90 

  Duplex 0.10 0.85 30 1.311 1.10 0.121 0.030 0.050 0.044 0.040 3.440 1.01 

  Ferritic 0.10 0.85 30 1.325 1.20 0.138 0.045 0.050 0.055 0.040 3.440 1.03 

Type (c) Austenitic 1.05 0.80 80 1.520 1.30 0.227 0.060 0.050 0.073 0.130 3.440 0.90 

  Duplex 1.05 0.80 48 1.249 1.10 0.131 0.030 0.050 0.049 0.130 3.440 1.02 

  Ferritic 1.05 0.80 40 1.248 1.20 0.155 0.045 0.050 0.059 0.130 3.440 1.09 
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7.5 Concluding remarks 

A new FE-based approach to the design of stainless steel members under concentrated 

transverse loading has been developed in this chapter. Firstly a brief summary of the traditional 

(analytical) design approach was presented. The considerations for the numerical modelling of 

the studied sections were then described, focusing particularly on the finite element models 

used to obtain the two key reference design loads: the elastic buckling load and the plastic 

collapse load. The design of duplex stainless steel members with partial web stiffeners under 

concentrated transverse loading was also investigated. The new FE-based design proposal 

offers 17% improvement in the prediction of the ultimate capacity loading over the traditional 

design method proposed in Chapter 5 and allows the consideration of non-standard cases such 

as members with web stiffeners to be designed. The suitability of the proposed method was 

confirmed by reliability analysis in accordance with EN 1990 (2002). 
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8 Conclusions and suggestions for future research 

8.1 Introduction 

 

This chapter presents a summary of the key conclusions of this research project including an 

overview of the main contributions to structural engineering. Recommendations for future 

research are then highlighted, following the findings of this thesis. 

 

8.2 Conclusions 

The broad application of stainless steel in structural engineering is intrinsicly related to its 

sound structural properties, excellent corrosion resistance with relatively low maintenance 

costs, high ductility, favourable energy dissipation and high recyclability. Efficient design 

procedures for structural stainless steel are required to balance the high initial cost of the 

material and reflect the significant difference in the material behaviour between carbon steel 

and stainless steel. The current state-of-the-art design provisions for stainless steel members 

given in EN 1993-1-4 (2006) are still generally based on previous studies performed on carbon 

steel for the design of members under concentrated loading. Therefore, the focus of this work 

was to investigate the behaviour of stainless steel members under three types of concentrated 

transverse loading, as described in Chapter 1. A review of the relevant literature was presented 

in Chapter 2. 

 

Overall, the presented study comprised physical laboratory experimentation, numerical 

modelling, the development of design rules and reliability analysis. In total, 24 tests were 

performed on stainless steel members under concentrated internal loading, as described in 

Chapter 3; of those, 16 tests were carried out on members under internal one-flange loading (or 
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Type (a) loading) and 8 tests were conducted on members under internal two-flange loading 

(or Type (b) loading). The reported test results comprised load-displacement curves, load-out-

of-plane web displacement curves, out-of-plane displacement fields and failure mode, all of 

which obtained from a combination of displacement tranducers, string pots and digital image 

correlation (DIC). Shell finite element modelling was also carried out. Geometrically and 

materially nonlinear analyses with imperfections were performed and the results were validated 

against the test data; subsequently, parametric studies were performed to evaluate the influence 

of the main parameters on the ultimate resistance of the members and to assess the current 

design provisions. The findings highlighted the overall conservativism of both the European 

and North American design rules in predicting the ultimate capacity of these members. 

 

Stainless steel members under concentrated external loading were investigated in Chapter 4 

where 10 tests on members under end-one-flange loading (or Type (c) loading) were reported. 

Load-displacement curves, out-of-plane displacement fields and failure modes for all tests were 

presented. Again, finite element models were developed and validated against the test results 

and then used to extend the structural performance database through parametric studies. The 

full set of test and numerical data were subsequently used to assess the existing design 

provisions, which were again found to be conservative.  

 

Following the experimental and numerical findings of Chapter 3 and 4, improved design 

provisions for stainless steel members under all three types of concentrated transverse loading 

‒ Type (a), Type (b) and Type (c) were sought. In Chapter 5, a design method was proposed 

based on the European design code EN 1993-1-4 (2006). The proposed method includes a new 

resistance function originally proposed by Chacón et al (2012) with new imperfection factors 

α0 and plateau lengths F0 calibrated according to the tests and numerical data on stainless steel 

members under concentrated loading. The proposed method based on the traditional Eurocode 

design philosophy led to clear improvements in the ultimate capacity predictions relative to the 

test and FE results when compared with the current Eurocode design provisions. The suitability 

of the method for incorporation into future revision of Eurocodes was confirmed by reliability 

analysis. 
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An alternative FE-based design method, which utilises numerical analysis to determine two 

key reference loads ‒ the plastic collapse load and the elastic buckling load, and hence, through 

strength curves, ultimate capacities under concentrated transverse load, was presented in 

Chapter 7. First, a method to reliably determine plastic collapse loads from finite element 

analysis was presented in Chapter 6. The proposed method utilises the load-displacement curve 

obtained from Materially Non-linear Analysis (MNA) and the plastic collapse load is defined 

as the point at which the tangent stiffness of the load-displacement curve reaches 1% of its 

initial value. The method was also extended to cases where the load-displacement curve 

obtained from MNA does not reach 1% of the initial tangent stiffness. In such cases, a direct 

formulation to estimate the plastic collapse load was proposed based on known variables and 

calibrated against extensive results from numerical analysis. The formulae to estimate the 

plastic collapse load was shown to be at least as reliable as existing graphical methods, but 

without the need for any visual judgment. 

 

The FE-based design method presented in Chapter 7 utilises the two reference loads ‒ the 

elastic buckling load and the plastic collapse load obtained through numerical analyses (linear 

buckling analysis and materially non-linear analysis, respectively) to define slenderness and 

hence determine resistance, via strength curves, for members under concentrate transverse 

loading. Relative to both the current Eurocode design approach and the approach developed in 

Chapter 5, the mean capacity predictions of test and FE results were found to be more accurate 

and less scattered. The wider use of the FE-based design method to non-standard cases was 

also demonstrated for members with partial-depth web stiffeners, which indicated the general 

applicability of the proposal. The use of the FE-based design method for stainless steel 

members under concentrated loading showed an average enhancement in efficiency of 17% in 

comparison to the design method presented in Chapter 5, with more accurate mean predictions 

and less scatter. 
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8.3 Suggestions for future research 

 

Building on the results of the present research, some suggestions for future research are 

highlighted in this session. This work focused on the three main types of concentrated 

transverse loading considered in the European design standard (EN 1993-1-4, 2006): internal 

one-flange loading, also called Type (a) loading, internal two-flange or Type (b) loading and 

end one-flange or Type (c) loading. Other types of concentrated loading can also be 

investigated, such as end-two-flange loading, where the member end is loaded at both the top 

and bottom flanges, end bearing loading and internal bearing loading, where the member is 

fully supported on one side and loaded at the member end or along its length, respectively. A 

comprehensive assessment of stainless steel I-section members under these concentrated 

loading types would allow extension of the design recommendations proposed herein to be 

assessed. 

 

The flexibility and general applicability of the FE-based design method proposed in Chapter 7 

warrants further investigation and verification, particularly to steel and stainless steel members 

with non-standard features such as partial-depth web stiffeners, web holes and tapered beams. 

The wider applicability and gains in accuracy of the proposed method compared to traditional 

design procedures may justify this more sophisticated design approach. 

 

Finally, the proposed design approaches presented in both Chapter 5 and 7 do not account for 

the strain hardening contribution to the ultimate resistance of stainless steel members under 

concentrated transverse loading. This leads to considerable conservatism in the stocky range. 

Future research is required, perhaps through extension to the continuous strength method, to 

allow for the beneficial influence of strain hardening on the design of stainless steel members 

under concentrated transverse loading. 
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