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 Abstract   

 I 

ABSTRACT

A frame structure exposed to fire undergoes two types of changes due to the 
resulting temperature fields. The first is the thermal expansion of the structural 
members and the second is the degradation of the material strength and 
stiffness as temperature rises. Initially the thermal expansion dominates the 
response and the structural member (beam) is exposed to compressive forces 
due to restrained expansion, thus precipitating flexural buckling.  

At higher temperatures the mechanical material properties degrade. This fact, 
together with the high compressive forces in the bottom flanges of the beam 
often results in local buckling, followed by the formation of a plastic hinge 
close to the support region. The combination of transverse loads and the rising 
temperature leads to the development of excessive deflections in the beam. 
When temperature rises enough for the bending resistance of the beam to 
become insufficient, catenary action is introduced. The result is that the beam 
transitions to a stage where tensile forces appear due to the catenary action. In 
these different stages of the response of the structure the beam-to-column 
connection plays a crucial role and its robustness will determine if the structure 
will be able to maintain its integrity. 

The robustness of a structure in a fire situation greatly depends on the 
rotational capacity of the connection region. High rotational capacity is 
required at elevated temperatures since the steel beams lose their bending 
stiffness and exhibit increasingly large deflections under constant load. Beam 
deflections result in increasing rotations at the supports and may lead to 
collapse due to connection failure. Other possible failure modes may occur in 
the structural members, for example due to yielding in tension of the beam. 
The reverse channel has been proposed as a practical alternative to assemble 
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beams to tubular columns. In a simple implementation, the bending moment 
generated in the joint due to rotation of the beam may be neglected; however, 
research efforts are being attempted to quantify the level of constraint. The 
typical arrangement of the connection type consists of a reverse channel with 
its flanges welded onto the face of concrete-filled tubular columns and the web 
bolted to the endplate of a beam. Thicknesses and depths of the reverse channel 
determine the level of rotational restraint at high temperature. The reverse 
channel has the ability to undergo catenary deformation in the tensile zone due 
to the applied rotation at the support and similarly it is relatively ductile in the 
compression zone. Overall, the reverse channel connection response is rather 
ductile in terms of its ability to undergo large rotational deformation as long as 
bolt failure is avoided through proper design. 

Various tests have been performed to study the behaviour of this type of 
connection such as full scale buildings, sub-frames, isolated joints and 
individual sections. The aim of these tests was to capture the connection 
behaviour in relation to other structural components in fire. This thesis focuses 
on the tests carried out on the connection components and their finite element 
modelling. A comprehensive parametric study was performed to assess the 
influence of different parameters on the behaviour of the connection 
component at elevated temperatures. The results from the finite element 
analyses have been utilized to validate analytical models that describe the 
behaviour of this type of connection at ambient and elevated temperature. 
Insight into the analytical models provides proper background to a structural 
designer to estimate the initial stiffness and understand the behaviour of the 
reverse channel in the connection. 
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ABSTRACT IN SWEDISH 

En ramkonstruktion utsatt för brand påverkas på två olika sätt av 
temperaturhöjningen. För det första blir det en längdutvidgning av 
temperaturhöjningen och för det andra tappar materialet styrka och styvhet med 
ökande temperatur. Inledningsvis dominerar effekten av temperatur-
utvidgningen. Denna leder till tryckande tvångskrafter i konstruktionen vilka 
kan leda till knäckning. 

Vid höga temperaturer sjunker materialets styvhet och styrka. Detta kan 
tillsammans med de höga tryckkrafterna leda till att flytleder bildas vid stöd. 
De stora tryckkrafterna kan också orsaka knäckning i balken och 
transversallasterna kan med den minskade styvheten på grund av 
temperaturhöjning ge upphov till mycket stora deformationer och balkens 
bärförmåga blir vid tillräckligt höga temperaturer otillräcklig. Vid tillräckligt 
stora deformationer övergår det statiska verkningssättet från böjning till 
linverkan. Under denna övergång spelar förbanden mellan balkar och pelare en 
central roll, och hur dessa klarar att hantera laster och deformationer avgör om 
hela konstruktionen kan klara belastningen. 

Hur en konstruktion klarar en brandbelastning beror i hög grad på hur 
förbanden mellan balkar och pelare klarar rotationer. En stor rotationskapacitet 
krävs vid höga temperaturer eftersom stålbalkar då har låg bärförmåga och 
deformationerna kan bli mycket stora även om lasterna är oförändrade. Stora 
deformationer i balkarna leder till stora rotationer i knutpunkterna vilket kan 
leda till att förbanden brister och hela konstruktionen kollapsar. Andra möjliga 
brottmoder kan vara kollaps av balkarna på grund av plasticering under drag. 
U-profilen har föreslagits som ett praktiskt alternativ för att ansluta balk till 
pelare. Rotationskapaciteten för ett sådant förband kan bedömas som 
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försumbar, men forskningsinsatser görs för att bestämma den. En föreslagen 
utformning är att svetsa U-profilens flänsar till den betongfyllda pelaren med 
slutet tvärsnitt och livet fäst med skruvar i ändplåten på en balk. 
Rotationsstyvheten vid höga temperaturer kommer att bero på dimensioner på 
U-profilen. En U-profil har möjligheten att genomgå omvandlingen till 
linverkan i den dragna delen när den utsätts för ändrotation med den tryckta 
delen intakt. I allmänhet har ett förband med en U-profil möjlighet att klara 
stora rotationer under förutsättning att skruvförbandet är utformat på rätt sätt. 

Ett antal försök har genomförts för att studera hur föreliggande förband kan 
fungera i en byggnad, en del av en ram, enskilda förband och i tvärsnitt. 
Försöken har gjorts för att nå förståelse för hur förbandet fungerar tillsammans 
med andra konstruktionsdetaljer när de utsätts för brandbelastning. Denna 
avhandling fokuserar på försöken med delar ur förbandet och finit element 
modellering. En omfattande parameterstudie har gjorts för att förstå hur olika 
parametrar påverkar förbandets egenskaper vid förhöjd temperatur. Från FE-
beräkningarna har analytiska modeller tagits fram som beskriver förbandets 
egenskaper vid medelhöga och höga temperaturer och dessa ger konstruktören 
möjlighet att uppskatta den ursprungliga styvheten hos förbandet med U-profil 
och förståelse för dess uppträdande. 
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ABSTRACT IN PORTUGUESE 

Quando uma estrutura em pórtico é exposta ao fogo, fica submetida a dois tipos 
diferentes de alterações devido à influência da temperatura. A primeira devido 
à expansão térmica das componentes estruturais e a segunda como 
consequência da degradação da resistência e rigidez, a par com o aumento da 
temperatura. Inicialmente apenas se constata o fenómeno de expansão térmica 
ficando o elemento estrutural (a viga) sujeito a altas forças de compressão 
devidas ao impedimento desta em se alongar, precipitando a encurvadura 
global. 

A temperaturas consideravelmente mais altas, as propriedades do material 
começam a degradar-se. Este facto, juntamente com as elevadas forças de 
compressão desenvolvidas no banzo inferior da viga, resultam geralmente em 
encurvadura local, seguida da formação de rótulas plásticas na zona dos apoios. 
A combinação de cargas transversais e o aumento da temperatura tem como 
resultado,  excessivas deformações na viga. Quando a temperatura sobe o 
suficiente para a resistência à flexão da viga se tornar insuficiente, a acção de 
catenária é iniciada. Como resultado, a viga transita para uma fase onde a 
forças de tensão se geram em resultado do desenvolvimento da acção de 
catenária. Nestas diferentes fases de resposta da estrutura, a ligação viga-pilar 
desempenha um papel crucial, sendo que a sua robustez determinará se a 
estrutura será capaz de manter a sua integridade. 

A robustez de uma estrutura em situação de fogo depende grandemente da 
capacidade de rotação das componentes da ligação. A grande capacidade de 
rotação é necessária a elevada temperatura uma vez que as vigas perdem a sua 
rigidez de flexão, apresentando um aumento crescente deformação sob a acção 
de cargas constantes. A deformação da viga resulta numa excessiva rotação nos 
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apoios podendo originar o colapso devido à rotura pela ligação. Outros modos 
de rotura poderão ocorrer nos elementos estruturais, como por exemplo os 
originados por cedência da viga em tensão. O reverse channel tem sido 
proposto como uma alternativa na ligação de vigas a pilares com perfil tubular. 
Numa simples abordagem, o momento flector gerado na ligação devido à 
rotação da viga poderá ser negligenciado, no entanto, têm sido desenvolvidos 
eforços no sentido de quantificação do seu  nível de amarração. Numa ligação 
típica de reverse channel, os banzos são soldadas na face de pilares tubulares 
preenchidos com betão e a alma aparafusada à chapa de topo da viga. A 
espessura e profundidade do reverse channel determinam o grau de rotação da 
ligação a temperaturas elevadas. O reverse channel é susceptível de sofrer 
deformações do tipo catenária na zona de tracção devido à rotação induzida, 
revelando-se igualmente dúctil na zona de compressão. Geralmente, o 
comportamento do reverse channel mostra-se bastante dúctil, em termos da sua 
capacidade de sofrer grandes deformações de rotação, isto apenas quando a 
rotura pelos parafusos é tida em conta em fase de projecto. 

Vários testes foram levados a cabo para o estudo do comportamento deste tipo 
de ligação: ao nível do edifício, no seu conjunto, em pórticos isolados, em 
ligações isoladas e elementos estruturais per si. O objectivo destes testes foi 
compreender o comportamento da ligação na relação com outras componentes 
estruturais em situação de incêndio. A presente tese debruça-se sobre os  testes 
efectuados às componentes de ligação e a sua modelação numérica por 
elementos finitos. Para tal, foi levado a cabo um intensivo estudo paramétrico, 
com o intuito de avaliar a influência dos vários parâmetros da ligação no 
comportamento da ligação quando sujeitos a elevadas temperaturas. Os 
resultados obtidos da modelação numérica foram utilizados com o intuito de 
validar os modelos analíticos que descrevem o comportamento da ligação a 
altas temperaturas. Os modelos analíticos  fornecem a informação necessária 
ao projectista no sentido de estimar a rigidez inicial e compreender o 
comportamento do reverse channel na ligação. 
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ABBREVIATIONS 

E  Young’s modulus [MPa] 

aE  Young’s modulus at ambient temperature [MPa] 

a,E  Slope of the linear elastic range for steel at elevated 
temperature a  [MPa] 

t,RdF  Effective design tension resistance of bolt row r [kN] 

H  Height of reverse channel [mm] 

EPI  Moment of inertia of endplate [mm4] 

RCI  Moment of inertia of endplate [mm4] 

j,RdM  Design moment resistance of a joint [kNm] 
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pl,RdM  Design plastic moment resistance of a member [kNm] 

EdN  Design axial force [kN] 

pl,RdN  Design plastic resistance to normal forces [kN] 

j,iniS  Initial rotational stiffness of a joint [kNm] 

yf  Yield strength [MPa] 

uf  Ultimate strength [MPa] 

rh  Distance from bolt row r to centre of compression [mm] 

,Ek  Reduction factor (relative to aE ) for the slope of the 
linear elastic range 

[-] 

eff,rk  Effective stiffness coefficient of bolt row r [mm] 

eqk  Equivalent stiffness coefficient [mm] 

ik  Stiffness coefficient for basic joint component i [mm] 

i,rk  Stiffness coefficient for basic joint component I of 
bolt row r [mm] 
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p,k  Reduction factor (relative to yf ) for proportional 
limit 

[-] 

y,k  Reduction factor (relative to yf ) for effective yield 
strength 

[-] 

r  Bolt row number [-] 

EPt  Endplate thickness [mm] 

wt  Web thickness of reverse channel [mm] 

ft  Flange thickness of reverse channel [mm] 

z  Lever arm [mm] 
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1 INTRODUCTION

1.1 Background

The reverse channel (RC) connection is a relatively new way to join beam and 
columns together. It is made up of an endplate (EP) welded to the beam, which 
is subsequently bolted on the web of a U-channel. The reverse channel’s flange 
tips are in turn welded onto the column face. Several varieties of reverse 
channel connection types exist, such as reverse channel to partial-depth 
endplate, full-depth endplate, extended endplate or even hybrid endplate 
configurations. In the present study, the main focus is on a reverse channel 
connected to a partial-depth endplate, as depicted in Figure 1.1. 

 

Figure 1.1: Reverse channel joint – partial-depth endplate configuration 
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The present design codes [1,2] provide relatively little information on the 
behaviour of connections at elevated temperatures. However, observations 
made in real fire situations, such as for the collapse of the World Trade Center 
[3,4] and during a full-scale fire test at Cardington [5] have clearly shown the 
importance of joints with respect to the robustness. During a fire the structure 
undergoes essential changes due to degradation of material properties and 
internal forces, which may change rapidly due to restrained thermal 
deformations. In the heating phase of a fire, the affected beams naturally try to 
expand. If this thermal expansion is restrained due to columns connected to the 
beam, a relatively high axial force may be induced in the beam. However, the 
reverse channel provides longitudinal flexibility, mainly because of its web, 
and therefore can accommodate thermal expansion of the beam. Thus, a 
possible flexural buckling of the beam during the heating phase may be 
delayed or even avoided. Following this initial stage of a fire where thermal 
expansion dominates, at later stages of the fire mechanical properties of the 
material start to significantly degrade and may lead together with high 
compressive forces to local buckling in the bottom flange of a beam. 
Thereafter, the beam transitions to a stage where it experiences tensile forces, 
due to extensive vertical deflection of the beam. This stage is called the 
catenary stage. This transition is also crucial for the connection. The reverse 
channel has good capabilities to accommodate for this change as its web is able 
to significantly bend and after a while provides membrane stiffening. This 
means, the web deflects to such an extent that is doesn’t act in bending 
anymore but rather in tension. Basically the reverse channel provides local 
catenary action of the web. 

1.2 Objectives and expected research achievements 

Structural joints are characterized by means of their resistance, stiffness and 
rotation capacity. The main objective of this thesis is to study the response of 
reverse channel connections subject to compression or tension at ambient and 
elevated temperatures. The overall aim is to provide analytical models to 
predict the initial stiffness response of a reverse channel under the 
aforementioned conditions. The resistance part is carried out by one of the 
project partners, University of Sheffield, in co-operation with the author. The 
main contribution of the author was performing an extensive numerical 
parametric study to identify yield line mechanisms. 
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The following key research questions are addressed: 

1. Are the existing analytical models for combined reverse channel/angle 
connections suitable for predicting the initial stiffness of a reverse 
channel/partial-depth endplate connection? 

2. Are the existing analytical models for the initial stiffness of rectangular 
hollow section (RHS) columns applicable to the reverse channel? 

3. Is it possible to accurately predict the behaviour of reverse channel 
connections by means of Finite Element Methods (FEM) at ambient 
and elevated temperatures? 

4. Can the initial stiffness of a reverse channel section in tension or 
compression be accurately predicted with a 2D finite element model? 

5. Is it possible to predict the initial stiffness of a reverse channel by 
means of an analytical model based on simple beam theory? What are 
possible limitations of such an approach? 

1.3 Limitations 

The present thesis mainly deals with reverse channel connections. In the 
numerical analyses, different types of reverse channel/endplate configurations 
have been considered. However, the main focus was on a reverse channel 
bolted to a partial-depth endplate. Thus, the analytical approaches are limited 
to this specific configuration.  

Furthermore, the analytical models are restricted to the initial elastic response; 
the influence of geometrical non-linearity is not considered. The model is 
limited to uniform compression and tension. 

Both numerical as well as analytical solutions are restricted to constant 
temperature fields. 

1.4 Methodology

The following research methodology has been adopted in order to achieve the 
objectives and provide suitable answers to the research questions identified in 
Section 1.2. 
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In the first step, a literature review has been carried out to identify the status of 
existing research work related to steel beam-to-column connections at ambient 
and elevated temperatures. The existing rules according to Eurocode 3 are 
briefly presented. A particular focus was on connections using reverse 
channels. 

Thereafter, experimental work, which was carried out by other partners within 
the joint project COMPFIRE [6] and influenced the outcome of this thesis 
significantly, has been highlighted and described in detail. 

This experimental work was used to validate 3D finite element models aiming 
to numerically extend the studies and investigate the influence of different 
parameters on the response of the reverse channel. It is the crucial part of the 
research as tests are expensive and therefore limited information may lead to 
incorrect conclusions. After evaluating the 3D results the focus is shifted to the 
initial stiffness calculation for the considered reverse channel connection in 
tension and compression. The main reason is to exercise a rather 
unconventional approach using analytical tools to gain complete understanding 
of the complex problems of interaction of surfaces in contact. An attempt is 
made to reduce the problem to 2D investigations and to establish analytical 
expressions for various situations. The analytical expressions that were 
developed were verified by extensive parametric studies where use was made 
of 2D/3D elastic Finite Element (FE) simulations in order to obtain the initial 
stiffness response. 

However, before developing this new analytical approach, other existing 
approaches in the literature have been assessed. As discussed in the text, these 
were developed for similar categories of problems and fail to provide 
acceptably accurate results for the particular case at hand. 

1.5 Structure of the thesis 

The thesis consists of seven chapters excluding annexes. A brief summary of 
the content of each chapter is presented below: 

Chapter 1 presents a brief introduction of the subject’s background. Objectives 
and expected research achievements, limitations, research methodology, 
structure of the thesis and a list of publications are described in short. 

Chapter 2 provides a state of the art review. It starts with an overview of the 
component method for beam-to-column joints as presented in Eurocode 3. In 
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addition, the behaviour of beam-to-column joints in fire, with a specific focus 
on reverse channel connections, is given. Finally, design aspects on the use of 
the component method at elevated temperatures are covered. 

Chapter 3 describes the details and results of the experimental work on reverse 
channel connections, which have been used to validate numerical and 
analytical results. 

Chapter 4 discusses details of the finite element models and simulations of 
reverse channel connections used in this study. 3D models are validated with 
experimental results, as presented in Chapter 3, and then used for parametric 
studies. Furthermore, 2D finite element models are compared to 3D models 
and used for more extensive parametric studies. 

Chapter 5 provides the derivation of analytical models for the initial stiffness 
of the reverse channel component in tension and compression and verifies them 
with the results obtained by finite element methods. 

Chapter 6 sums up the main conclusions achieved. The relevant research 
questions are discussed and answered. 

Chapter 7 is the last chapter of the thesis and provides some suggestions for 
future work related to the research presented in this thesis. 

Annex A compares the numerical and experimental work for tests performed at 
the University of Coimbra (Section 3.1.1). 

Annex B provides the comparison of finite element simulations and tests 
performed at the University of Sheffield on isolated joints (Section 3.1.3). 

Annex C presents detailed and complete results for all 3D finite element 
simulations based on the parametric study discussed in Section 4.3. 
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2 STATE OF THE ART 

The reverse channel connection, considered as part of a beam-to-column joint 
in this thesis, is a relatively new type of connection and its behaviour is not 
prescribed by the current codes and standards. The main objective of this 
thesis is to identify the initial stiffness behaviour of reverse channel 
connections at ambient and elevated temperatures. Therefore, this chapter 
presents first the current design practice as in Eurocode 3 [1,2] for beam-to-
column joints, followed by the behaviour of beam-to-column joints in fire with 
special focus on the reverse channel connection, depicting the advantages of 
the reverse channel especially during a fire. 

2.1 Component method at ambient temperature 

2.1.1 Introduction 

Structural joints connecting H or I sections are characterized by means of their 
resistance, stiffness and rotation capacity. Applying the rules from 
EN 1993-1-8 [1] the design moment resistance and rotational stiffness of a 
joint can be calculated using the so-called component method (see an example 
of an extended endplate connection in Figure 2.1. The basic concept of this 
method consists of dividing a joint subjected to bending moment into 
compression, tension and shear zones. Each zone may be further described by 
several basic components whose design resistances can be checked 
individually. Based on equilibrium and individual component resistances the 
design moment resistance of the joint can be calculated. Similarly, its rotational 
stiffness can be determined from the equivalent translational stiffnesses, 
representing flexibilities of the basic components. 
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As the joint behaviour affects distribution of both internal forces and moments 
as well as deformations of the structure, its investigation is very important. 
EN 1993-1-8 [1] distinguishes between three simplified joint models: A simple 
model in which the joint is assumed to be nominally pinned, thus not 
transmitting bending moments; a continuous joint model in which the joint 
behaviour is considered not to have any effect on the analysis; and a semi-
continuous model in which the behaviour of the joint has to be taken into 
account in the global analysis. Three different kinds of global analyses are 
considered. In an elastic global analysis a joint is classified according to its 
rotational stiffness, whereas in a rigid-plastic analysis it is categorised based on 
its strength. An elastic-plastic global analysis requires both strength and 
stiffness for classification. A short summary is depicted in Table 2.1. 

Table 2.1: Different joint models according to EN 1993-1-8 [1] 

Method of global 
analysis Classification of joint 

Elastic Nominally pinned Rigid Semi-rigid 
Rigid-Plastic Nominally pinned Full-strength Partial-strength 

Elastic-Plastic Nominally pinned Rigid and full-
strength 

Semi-rigid and partial-strength 
Semi-rigid and full-strength 
Rigid and partial-strength 

Type of joint model Simple Continuous Semi-continuous 
 

Joints which are classified according to their design moment resistance are 
divided into three classes – nominally pinned, partial-strength and full-strength. 
Nominally pinned joints are defined as joints with a design moment resistance 
Mj,Rd smaller than 0.25 times the design moment resistance of a full-strength 
joint. In order to classify a full-strength joint a comparison of its design 
moment resistance Mj,Rd is made with respect to the design plastic bending 
moment resistance Mpl,Rd of the adjacent members (beam or column). All joints 
which do not meet the criteria for nominally pinned or full-strength joints are 
considered to be partial-strength. 

If a joint is classified by its initial rotational stiffness Sj,ini, it should be 
categorized into nominally pinned, rigid and semi-rigid joints. Nominally 
pinned joints shall transmit internal forces without developing significant 
moments, whereas rigid joints are assumed to have sufficient rotational 
stiffness as to fully transfer the moment acting on the connection. All joints 
which do not meet the criteria for nominally pinned or rigid joints are 
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considered to be semi-rigid. Rules for determination of Sj,ini of  joints 
connecting H or I sections are provided in EN 1993-1-8 [1]. Weynand et al. [7] 
offer solutions for joints connecting hollow sections. 

2.1.2 Joint evaluation 

Moment-rotation (M- ) curves can be characterized by means of experimental 
testing or mathematical models. The latter ones shall consider both geometrical 
and mechanical properties of the respective joint. Mathematical models can be 
described by different methods: curve fitting to experimental results by 
regression analysis, numerical or simplified analytical results and mechanical 
models that take into account the joint deformability [8]. 

The existing approach of the component method in EN 1993-1-8 [1] is derived 
from mechanical models. Figure 2.1 depicts a typical assembly of springs and 
rigid links for an extended endplate connection.  

 

Figure 2.1: Component model of an extended endplate joint according to 
EN 1993-1-8 [1] 

Each spring, as identified in Table 2.2, represents an active component/part of 
the joint, contributing to its overall rotational behaviour. However, welds, 
beam web and flange in compression as well as beam web in tension do not 
need to be considered for the computation of the rotational stiffness, as their 
individual stiffness coefficients should be taken as equal to infinity. 
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Table 2.2: Active joint components of an extended endplate joint according 
to EN 1993-1-8 [1] 

Active joint component Abbreviations according to Figure 2.1 

Column web panel in shear 1 
Column web in transverse compression 2 
Column web in transverse tension 3 
Column flange in bending 4 
Endplate in bending 5 
Beam web and flange in compression 7 
Beam web in tension 8 
Bolts in tension 10 
Welds 19 

 

2.1.3 Resistance evaluation 

For a typical bolted endplate connection as shown in Figure 2.1, the design 
moment resistance may be established from: 

j,Rd r tr,Rd=
r

M h F   (2-1) 

EN 1993-1-8 [1] prescribes the centre of compression to be in line with the 
mid-thickness of the compression flange and the lever arm z may be 
approximated by the distance from the compression centre to a point midway 
between the farthest two bolt rows in tension. A more accurate value can be 
obtained by calculating an equivalent lever arm zeq based on the stiffness of 
individual components as shown in Section 2.1.4. The effective design tension 
resistance of an individual bolt row Ftr,Rd depends on the design tension 
resistances of the active components. 

2.1.4 Rotational stiffness evaluation 

The initial rotational stiffness of a joint Sj,ini according to EN 1993-1-8 [1] is 
evaluated from the flexibilities of its active basic components, which are 
represented by simple elastic stiffness coefficients ki. Given the axial force NEd 
in the connected member does not exceed 5 % of the design resistance Npl,Rd, 
its initial rotational stiffness can be estimated as follows: 
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j,ini

i i

= 1
E zS

k

 (2-2) 

The components of a bolt row r in tension as shown in Figure 2.2 are 
represented by springs in series and therefore the effective stiffness coefficient 
keff,r of every bolt row in tension can be calculated from: 

eff,r

i i,r

1= 1k

k

 (2-3) 

For endplate joints with two or more bolt rows in tension, all related 
components of these bolt rows can be depicted by an equivalent stiffness 
coefficient keq. 

eff,r r
r

eq
eq

=
k h

k
z

 (2-4) 

The equivalent lever arm zeq is to be determined from: 

2
eff,r r

r
eq

eff,r r
r

=
k h

z
k h

 (2-5) 

 

Figure 2.2: Components of bolted beam-to-column joint; effective stiffness 
coefficient of bolt rows keff and equivalent stiffness coefficient of 
tension zone keq 
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2.1.5 Some developments not included in Eurocode 3 

In the context of the component method, EN 1993-1-8 [1] has certain 
limitations with respect to the considered joint configurations. Two major 
drawbacks that are of relevance for the present thesis are the negligence of 
axial force, which is a significant thermal action at elevated temperatures, and 
the restriction of their application to joints between hot-rolled or built-up H or I 
profiles. 

However, several researchers have dealt with the interaction of bending 
moment and axial force at ambient temperature. Accordingly, models have 
been proposed by Simões da Silva and Girão Coelho [9], Simões da Silva et al. 
[10], Sokol et al. [11] and Del Savio et al. [12]. 

Jaspart et al. [13] extended the component method to joints connecting RHS or 
CHS tubular hollow sections. Present rules, e.g. rules according to 
EN 1993-1-8 [1], Chapter 7 or design rules from literature, have been collected 
and adapted to a consistent component format. 

2.2 Behaviour of beam-to-column joints in fire 

2.2.1 Introduction 

In the past, research studies have mostly neglected the actual behaviour of steel 
and composite joints motivated by the increased massivity of the joint area. 
Consequently, this is reflected in EN 1993-1-2 [2] which just provides an 
informative annex for connections, dealing solely with the design resistance of 
bolts in shear or tension, fillet welds and some guidance on how to determine 
the temperature of connections in fire. However, several real fire scenarios, as 
e.g. the collapse of the World Trade Center [3,4] and the full-scale fire tests at 
Cardington [5], depict that steel joints may fail and the behaviour of steel joints 
in fire is very complex. During a fire the structure undergoes essential changes 
due to degradation of material properties and internal forces, which may 
change its response rapidly due to restrained thermal deformations. 
Connections have to provide a high rotational capacity to accommodate e.g. 
large deformations of a beam. Particularly, tensile components such as bolts or 
endplates are prone to failure during cooling as high strains are induced by the 
distortional deformation of the connected members [14–16]. 

For characterization of steel joints under fire loading, the following aspects 
have to be accounted for [17]: 
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a) Time dependent temperature distribution around and within joint area 

b) Structural response of joints induced by high temperatures 

c) Global behaviour of the structure with time leads to redistribution of 
internal forces acting on the joint 

2.2.2 Experiments on isolated joints 

In the following, a short literature review is presented regarding experiments 
on isolated joints. The reader with further interest should also refer to state-of-
the-art papers written by Simões da Silva et al. [17] and Al-Jabri et al. [18]. 

The first experimental fire tests on beam-to-column joints were reported by 
Kruppa [19] in 1976 and British Steel [20], focusing on the performance of 
high-strength bolts at elevated temperatures. “Flexible” to “rigid” joint types 
were analysed. Lawson [21] was the first to measure the structural continuity 
of beam-to-column connections in fire. Three different types of joints were 
tested: extended endplate, flush endplate and double-sided web cleats. It was 
shown that significant moments could be sustained in fire and simple rules 
were proposed for the design of simply supported beams in fire. 

In order to characterize the moment-rotation behaviour of commonly used 
connections at high temperatures, a collaborative programme was established 
involving the Building Research Institute, The University of Sheffield and the 
Steel Construction Institute. The experiments on flush-endplate joints 
conducted by Leston-Jones et al. [22] demonstrated that both stiffness and 
moment capacity decreased with increased temperature. Al-Jabri et al. [23] 
extended the experimental programme to investigate the effect of additional 
parameters such as member size, endplate type and thickness on the joint 
performance in fire. 

In 2004, Spyrou et al. [24,25] investigated the performance of tension (T-stub 
tests) and compression zones (column web transverse compression tests) of 
endplate connections at high temperatures. This study highlighted the utility of 
the component method for steel joints at elevated temperature and the 
consideration of large axial forces generated in the beam during a fire. 

Qian et al. [26] report on extended endplate connections with and without 
thermal restraint effects at elevated temperatures. A significant effect on the 
joint moment capacity due to the axial restraint force has been noticed. 
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In [27], Wang et al. investigated the behaviour of extended endplate 
connections at elevated temperature. They concluded that this type of joint is 
typically semi-rigid and provides good rotation ability at high temperatures. It 
is shown that the thicker the endplate and rib stiffener, higher the critical 
temperature of the joint that can be achieved. 

Yu [28] experimentally studied the behaviour of fin plate connections 
subjected to combinations of shear and tying forces at ambient and elevated 
temperatures. It was observed that bolt shear fracture tends to govern the 
failure of fin plate connections at elevated temperatures. Therefore, fin plate 
connections do not seem to be a suitable option where connections undergo 
large rotations, which is the case in fire. Furthermore, tests on flush endplates 
have shown a relatively stiff response in comparison to other simple 
connection types [29]. The failure mode of the connection was considerably 
dependent on the temperature; at lower temperatures the endplate governed 
failure whereas at high temperatures failure occurred in the bolts. In another 
paper Yu et al. [30] report on the tying capacity of web cleat connections in 
fire. It was observed that web cleat connections have a considerably high 
rotational capacity in comparison to alternative types. 

Saedi Daryan and Yahyai [31] report on the behaviour of bolted top-seat angle 
connections in fire. Results show that bolts are one of the most crucial 
components at elevated temperatures. However, temperature-resistant bolts and 
increased thickness of angles showed to increase the temperature dependent 
strength of the connection. 

Strej ek et al. [32] carried out experiments to investigate the behaviour of a 
column web component in shear at elevated temperature on an extended 
endplate joint. They numerically extended it across a range of different 
temperatures in order to validate an analytical model. 

Huang et al. [33] present results of an experimental investigation of the 
robustness of connections at elevated temperatures. Flush endplate to partially-
encased H-section columns connections have been tested. It was shown that 
double nuts for the bolts at high temperature were necessary in order to avoid 
thread-stripping, leading then to bolt fracture since a relatively thick (20 mm) 
endplate was used. Furthermore, experiments on fin plates have been carried 
out [34]. Results depict fracture of the concrete-filled steel tube near where the 
fin plate is welded onto the square column face, and shearing of bolts for 
circular columns. 
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2.2.3 Sub-frame and full-building tests 

Isolated joint tests cannot truly reflect the real behaviour of connections, 
especially under fire conditions. Highly redundant structural systems are 
capable of force redistribution as its members interact with each other [35]. In 
fire situations the structural members exposed to fire inside the fire 
compartment tend to undergo thermal expansion, which is restrained by the 
structural members from the adjacent cooler compartments. Thus, thermal 
expansion in the heat-affected member may cause column instability in exterior 
compartments and local buckling of the bottom flanges in the beams in much 
more restrained situation of the interior compartments [36]. However, in full-
building tests it is relatively difficult to measure and quantify parameters that 
control the mechanical response of individual members. Therefore, sub-frame 
tests represent a good compromise as they, for example, allow a better 
observation of redistributions of forces throughout the fire including cooling 
phase. 

Relatively little research on the behaviour of full-scale buildings or 
sub-structures in fire has been done until the 1990’s. The first tests to assess 
structural behaviour under fire load were reported in 1977 by Witteveen et al. 
[37]. For a complete state-of-the-art description of experimental observations 
until the 1990’s the interested reader may be referred to Wang [38]. A shorter 
summary could also be found in Wald et al. [16].  

During the late 1990’s the universities of Manchester and Sheffield established 
a collaborative research project to investigate the effects of restraints to thermal 
expansion of unprotected beams, offered by protected columns and adjacent 
cooler beams [39]. Flush endplates and web cleats have been used to connect 
beams with columns. For experiments with high axial restraint and lower load 
levels, catenary action at large deflections was observed. One of the main 
failure modes noticed was the local buckling of the flange near the joint. 

The commonly known Cardington tests are a series of 7 full-scale tests in an 
eight-storey steel building, carried out at the Cardington Laboratory of the 
Building Research Establishment, UK, aiming to assess the behaviour of 
structural elements under real restraint conditions subjected to natural fire. A 
more detailed description can be found in [16]. Among others, a structural 
integrity fire test with a high level of mechanical load was performed. For 
beam-to-column joints flexible endplates, which are usually considered as 
pinned, have been used. It was observed that the endplates fractured on one 
side only as a result of the high tensile forces induced during cooling of the 
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beam. Fine plate connections have been used for beam-to-beam joints. The 
bolts connecting the fin plate with the web of the beam failed in shear, also 
during the cooling phase. Other than the aforementioned failure modes, 
buckling of the beam lower flange, shear of the beam web, buckling of column 
flange in compression, fracture in the concrete slab and slippage of the steel 
reinforcement (mesh) were observed [16]. 

Ding and Wang [40] report on 10 experiments with steel beams connected to 
concrete-filled tubular columns. Those experiments depict the impracticality of 
using fin plate joints to resist axial forces during fire and the possibility of 
using catenary action to prevent progressive collapse in fire. 

Santiago et al. [41] experimentally investigated the influence of connection 
typology on the behaviour of a steel sub-frame under fire. It was shown that 
different joint typologies affect the overall response of the sub-frame and that 
large tensile forces and reversal of bending moment during cooling may result 
in failure of the joint. It was proposed that failure of the tensile components 
(T-stub) shall be governed by failure of its ductile component (endplate) rather 
than by the bolts. 

Further 10 sub-frame tests, though medium-scale, have been reported by Wang 
et al. [42]. Those experiments were designed with fin plate, partial-depth and 
flush endplates, as well as web cleat connections and revealed the following 
joint failure modes: weld tearing, beam web fracture and bolt thread stripping. 

In 2011, a two-storey composite steel-concrete structure has been tested in a 
fire situation [34,43] in Veselí, Czech Republic. Fin plate and reverse channel 
connections, as depicted in Figure 2.3, were utilized and designed to resist only 
shear forces at ambient temperature. The main focus during this test was on 
temperature distributions. Jana and Wald [44] compared temperatures of the 
reverse channel connection for two different cases of protected and unprotected 
connection regions and based on those measurements. It is concluded that 
using a fire protected connection along with an unprotected beam allows for 
utilization of the membrane action in a composite ceiling without having to 
worry about the connection failure. 
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Figure 2.3: Reverse channel and fin plate connections used during the Veseli 
fire test [43] 

2.2.4 Analytical procedures 

Curve fitting methods 

Curve-fit models represent mathematical equations which are fitted to reflect 
the relationship between bending moments and rotations in joints based on 
experimental results. This method has been originally established by Ramberg 
and Osgood [45] for metallic materials under uniaxial stresses (2-6). 

n

K
E E

 (2-6) 

where  and  represent strain and stress; K and n are coefficients defined by 
the considered material. 
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In order to describe the moment-rotation characteristics, this equation has been 
adapted by Ang and Morris [46] for ambient temperature (2-7) and then 
extended to joints at high temperatures by El-Rimawi [47]. 

n

0.01
A B
M M  (2-7) 

with  being the joint rotation at a given temperature and M the applied 
bending moment. The temperature dependent parameters A and B are 
dependent on the joint stiffness and capacity, respectively. n defines the non-
linear shape of the curve that is related to the connection. El-Rimawi et al. 
[48,49] calibrated those parameters with experimental data depicted by Lawson 
[21] and introduced an additional parameter  (2-8), which accounts for 
different section sizes under the assumption that the moment capacity of a joint 
is proportional to the lever arm D (distance between internal tensile and 
compressive forces). 

50
303.8 50

D  (2-8) 

Introducing (2-8) into (2-7) yields a more general Ramberg-Osgood Equation 
(2-9). 

n

2 0.01
A B

M M  (2-9) 

However, although this model is considered to be easily implementable into a 
frame analysis, it needs a wide range of experimental results to be calibrated. 
Due to the dependency on the connection configuration as well as temperature, 
curve fitting methods are not common practice. 

Mechanical models 

The global response of a joint in a mechanical model is characterised by a 
combination of individual components which get activated when loaded. 
Individual springs, which are represented by their force-displacement 
relationship, substitute individual joint components. For commonly used joints 
EN 1993-1-8 [1] provides both strength and initial stiffness formulae for their 
main components. This method, also known as Component Method, is 
described in Section 2.1 for ambient temperature. 
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At elevated temperatures, the use of this approach is even more complex as the 
combination of internal forces and moments continuously changes. 
Furthermore, fire tests are expensive and therefore experimental evidence of 
the joint behaviour is rare. During the last 10-15 years several researchers have 
investigated the joint behaviour at high temperatures, attempting to adapt the 
component method to the fire situation. Special attention should be paid to 
University of Coimbra [50], University of Sheffield [51] and Imperial College 
of London [52]. A more detailed review on the component method approach at 
elevated temperatures is presented in Section 2.4. 

Finite element models 

The finite element method has become more and more popular with increased 
computational capacities. It seems to be a very suitable tool for researchers to 
investigate the response of joints and even bigger structures at both ambient 
and elevated temperatures. Once finite element models have been validated, 
they can be relatively easily and efficiently used to carry out parametric 
studies. One drawback is that the risk of making a mistake is relatively higher 
because of the complexity of most finite element programs. 

Liu [53–55] was the first to develop a three-dimensional finite element code 
(FEAST) capable of analysing the detailed behaviour of connections. Shell 
elements were used to model the steel/concrete composite slab and beam 
elements to model the bolts. Comparison with available experimental data [21–
23] showed good agreement. 

El-Houssieny et al. [56] introduced a three-dimensional finite element model to 
simulate the response of semi-rigid endplate connections. After validation with 
experiments, it has been extensively used for parametric studies leading to 
simple equations for moment-rotation response, bolt forces and stresses. 

During the last 10 years more and more researchers have made use of 
commercial programs such as ANSYS (e.g. in [57]), ABAQUS (as in [58]) or 
LUSAS (e.g. in [59]) to simulate the complete joint behaviour. 

The interested reader may be referred to a more detailed review by Al-Jabri et 
al. [60]. 

Due to the fast development and extensive continuous work in this research 
subject, only few references have been made in the context of this thesis. 
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2.3 Reverse channel connections 

Relatively little research has been carried out on reverse channel connections 
so far. Ding and Wang have studied in 4 tests the structural [40] and thermal 
[61] behaviour of fin plate and reverse channel connections used in a sub-frame 
assembly at elevated temperature, where in the reverse channel connection the 
channel web is bolted to an endplate on the beam end (see Figure 2.4). Major 
conclusions that were drawn are that the reverse channel connection seems to 
have the best combination of construction costs, ability to resist catenary action 
in the connected steel beam and exceptionally high rotational capacity through 
deformation of the channel’s web. Furthermore, thinner reverse channels might 
be preferable as they deform into a ductile mode rather than fracture in shear.  

 

Figure 2.4: Reverse channel/partial-depth endplate connection [40] 

Later Elsawaf, Wang and Mandal [62] report on the numerical modelling of the 
tests performed by Ding and Wang [40]. The validated finite element model 
(Figure 2.5) is used for studying the survivability of a sub-frame in fire by 
changing the connection details. It was for example shown that a hybrid 
extended/flexible endplate connection increases the survival temperature of the 
connected beam compared to a flush endplate connection.  
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Figure 2.5: Typical FE model adopted in numerical modelling [62] 

Based on the same validated FE model Elsawaf and Wang [63] performed 
detailed parametric studies to identify and establish the survival temperatures 
of sub-frame assemblies using the reverse channel connections between steel 
beams and CFT columns in fire. It was observed that the failure in the reverse 
channel and the endplate can be delayed by increasing their thickness. Positive 
effects on the survival temperature of the beam are obtained through a 
limitation of the connection temperature below 600 °C and the ductility of both 
structural steel and bolts. In another publication [64] Elsawaf and Wang 
numerically investigate the behaviour of steel beam-to-CFT column assemblies 
in fire during the cooling phase. They point out that there is a high risk of 
failure during the cooling phase in the reverse channel connection when using a 
flexible endplate. Possible solution, with respect to the reverse channel to 
prevent failure, is to increase the channel’s web thickness. 
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Jones [65] did four experiments on an isolated reverse channel/column 
assembly at ambient and high temperature in order to identify the failure 
mechanisms of the connected members. No special attention was paid to the 
behaviour of the reverse channel itself.  

Málaga-Chuquitaype and Elghazouli [66] report on the behaviour of combined 
channel/angle connections to tubular columns (open beam-to-tubular column) 
under monotonic and cyclic loading. In total 10 tests (five each monotonic and 
cyclic) with top/seat angle cleats and top/seat/web angle cleats, which are 
bolted to the reverse channel web (Figure 2.6), have been performed. It was 
observed that the reverse channel connection exhibits a high rotational 
capacity. Rotations of more than 120 mrad have been measured.  

 

Figure 2.6: Details of configuration of reverse channel/cleat connections [66] 
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Furthermore, a plastic mechanism of the reverse channel in tension is identified 
and design recommendations for the plastic capacity and initial stiffness, 
originally derived for a blind-bolted angle connection [67], are presented. 

Liu, Málaga-Chuquitaype and Elghazouli [68] carried out three experiments on 
combined channel/angle connections under shear loads. A finite element model 
has been successfully introduced. It was concluded that the thickness of the 
reverse channel has a direct influence on the connection stiffness and its 
capacity. Furthermore, stiffness and resistance of the reverse channel 
connection with double web angles was significantly higher than those of the 
connections with top and seat angles only. 

In [69] Liu, Málaga-Chuquitaype and Elghazouli studied, in each of the three 
tests in tension and compression, the response of combined channel/angle 
connections. Yielding mechanisms for both tension and compression are shown 
in order to calculate the resistance accordingly. The derived initial stiffness 
from [67] is modified with the help of finite element simulations. 

Huang, Davison and Burgess [33] conducted five tests on joints to steel and 
partially-encased H-section columns at elevated temperature subjected to a 
combination of axial and shear force as well as bending moment (Figure 2.7). 
UK parallel flange channels (UKPFC) have been used to connect the beam 
segment to the partially-encased H-section columns and cuts from a square 
hollow section (SHS) to connect to a UK column (UKC).  
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Figure 2.7: Setup for isolated joint tests at University of Sheffield [33] 

The tests showed that double nuts were necessary for the bolted connection 
between flush endplate and web of reverse channel to avoid thread-stripping 
failure. The reverse channel connections showed an enhanced ductility 
compared to flush endplate connections, as depicted in Figure 2.8. Cuts from 
tubes provided higher ductility than standardized UKPFC profiles. 
Furthermore, the failure of the reverse channel was governed by its web. It was 
also observed that the ductility of the reverse channel connection was increased 
with increasing the channel width.  
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Figure 2.8: Force-rotation relationships of connections to partially-encased 
columns [33] 

In [70] Huang, Davison and Burgess report on additional 12 experiments on 
reverse channel connections between steel beams and concrete-filled tubular 
columns at ambient and elevated temperatures. The following failure modes 
have been observed during the tests: fracture of the reverse channel web at 
20 °C, punching failure for narrow tub-cut channels at 550 °C, rupture of the 
bolts for all UKPFC channels and the wide tube-cut channels at 550 °C. It was 
concluded that reverse channel connections provide a feasible way of 
connecting a steel beam to a composite column. They show significantly 
enhanced ductility without compromising the ultimate strength, when 
compared to flush endplate connections (see Figure 2.9). 
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Figure 2.9: Force-rotation relationships of reverse channel connections to 
square CFT columns [70] 

Lopes et al. [71] carried out 21 constant-temperature tests (see Figure 2.10) on 
different reverse channel types subjected to axial (tensile and compression) 
loads applied perpendicular to the web of the channel. All sections tested in 
tension failed due to pull-through of the bolts through the channel web, 
whereas all reverse channels subjected to compression failed by shear on the 
web next to the flanges aligned with the edges of the loading device. The 
channel sections cut from tubes showed both higher initial and post-limit 
stiffness than the welded and hot-rolled channel sections. The reverse channel 
sections offered higher resistance in compression than in tension, whereas the 
maximum deformation was about 300 % greater in tension than in 
compression.  
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Figure 2.10: Schematic layout of the tests at University of Coimbra [71] 

Furthermore, it was demonstrated that the existing analytical model for 
resistance and stiffness available in the literature for RHS columns [13] do not 
apply to the reverse channel section.  

Jafarian and Wang [34,72] performed nine tensile tests on UKPFC profiles at 
ambient and elevated temperatures (see Figure 2.11). Three different failure 
modes are identified: Formation of yield lines around individual bolt rows; 
formation of yield lines along length; and bolt rupture. Yield line solutions for 
the strength of the reverse channel both at ambient and elevated temperature 
are provided. In case of a yield line formation along the entire length of the 
web, development of membrane action could be observed.  
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Figure 2.11: Test setup at University of Manchester [72] 

In addition to those tests, 12 experiments [34] on the behaviour of the column 
face have been performed by Jafarian and Wang. Two relevant failure modes 
were observed: weld failure and column face pull-out. 

Based on the tests performed by Lopes et al. [71] and Jafarian and Wang 
[34,72] two plastic hinge models for reverse channels subjected to tension and 
compression have been developed [34,73]. However, although the models 
seem to be capable of predicting the resistance and displacement at failure with 
sufficient accuracy, they are not accurate in predicting the initial stiffness (see 
Figure 2.12) according to the understanding of the author.  
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Figure 2.12: Load-displacement prediction for reverse channel in tension [74] 

The reverse channel components have been implemented into a stiffness model 
by Dong, Burgess and Davison [34,73,75] and verified with tests from Huang, 
Davison and Burgess [33,70]. 

Lopes et al. [34,76] performed seven full-scale sub-frame tests as shown in 
Figure 2.13 at ambient and high temperatures including cooling phase. 
Ambient temperature tests showed that the thinnest (8 mm) reverse channel 
connection was behaving in a similar manner as a pinned joint. The reverse 
channel could enhance the survival of the beam, especially during cooling.  
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Figure 2.13: Schematic arrangement of sub-frame tests at the University of 
Coimbra [76] 

Wang et al. [34] conducted three small-scale (1:2) tests on composite frame 
assemblies in fire including cooling (Figure 2.14). It was concluded that cut 
reverse channel sections from hot-rolled tubes exhibit an enhanced deformation 
capacity and therefore allow the structure to survive very high temperatures. 
Such sections are preferred to rolled profiles. 
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Figure 2.14: Schematic arrangement of sub-frame tests at the University of 
Manchester [34] 

Iqbal [77] successfully validated finite element models based on sub-frame 
tests performed by Lopes et al. [34,76] and Wang et al. [34] and performed 
parametric studies. 

Wang and Xue [78] experimentally studied the moment-rotation characteristics 
of reverse channel connections to tubular columns at ambient temperature. In 
total eight experiments were performed on loaded steel beams to RHS column 
connections using reverse channel and endplate. It was found that the reverse 
channel connection can be designed to be semi-rigid and of partial strength. In 
order to achieve this in an efficient way, extended endplates should be used. 
The most observed failure mode was fracture at the flange/web junction of the 
reverse channel.  
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Figure 2.15: Test rig at the University of Manchester [78] 

2.4 Component method at elevated temperatures 

In order to apply the component method to joints at elevated temperatures, it is 
necessary to adapt both stiffness and resistance of the components accordingly. 
In the absence of more detailed material data, EN 1993-1-2 [2] provides 
reduction factors for the effective yield strength yk  and for the slope of the 
linear elastic range Ek  which may be used for calculating the moment 
resistance and rotational stiffness of joints at elevated temperatures. 

The first researcher, who applied the component method at high temperatures 
to predict the response of steel and composite flush endplate joints, was 
Leston-Jones [79]. He identified four basic components: column flange in 
bending, bolts in tension, endplate in bending and column web in compression. 
In a case of two or more bolt rows, an equivalent bolt row similar to the 
approach in EN 1993-1-8 [1] was used. The component model showed good 
agreement for steel flush endplates with experimental results [22,79]. Based on 
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the same experiments, Al-Jabri [80,81] proposed another component-based 
model, which could predict the moment-rotation response pretty well in the 
elastic region. 

Spyrou et al. [24,25] continued the work initiated by Leston-Jones and 
developed component models for the same four components. Those models 
were combined into a simple model, connecting two rigid bars with two non-
linear springs for the compression and tension zones. Those springs are directly 
included in a frame analysis, thus predicting moment-rotation curves and axial 
forces induced during fire. However, shear forces are for example not 
considered in this analysis. Block et al. [51,82] continued the work on the 
component model started by Spyrou and integrated it into the software Vulcan. 
Additionally, the effect of cooling has been considered. Qian et al. [83] 
extended this model with a web shear component of the beam. 

Heidarpour and Bradford [84] report on the behaviour of a T-stub assembly in 
beam-to-column connections at elevated temperatures. The analytical approach 
is based on simple beam theory to capture the force-deflection response. The 
analytical results are compared with experimental data in literature and show 
good agreement. 

Simões da Silva et al. [50] developed a global methodology to apply the 
component method to steel joints subjected to bending and an arbitrary 
temperature. They present an approach that allows assessing a joint at ambient 
temperature and then applying the material reduction factors according to 
EN 1993-1-2 for yield stress and Young’s modulus to predict its elevated 
temperature behaviour. This method was then extended to the post-limit 
component stiffness [85] and worked well for both isothermal and anisothermal 
conditions. 

Wang et al. [27] depict a spring-component model for extended endplate 
connections and validate it with experiments at elevated temperature, 
neglecting the effect of axial force which arises from restrain to thermal 
expansion. 

Ramli Sulong et al. [52,86] integrated the component models for endplate, 
extended endplate, double web cleats, top and seat angles and fin plate 
connections into the finite element program Adaptic. All components are 
represented with tri-linear force-displacement relationships. This model was 
validated against experimental data for the rotational behaviour at high 
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temperatures [80,87] and the combined bending and axial effect at ambient 
temperature [10,88]. 

Santiago [59] developed four partial models for flush endplate and extended 
endplate connections, where each model is valid for a combination of axial 
force and bending moments. Once the axial force passes from compression to 
tension or the bending moment changes from hogging to sagging, the partial 
model is changed. 

Strejcek et al. [32] report on the behaviour of the column web component in 
shear of extended endplate connections at elevated temperatures. Interaction 
between bending moment and axial force has been considered and reasonably 
good agreement between numerical and analytical models is achieved, though 
the accuracy decreases with increasing temperature. 

Yu et al. depicted component-based models for web cleat connections [89], fin 
plate connections [28,90] and flush endplate connections [91]. All experiments 
were carried out under isothermal conditions.  

Huang [92] presented a 2-noded connection element for bolted endplate 
connections between beam and columns at elevated temperatures. The model 
considers the following connection failure modes: bending, axial tension, 
compression and vertical shear. Lin et al. [93] incorporated additional 
developments in order to more precisely determine the behaviour of endplate 
connections in fire. The model has been validated with 22 tests and reveals 
accurate predictions. 

Taib and Burgess [94] recently developed a component model for fin plate 
connections in fire, which allows the lower beam flange to come into contact 
with the column face when the connection has undergone large rotations. 
Furthermore, this element has been integrated into Vulcan. 

2.5 Reverse channel/endplate related connections: analytical models 

As mentioned in the previous sections, different analytical models currently 
exist which have similarities with the reverse channel/endplate connection. 
They will be shortly presented in this chapter. 
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2.5.1 Initial stiffness of RHS columns 

Gomes et al. [95], Simões da Silva et al. [96] and Neves et al. [97] have 
proposed models for the stiffness of a column wall in bending or compression 
in the context of endplate minor-axis joints or I-beam-to-RHS joints. These 
models were then included in CIDECT Report 5BP-4/05 [13]. 

Figure 2.16 shows a typical I-beam bolted to the face of a RHS column and the 
according notations according to [13] needed for the initial stiffness 
calculation. 

 

 

(a) column notations (b) Notations for tension 
and compression zone 

(c) Notations for yield 
area of the RHS profile 

Figure 2.16: I-beam-to-RHS column joint with flush endplate [13] 

Equation (2-10) depicts the initial stiffness coefficient for the component RHS 
in transverse compression and tension: Chord face failure. 
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where 
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However, Equation (2-10) is only valid if the following requirements are 
fulfilled: 
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2.5.2 Initial stiffness of combined reverse channel/angle connections 

Liu et al. [69] have characterized the reverse channel face component in 
tension and compression for combined reverse channel/angle connections, as 
shown in Figure 2.17. 

 

(a) top and seat cleats (b) top, seat and web cleats 

Figure 2.17: Combined reverse channel/angle connections [69] 

The initial stiffness of the reverse channel face in tension cftK  for a two-bolt 
arrangement is defined as shown in Equation (2-13). 
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where tC  (see Equation (2-14)) is a coefficient which is related to the bolt 
arrangement (Figure 2.18) and obtained by curve fitting methods. 
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(a) Front view (b) Plane view 

Figure 2.18: Notations for the reverse channel face [69] 

Similar the initial stiffness of the channel face in compression cfcK  is derived 
as shown in Equation (2-16). 
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where cC  is an empirical coefficient obtained by curve fitting considering the 
column width C and the beam width B. 
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2.5.3 Initial stiffness of reverse channel/endplate connections 

Within the COMPFIRE project [6] one of the partners (University of Sheffield) 
has attempted to predict the initial stiffness of the reverse channel in an 
endplate assembly. The major assumption was that the endplate is thicker than 
the reverse channel [74]. The assembly was then considered as a portal frame 
as shown in Figure 2.19. However, a formula is not presented but load-
displacement predictions, as for example in Figure 2.12, clearly show that the 
proposed method is not accurate in all situations, even if the endplate is thicker 
than the reverse channel. 

 

Figure 2.19: Equivalent portal frame for reverse channel [74] 
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3 EXPERIMENTAL WORK ON REVERSE 
CHANNEL CONNECTIONS 

In order to establish force-deflection-temperature relationships of reverse 
channel connections, it is necessary to carry out experiments to identify the 
structural response and the influence of different parameters. As experiments – 
especially at elevated temperatures – are expensive and time-consuming, only 
a limited number usually can be performed. This chapter describes the 
experiments carried out within the COMPFIRE project [6] on reverse channel 
sections and isolated joints. Those experiments have been conducted at the 
universities of Coimbra, Manchester and Sheffield. 

3.1 Introduction 

The experimental work described in this chapter has not been carried out by the 
author himself, but contributed significantly to the results of the present thesis. 
Therefore, the set-up and results of those experiments are repeated here in 
more detail, although already shortly described in Section 2.3. However, the 
author contributed in evaluation of test results obtained for reverse channel 
sections tested at the University of Coimbra [71]. 

The results depicted in the following sections are then further used for 
comparison with finite element simulations (see Chapter 4). 
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3.1.1 Tests on reverse channels at the University of Coimbra 

In the following section the experiments on reverse channel sections carried 
out at the University of Coimbra are described. For a more thorough 
description, the reader is referred to [71,74]. 

Overview of the experiments 

The experimental programme at the University of Coimbra consisted of 21 
constant temperature tests as depicted in Table 3.1.  

Table 3.1: Experimental programme at the University of Coimbra 

Test no. ID h 
[mm] 

bf 
[mm] 

tw 
[mm] 

tf 
[mm] 

T 
[°C] 

1 W-T20-7 202 90 7 15 20 
2 W-T20-10 202 90 10 15 20 
3 W-T20-12 202 90 12 15 20 
4 W-C20-7 202 90 7 15 20 
5 W-C20-10 202 90 10 15 20 
6 W-C20-12 202 90 12 15 20 
7 W-T550-10 202 90 10 15 550 
8 W-T550-12 202 90 12 15 550 
9 W-C550-10 202 90 10 15 550 

10 W-C550-12 202 90 12 15 550 
11 W-T750-10 202 90 10 15 750 
12 W-T750-12 202 90 12 15 750 
13 W-C750-10 202 90 10 15 750 
14 W-C750-12 202 90 12 15 750 
15 T-T20-8 200 90 8 8 20 
16 T-T20-10 200 90 10 10 20 
17 T-T20-12 200 90 12 12 20 
18 R-T20-8.5 200 75 8.5 11.5 20 
19 R-T550-8.5 200 75 8.5 11.5 550 
20 R-T750-8.5 200 75 8.5 11.5 750 
21 R-C550-8.5 200 75 8.5 11.5 550 
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Different types of channel sections (welded plates, cut from tubes and hot-
rolled sections), as shown in Figure 3.1, were tested and tensile and 
compressive loads were transversally applied to the web of the channels. All 
experiments were performed under constant temperature conditions (ambient, 
550 and 750 °C). 

The first letter of the identification tag in Table 3.1 denotes the type of the 
reverse channel section: W for the welded plates, T for channel cuts from 
tubes, and R for a hot-rolled UPN 200. The second part represents the direction 
of load (T for tension and C for compression) and the temperature during 
testing. The latter part of the ID stands for the web thickness. Consequently, 
W-T20-7 describes an ambient temperature test of a welded reverse channel 
with a web thickness of 7 mm subject to a tensile load. 

 

Figure 3.1: Different reverse channel sections tested at the University of 
Coimbra [71] 

Testing procedure and set-up 

All experiments were carried out using the same loading set-up at room and 
high temperatures (Figure 2.10). A hydraulic actuator was used to apply 
monotonic tensile or compressive loads (displacement controlled) to the web of 
the reverse channel specimens. 

For tensile tests a rigid T-stub was used to apply the load to the reverse channel 
web, whereas in the compression tests the load was applied by a solid bar that 
reproduced the loaded area in the compression zone (Figure 3.2). 
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Figure 3.2: Details of load application for reverse channels tested at the 
University of Coimbra [71] 

Results and discussion 

For the ambient temperature tests subject to tensile load, it was shown that both 
initial stiffness and strength are increasing with increasing web thickness. The 
hot-rolled section UPN 200 exhibited higher resistance than the welded plates 
and reverse channel cuts from tubes with similar web thicknesses. Furthermore, 
it was observed that the ductility was not compromised with increased web 
thickness. 

The reverse channel sections subject to compression showed significantly 
higher strength and initial stiffness than the same sections subject to a tensile 
load. However, the maximum deformation in the tension cases was about 
300 % greater than in compression. 

At elevated temperatures the strength is significantly decreased; however, the 
ductility is enhanced. Additionally, force-displacement curves depicted a load 
plateau during the plastic response in both tensile and compressive tests. This 
effect was more explicit with increasing temperature. 

Failure modes were similar in the ambient and elevated temperatures tests. 
Bolts punched through the holes of the reverse channel web when subject to 
tensile load, while the web of the reverse channel fractured by shear aligned 
with the edge of the load device. 
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3.1.2 Tests on reverse channels at the University of Manchester 

In the following section the experiments on reverse channel sections conducted 
at the University of Coimbra are depicted. For a detailed description, the reader 
is referred to [72,74]. 

Overview of the experiments 

The experimental programme at the University of Manchester consisted of nine 
reverse channel tests subject to tension at ambient and elevated temperatures. 
Table 3.2 presents an overview of the tested profiles and the variation of 
considered parameters. Two different UKPFC sections have been tested at 
varying temperatures and with 1 or 2 bolt rows. 

Table 3.2: Experimental programme at the University of Manchester 

Test ID UKPFC profile tw 
[mm] 

tf 
[mm] 

bolt spacing
[mm] 

No. of 
bolt rows 

L 
[mm] 

T 
[°C] 

RCT1 150x75x18 5.5 10 75 1 150 20 
RCT2 150x75x18 5.5 10 75 1 150 550 
RCT3 150x75x18 5.5 10 75 1 150 750 
RCT4 150x75x18 5.5 10 75 2 230 20 
RCT5 150x75x18 5.5 10 75 2 230 550 
RCT6 150x75x18 5.5 10 75 2 230 750 
RCT7 230x90x32 7.5 14 90 1 150 20 
RCT8 230x90x32 7.5 14 90 1 150 550 
RCT9 230x90x32 7.5 14 90 1 150 750 

 

Testing procedure and set-up 

Figure 3.3 depicts the test rig arrangement as it has been used for the 
experiments of reverse channel sections subject to tensile load at the University 
of Manchester. The reverse channels were welded to a thick steel plate at the 
bottom of their legs and bolted through their web to a thick endplate. The 
tensile load is then applied onto the endplate by means of a hydraulic jack. 
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Figure 3.3: Test rig arrangement for reverse channel experiments at the 

University of Manchester [74] 

All elevated temperature tests were conducted in an electrical kiln (a thermal 
insulated oven which is able to control temperatures) under steady state 
conditions. First, the specimens were heated to the target temperature and then 
the mechanical load has been applied. 

Results and discussion 

The focus in evaluating those experiments was clearly targeting at the 
resistance of the reverse channels, without considering the initial stiffness. 
Therefore, the results are not of major relevance for this thesis. However, 
results are presented in brief. 

The experiments depicted three different failure modes: (A) Formation of yield 
lines around individual bolt rows, (B) Formation of yield lines along the 
reverse channel length and (C) Bolt failure (Figure 3.4). In the two bolt row 
cases, the spacing between the bolt rows was so large that only individual yield 
lines around each bolt row developed. Therefore, the ultimate load simply 
doubled compared to the one bolt row cases. 
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(A) (B) (C) 

Figure 3.4: Different failure modes for reverse channel experiments at the 
University of Manchester [72,74] 

All tests using a UKPFC 150x75x18 profile developed failure mode (A) at both 
room and high temperature, whereas for the 230x90x32 profile at ambient 
temperature longitudinal yield lines (B) were observed. However, at elevated 
temperatures the failure mode changed to bolt fracture (C). 

3.1.3 Tests on isolated joints at the University of Sheffield 

In the following section the experiments on isolated joints carried out at the 
University of Sheffield are described. For a more thorough description, the 
reader is referred to [33,70,74]. 

Overview of the experiments 

The experimental programme at the University of Sheffield, as depicted in 
Table 3.3, consisted of 20 constant-temperature tests to failure of isolated joints 
to CFT and partially-encased columns. They were subject to different 
combinations of axial and shear forces as well as bending moments.  
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Table 3.3: Experimental programme at the University of Sheffield 

Test no. Column Connection type Temperature 
1  CFT Fin plate 20 
2  CFT UKPFC 230x90x32 20 
3  CFT Fin plate 20 
4  CFT UKPFC 230x90x32 20 
5  CFT Fin plate 550 
6  CFT UKPFC 230x90x32 550 
7  CFT Fin plate 550 
8  CFT UKPFC 230x90x32 550 
9  CFT UKPFC 200x90x30 550 

10  CFT UKPFC 180x90x26 550 
11  CFT UKPFC 200x90x30 550 
12  CFT UKPFC 180x90x26 550 
13  CFT Cut from SHS 250x8 550 
14  CFT Cut from SHS 200x6 550 
15  CFT Cut from SHS 250x8 550 
16  CFT Cut from SHS 200x6 550 
17 P/E Flush endplate 550 
18 P/E Flush endplate 650 
19 P/E UKPFC 150x75x18 550 
20 P/E UKPFC 150x75x18 650 

 

Testing procedure and set-up 

All experiments have been conducted in an electrical furnace (Figure 3.5) 
under steady state conditions, where the specimen is first heated until the 
desired constant temperature is reached and has stabilised and then the 
mechanical load is applied until failure occurs.  
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Figure 3.5: Details of set-up for isolated joints tested at the University of 
Sheffield [70] 

Results and discussion 

Tests no. 17-20 compared the behaviour of endplate vs. reverse channel to 
partially-encased H-section columns to assess the effect of connection type and 
temperature increase. As the first test (no. 17 – flush endplate at 550 °C) failed 
due to nut stripping, for all following tests double nuts were used for the bolted 
connections to avoid this behaviour. Thus, for the endplate connection at 
650 °C the failure mode changed to bolt fracture. The failure of the reverse 
channel connections (no. 19-20) was governed by fracture of the reverse 
channel at its junction between flange and web. However, the reverse channel 
connections showed an enhanced ductility compared to flush endplate 
connections, as depicted in Figure 3.6. The initial stiffness response is 
significantly less for the reverse channel connection. 
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Figure 3.6: Force-rotation relationships of endplate and reverse channel 
connections to partially-encased columns [33] 

Tests no. 2, 4, 6, 8-16 were reverse channel connections to concrete filled 
tubes. The influence of connecting to either a circular or square tube was 
investigated. It is shown that when using the same reverse channel, the 
resistance of the connection to a square column is higher than that to a circular 
column. However, the effect on the rotational capacity is little (see Figure 3.7 
and Figure 3.8). 

In order to analyse the effect of reverse channel/tube width, three different hot-
rolled reverse channel sections were tested. It is noticed that the rotational 
capacity and resistance increase with increasing reverse channel width and 
thickness. 

Furthermore, reverse channel cuts from structural hollow sections were used to 
examine the effect of equal flange and web thickness. Those sections provided 
an even higher ductility compared with the hot-rolled reverse channels. 

The failure modes (bolt fracture) of the elevated temperature tests using the 
UKPFC profiles were independent from the column type and channel width. At 
ambient temperature combined bolt pull-out and fracture of the reverse channel 
web was observed. For cut sections, the failure mode changed from bolt failure 
(test no. 15) to bolt pull-out (test no. 16). 
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Figure 3.7: Force-rotation relationships of reverse channel connections to 
square CFT columns [70] 

 

Figure 3.8: Force-rotation relationships of reverse channel connections to 
circular CFT columns [70] 
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Tests no. 1, 3, 5, 7 consisted of fin plate connections since the fin plate was 
considered as an extreme of the range of variation of the reverse channel/tube 
width ratio. At room temperature, the steel tube controlled failure as it 
fractured in the heat-affected zone adjacent to the weld. However, the 
resistance of fin plate to circular CFT is considerably higher than to square 
CFT columns. If subject to elevated temperatures, the connection behaviour 
was significantly influenced by the column shape. The fin plate connection to a 
square CFT column failed by fracture of the column wall, whereas for a 
connection to a circular CFT column the deformability of the tube wall was 
limited and the failure mode switched to shearing of the bolts. It was further 
noticed that the bolt shear failure mode revealed much lower rotational 
capacity. 

 

Figure 3.9: Force-rotation relationships of fin plate connections to CFT 
columns [70] 
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4 FINITE ELEMENT MODELLING OF REVERSE 
CHANNEL CONNECTIONS 

Finite Element (FE) modelling is a very powerful tool to study the behaviour of 
structures or details as for example joints/connections. It is relatively cheap if 
compared to laboratory testing especially at elevated temperatures. 
Furthermore, compared to experiments, it easily offers the possibility to 
analyse details, as for example contact pressure distributions or development 
of yield lines. Once the FE model is calibrated against existing test data, it can 
be utilized to perform a large number of parametric studies in order to 
investigate the influence of different parameters on the structural response. 
During the past years the increased performance of computers and the 
existence of high performance clusters have led to an even bigger benefit. 
However, it is crucial to point out the importance of accurate model input data 
such as material properties and structural dimensions. This chapter provides a 
detailed description and verification of the FE models of the reverse channel 
connections and provides a wide range of parametric studies. 

4.1 Description of 3D finite element models 

4.1.1 Mechanical properties of materials 

Steel

In order to reproduce the results of a test through a finite element model to a 
sufficient degree of accuracy, it is crucial to have knowledge about the 
behaviour of the material itself. Therefore, for most of the experiments 
discussed in this study coupon tests at ambient temperature were carried out 
[74]. Where tests were not available, an elastic-plastic stress-strain curve 
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including strain hardening based on nominal steel properties ( yf , uf , E ) was 
assumed for ambient temperature. 

Tensile test data of ductile materials typically show nominal stress and strain 
relationships, where stress is defined as force per undeformed area of the cross-
section of the specimen and strain as change in length divided by the original 
length of the specimen. A conversion into true stress and strain has to be done 
in order to correctly define non-linear material properties in the finite element 
software. Equation (4-1) describes the relationship used to convert nominal 
strain to true strain. 

true nomln 1  (4-1) 

The relationship between true stress and nominal stress is established by 
considering the incompressible nature of metal plasticity and assuming an 
incompressible elastic response, which then leads to the relationship written in 
Equation (4-2). 

true nom nom1  (4-2) 

However, these values are just valid until necking of the material starts and will 
consequently lead to wrong post-necking relations. In order to obtain uniaxial 
true stress-strain relations after necking, Bridgman’s correction method [98] is 
commonly used for rods.  
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Figure 4.1: Reduction factors for stress-strain relations of carbon steel at 
elevated temperatures as suggested in [2] 

Mechanical properties of steel such as yield strength and modulus of elasticity 
deteriorate with increasing temperature. Unlike to the ambient temperature 
stress-strain relations which are obtained from uniaxial tensile testing, no 
material testing was done at elevated temperatures. Therefore, the 
corresponding stress-strain curves (see Figure 4.2) were produced by means of 
the reduction factors y,k , ,Ek  and p,k  provided in EN 1993-1-2 [2] (see 
Figure 4.1). These reduction factors represent the ratio between its values at 
elevated temperature  and ambient temperature for the relevant mechanical 
property, as shown in Figure 4.1. 
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Table 4.1: Stress-strain relationships for carbon steel at elevated 
temperatures according to EN 1993-1-2 [2] 

Strain range Stress  Tangent modulus 

p,  a,E  a,E  

p, y,  
0.522

p, y,
bf c a
a
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b

a a
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Table 4.1 depicts the calculation procedure for obtaining the stress-strain 
couples for the suggested stress-strain relationship in Figure 4.2. 
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Figure 4.2: Stress-strain relationship for carbon steel at elevated 
temperatures [2] 

Other material properties such as the thermal expansion coefficient of steel are 
varying with increasing temperature, which is considered by using temperature 
dependent data for the coefficient of linear thermal expansion. Those 
coefficients of linear thermal expansion for elevated temperatures can be 
calculated from thermal elongations, which are provided in EN 1993-1-2 [2] 
for steel. 

Concrete

Unlike the steel properties, the concrete properties do not play an important 
role in herein considered cases, as the concrete fill of the tubes is having 
considerably little influence compared to the expected deformations in the 
reverse channel/endplate assembly. 

Therefore, concrete is assumed to be temperature insensitive and a constant 
elastic modulus is used. Thermal expansion values are in accordance to 
EN 1992-1-2 [99] 
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4.1.2 Contact interactions 

Many different possible interactions need to be considered in a connection, 
which leads to a complex numerical problem.  

In the present study, modelling of welds has normally been neglected as not 
affecting the overall numerical response. However, when simulating the 
experiments carried out at the University of Coimbra (see sections 3.1.1 and 
4.2.1), the welds between web and flanges of the reverse channel have shown a 
significant contribution to the overall behaviour of the tested specimens and 
therefore have been considered. By using “tie constraints” between the 
connected plates and the weld the surfaces are rigidly connected. That 
translates into displacement values of the connected parts being equal. 

For the remaining interactions in the connection, contact elements are 
considered. A standard “surface to surface” contact interaction is used. As 
tangential behaviour a friction coefficient equal to 0.25 is assumed using the 
basic Coulomb friction model. However, the overall effect of this coefficient is 
negligible in this type of connection. For normal behaviour “hard contact” is 
introduced, which means that contact pressure can be transferred if surfaces are 
in contact, but also a separation of contact surfaces is allowed.  

Finite element models including contact problems are very sensitive to applied 
loads and may cause problems to numerically converge at the beginning of a 
static calculation. The reason is that the contact is not fully established as long 
as there is zero force in the model and therefore, depending on boundary 
conditions, rigid body modes may exist. Convergence may be achieved by 
introducing a small load before the actual load is applied. It may be necessary 
to stabilize the model by activating damping in normal and/or tangential 
direction. For bolted connections, the author found out that the pre-tensioning 
of bolts is a suitable method to initialize contact; a small preload, comparable 
to tightening of bolts by hand, seems to be a reasonable value. After applying 
the pre-tensioning force the bolt length is fixed at its current length so that the 
force in the bolt changes according to the response of the model in the 
subsequent analysis.  

For all surface interactions it is crucial to choose appropriate master and slave 
surfaces. Usually the master surface should be the surface of the stiffer body or 
should have a coarser mesh than the slave surface. If this recommendation is 
not followed, the solution can become time consuming [100]. 
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In recent ABAQUS versions a so called “general contact” option has been 
introduced, where a general non-penetration condition for all surfaces can be 
specified, thus being very user friendly and computationally effective. A 
manual choice of possible contact faces is not necessary. 

4.1.3 Element types 

Mainly one type of elements has been chosen to model the different parts of the 
models. These element types are C3D8R, which is a first order reduced 
integration continuum element (brick). 

The reduced integration element C3D8R is chosen because it uses a lower 
order integration scheme to define the stiffness matrix and thus reduces the 
overall computation time especially in three dimensions. The downside to these 
elements, however, is that they are prone to hourglassing due to the presence of 
only one integration point. These elements can therefore deform in such a 
manner that the strain calculated at the integration point is equal to zero, which 
further leads to uncontrolled distortion. This behaviour can be avoided by using 
a reasonably fine mesh; at least four elements through the thickness are 
recommended. 

Hourglassing can normally be recognized in deformed shape plots or the 
Abaqus in-built hourglass control can be used. It has to be verified that the 
artificial energy used is small (< 1 %) relative to the internal energy [100]. 

To model the bending behaviour, a cost effective option is to use incompatible 
mode elements such as C3D8I, which is a first order incompatible mode 
continuum element. In addition to the standard degrees of freedom these 
elements possess internally added incompatible deformation modes. These 
elements eliminate the causes for the very stiff bending response seen in 
regular first order displacement elements. They can also be used to model 
bending with only one element through the thickness without hourglassing. 
Incompatible modes can be used together in a mesh with other regular solid 
elements. They should be used in regions where bending is dominating in order 
to accurately model the bending behaviour. Those elements have been used for 
the reverse channel when simulating the isolated joints tests performed at the 
University of Sheffield (see sections 3.1.3 and 4.2.3). 

Whenever welds have been introduced into models, C3D6R (6-node linear 
triangular prism) elements are considered. 
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4.1.4 Numerical procedures 

Within the context of this thesis, the finite element program ABAQUS was 
used for 3D simulations. Initially, the static solver ABAQUS/Standard has 
been applied for some simulations, yielding in accurate results. 

However, later on ABAQUS/Explicit was adopted and found to produce faster 
results for complicated contact situations without compromising the accuracy. 
In order to use the explicit dynamics procedure for modelling quasi-static 
events, some special considerations are required. The speed of the process in 
the simulation needs to be artificially increased to reduce the number of 
required time increments, thus obtaining an economical solution. This can be 
either done by increasing the load rates or by mass scaling [100]. 

In order to evaluate whether a simulation yields an appropriate quasi-static 
response, energy balance can be used. Typically, the kinetic energy of the 
deforming material is to be compared to its internal energy. If throughout the 
majority of a quasi-static analysis a small fraction (1-5 %) is not exceeded, the 
results from the ABAQUS/Explicit simulation reflect a quasi-static solution 
[100]. Furthermore, validations with static analyses (ABAQUS/Standard) have 
been carried out. 

All analyses are performed in sequential steps following the test procedure: 

1. Temperature application 

In this step the temperature is applied as a “predefined field” with 
respective magnitudes for each part of the connection. The magnitudes 
of these temperature fields are obtained from either furnace tests or 
chosen manually for parametric studies and are applied as approximate 
values uniformly throughout that respective part. This simplification 
seems to be reasonable since the conditions in the furnace during 
testing can be assumed to be steady-state. 

2. Mechanical load 

In a second step the mechanical load is applied. A detailed description 
for the individual experimental setups can be found in Section 4.1.5. 
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4.1.5 Load and boundary conditions 

Due to the fact that all considered experiments in this thesis have been carried 
out at three different laboratories, the way of applying loads and boundary 
conditions differs. Therefore, in the following the FE models are presented 
accordingly. 

Tests on reverse channel sections by University of Coimbra 

For the compression tests a displacement in a reference point, which is rigidly 
connected to the top of the loading device, was applied. In the tensile test 
simulations, a uniform displacement over a certain area, representing the 
thickness of the loading device, is introduced. For both models the bottom face 
of the flange (vertical plate) is restrained in all three directions. Furthermore, 
symmetry boundary conditions have been used in order to account for the full 
model behaviour and not only the quarter (see Figure 4.3). 

  

(a) Compression test – loading  (b) Tensile test – loading 

Figure 4.3: Typical configuration of models in compression (a) and tension 
(b) for tests performed at University of Coimbra 

Tests on reverse channel sections by University of Manchester 

As for the simulations of the reverse channel sections in tension performed by 
University of Coimbra, the tensile load is introduced through a uniform 
displacement in the middle of the connected endplate. Utilization of symmetry 
and boundary conditions are equal as well (see Figure 4.4). 
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Figure 4.4: Typical configuration of models in tension for tests performed at 
the University of Manchester 

Tests on isolated joints by University of Sheffield 

As mentioned in Section 3.1.3, a loading jack is used to apply load on the 
connection through a loading device. The oven bar, which is connected to the 
loading device, makes a 55° angle with the axis of the beam. To model the 
action of this oven bar force on the connection, connector wire elements have 
been used. The connector section type used for this connector wire is “link”, 
which allows for a rigid link between the end points of the wire along the axial 
direction (Figure 4.5). Thus, in a very realistic manner the load application 
mechanism can be reflected. 
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Figure 4.5: Typical configuration of models for isolated joint tests performed 
at the University of Sheffield 

4.2 Validation of 3D models with experiments 

The following sections depict validations of the 3D models with the relevant 
experiments. Particularities of the experiments/simulations will be highlighted 
and discussed as well. Representative simulations will be shown; a complete 
summary of all simulations will be presented in the respective annexes. 

4.2.1 Tests on reverse channels at the University of Coimbra 

The following chapter summarizes the results of the finite element calculations 
and compares them to the compression and tensile test results carried out at the 
University of Coimbra. For all load-displacement diagrams the load has been 
obtained as the sum of the vertical reaction forces at the bottom of the flanges. 
Displacement measurements with the help of photogrammetry have been taken 
in P2 and P5 (Figure 4.6). The corresponding nodes have been chosen in the 
FE model to read the displacements. Positions P1 and P3 indicate 
measurements from the loading device. 
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Figure 4.6: Displacement measurement points on reverse channel 

A complete overview including comparison of finite element results with 
experimental data is depicted in Annex A. 

Compression tests 

At ambient temperature three different tests with varying web thicknesses (7, 
10 and 12 mm) have been carried out. It is observed from the experiments that 
the failure mode in all cases is shear failure of the plate coinciding with the 
edge of the loading device. The equivalent plastic strain pattern in Figure 4.7 
emphasizes this behaviour. 
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Figure 4.7: Equivalent plastic strains at maximum load for a typical 
compression test (tweb = 7 mm) at ambient temperature 

Figure 4.8 compares the measured test result with the FE result for a 10 mm 
thick web. It shows an overall good agreement, although for the initial stiffness 
a slight discrepancy can be observed. This seems to be mostly influenced by an 
error in the measuring technique, which initially did not show any deformation.  

Another uncertainty in modelling those tests is the fact that the plates forming 
the reverse channel have been welded together. The nominal throat thickness of 
the fillet weld is a = 9 mm. However, the actual measured size of welds of two 
random test specimens was found to be significantly smaller. Throat 
thicknesses between 5 and 7 mm have therefore been used for the modelling. In 
addition to that, the strength of the weld is unknown. Conservatively, the 
strength has been assumed to be the same as the web’s material strength. 
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Figure 4.8: Load versus displacement curve: welded reverse channel 
(tweb = 10 mm) at 20 °C 

As can be seen, all simulations overestimate the resistance of the tested reverse 
channels. The maximum load would have been even higher if the models were 
not stopped based on a displacement criterion in order to save calculation time. 
The main reason for this is that no failure model was used. The stress-strain 
input into ABAQUS is based on a uniaxial tensile test, with an equivalent true 
failure strain of about 1.05. As the tested specimen does not fail in pure 
uniaxial tension, the allowable failure strain is possibly smaller than in the 
uniaxial tensile case. If not properly considered, this may lead to an 
overestimation of the resistance.  

Different studies [101,102] have shown that the equivalent failure strain 
depends on the stress state. A simplification often made is to define the stress 
state by the stress triaxiality factor. Stress triaxiality is defined as hydrostatic 
pressure (or mean stress) over the equivalent stress. The shear failure strain has 
been shown to be considerably smaller than the failure strain in uniaxial 
tension and compression cases. 

However, as no more information about the material is available, it is only 
possible to identify a failure strain based on the FE simulations. That is 
approximately done in this thesis by comparing the global test results with FE 
results in terms of load-displacement curves. A failure point for the FE 
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simulations is defined as the point where test and numerical results start to 
deviate significantly. This happens when the slope of the load-displacement 
curve of the according test is changing close to failure. After this point is 
identified, the local equivalent (failure) strain in the critical element is 
determined. In the following this procedure is demonstrated on test 5. 

The dashed graph in Figure 4.9 represents the equivalent plastic strain (PEEQ) 
in the critical element versus the displacement of the web. It can be seen that at 
about 45 % equivalent plastic strain the results of the FE simulation start to 
diverge from the test results. This strain is then conservatively considered as 
failure strain and can be introduced into ABAQUS. Plastic behaviour of metals 
in ABAQUS is described in terms of yield stress and plastic strain. In order to 
approximately introduce a failure strain without considering damage 
parameters, for a certain plastic strain (here 45 %) a decreased yield stress can 
be defined. This drop in the true stress-strain curve then leads to a drop in load 
as soon as the first element achieves 45 % of strain (compare the graph 
“Test 5: FEA – strain limited” in Figure 4.9).  

The same procedure has been applied to the other ambient temperature tests 
and leads to failure strains as shown in Table 4.2. Compared to the true failure 
strains from the uniaxial tensile tests, which were calculated to be around 
105 %, the actual failure strains according to the Finite Element Analyses 
(FEA) are of a magnitude between 45 and 55 % of the uniaxial failure strains. 

Table 4.2: Maximum equivalent strains in web at failure – welded reverse 
channel sections in compression 

Specimen Failure strain [%] 
Test 4: W-C20-7 53 
Test 5: W-C20-10 45 
Test 6: W-C20-12 48 
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Figure 4.9: Load versus displacement curve and consideration of equivalent 
plastic strains: welded reverse channel (tweb = 10 mm) at 20 °C 

In order to provide a detailed insight into the equivalent plastic strain 
distribution at maximum load, elements along the cross-section thickness and 
the width of the loading device passing through the critical element have been 
analysed.  

Figure 4.10 presents the development of plastic equivalent strains through the 
thickness of the web plate. It can be seen that the peak value of 45 % is reached 
in the second element row from top of the plate. The strains decrease then 
towards the bottom of the plate, where a value of about 24 % is reached.  
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Figure 4.10: Evaluation of equivalent plastic strains through cross-section of 
the web for test 5 at maximum load 

Figure 4.11 shows that the variation of strains along the width of the plate is 
not as significant as through the thickness. Most elements in the considered 
row attain strains between 40 and 45 %. As each element has a dimension of 
1 mm x 1 mm x 1 mm, the total amount of 30 elements corresponds exactly to 
the half of the width of the loading device. This is due to the symmetry which 
was used in the FE model. 
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Figure 4.11: Evaluation of equivalent plastic strains along the width of the 
web for test 5 at maximum load 

At elevated temperatures four different tests with varying web thicknesses and 
temperatures were conducted plus one additional with a hot rolled UPN 200. 
Compared to the ambient temperature results, the failure mode appears in all 
cases, namely shear failure of the plate coinciding with the edge of the loading 
device.  

The load-displacement response shown in Figure 4.12 depicts a good 
agreement in initial stiffness but post-limit behaviour is not well predicted. 
However, FE results always underestimate the test results. In addition to the 
aforementioned uncertainties as weld size and strength, the assumed material 
properties at elevated temperatures do not seem to predict the full path of the 
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load vs. displacement behaviour. Since no thorough investigation of the 
material at elevated temperatures was made, the use of a simplified material 
model according to EN 1993-1-2 [2] seems to be a conservative assumption. 
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Figure 4.12: Load versus displacement curve: welded reverse channel  
(tweb = 10 mm) at 750 °C 

Tensile tests 

The same specimens with welded plates as for the compression tests were 
tested in tension at ambient temperature (web thicknesses of 7, 10 and 12 mm). 
Additionally, three tests with cut hollow sections (thicknesses of 8, 10 and 
12 mm) and one with a hot rolled UPN 200 were carried out. 

It is observed from the tests that the failure mode in all cases is bolt punching 
through the holes without failure of the bolts. The equivalent plastic strains 
pattern shown in Figure 4.13 emphasizes this behaviour. 
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Figure 4.13: Equivalent plastic strains at maximum load for a typical tensile 
test (tweb = 7 mm) at ambient temperature 

Figure 4.14 depicts the result for the welded specimens with a web thickness of 
7 mm. Two graphs show experimental results as displacements are measured in 
two different locations during the tests. The solid curve represents the 
measurements taken at the loading device, whereas the dashed curve shows 
measurements obtained with photogrammetry. The FE results fit quite well 
with the photogrammetric measurements in terms of stiffness. However, as 
damage of the web is involved in bolt punching failure, which was not 
considered in the simulations, the finite element results show a different failure 
mode.  
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Figure 4.14: Load versus displacement curve: welded reverse channel 
(tweb = 7 mm) at 20 °C 

In all simulations, the washer between bolt nut and web of the reverse channel 
is bending significantly until both washer and bolt are partly able to penetrate 
the hole of the plate (see Figure 4.15). Therefore, the observed failure mode in 
the FE simulations depends on the strength and stiffness of the washers. As the 
washers’ material is characterized in terms of their hardness, a material model 
estimating the yield strength from the hardness has been used. This is to be 
considered an uncertainty of those models. 
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Figure 4.15: Deformed shape of a typical tensile test (tweb = 7 mm) at ambient 
temperature 

As all welded reverse channel simulations overestimate the resistance obtained 
in the tests, a similar attempt as for the case of compression is done by 
capturing the local maximum equivalent strain in the plates at approx. failure in 
order to investigate a strain-based failure criterion. From the calculations 
performed, the true failure strains for welded reverse channel sections in 
tension could be approximately estimated as shown in Table 4.3. 

Table 4.3: Maximum equivalent strains in web at failure – welded reverse 
channel sections in tension 

Specimen Failure strain [%] 
Test 1: W-T20-7 52 
Test 2: W-T20-10 46 
Test 3: W-T20-12 59 
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At elevated temperatures welded plates with 10 and 12 mm web thickness, as 
well as a hot rolled UPN 200 have been tested at 550 °C and 750 °C. As with 
ambient temperature, the failure mode remains the same in all cases, namely 
bolt punching through the holes without failure of the bolts. 

As observed from the ambient tensile tests, the displacement measurements at 
the loading device (P1) and measurements on the plate obtained from 
photogrammetry (P2) showed significantly different results, thus indicating 
that the photogrammetry measurements are comparable with the FE results. 
For specimens at elevated temperatures photogrammetry measurements are 
only available for 750 °C. Therefore, an appropriate comparison between test 
results and FE simulations at 550 °C is not possible. However, for those tests 
(see Figure 4.16 and Annex A) results are shown for displacements obtained 
from measurement points P2 and P5. 
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Figure 4.16: Load versus displacement curve: welded reverse channel 
(tweb = 10 mm) at 550 °C 

Figure 4.17 shows the results for a welded reverse channel with a plate 
thickness of 10 mm tested at 750 °C. It can be seen from the two dashed graphs 
(photogrammetric measurement in point P5) that the initial stiffness is 
matching well, whereas the post-limit stiffness cannot be predicted. For the 
sake of comparison the deflection of the midpoint of the web (P2) is plotted as 
well since this was the relevant value for the ambient temperature tests. 
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Figure 4.17: Load versus displacement curve: welded reverse channel 
(tweb = 10 mm) at 750 °C 

Variation of weld size 

As mentioned above, the real weld throat thickness was shown to be 
significantly smaller than the nominal one. Therefore, a short parametric study 
for both tension and compression tests will be presented to emphasize the 
influence of the weld size on the overall response of the reverse channel. 

Figure 4.18 depicts the results for one compression test. It can be seen that both 
initial stiffness and failure load become larger with increasing weld thickness. 
The latter one is mainly due to the fact that the shear failure appears in the 
region, where the web plate is supported by the fillet weld, thus contributing 
significantly to the resistance.  
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Figure 4.18: Variation of weld size for welded reverse channel (tweb = 10 mm) 
in compression at 20 °C 

In the case of tension (see Figure 4.19) the influence on the resistance seems to 
be relatively smaller. However, the initial stiffness is increased as well. Rises 
of up to 20 % for both tension and compression cases can be observed. 



Finite element modelling of reverse channel connections 

 77 

0

50

100

150

200

250

300

350

0 10 20 30 40

Lo
ad

 [k
N

]

Displacement [mm]

Test 1: W-T20-7 (P2)

Test 1: FEA - 5 mm weld

Test 1: FEA - 7 mm weld

Test 1: FEA - 9 mm weld

 

Figure 4.19: Variation of weld size for welded reverse channel (tweb = 7 mm) in 
tension at 20 °C 

Variation of material strength at elevated temperatures 

As in the cases of elevated temperatures a simplified material model according 
to EN 1993-1-2 [2] has been utilized, the real material strength for the 
corresponding temperature is unknown. In order to quantify the effect of 
varying the yield strength on the overall reverse channel response, simulations 
for each one compression and tensile test have been carried out.  

The results shown in Figure 4.20 and Figure 4.21 emphasize the influence of a 
scattering in yield strength/temperature at 750 °C. The reduction factor for the 
effective yield strength y,k  at 750 °C corresponds to a value of 0.17 [2]. For 
both the tension and compression case, a change in strength of ± 20 % has a 
significant influence on the response of the reverse channel and leads to about 
the same per cent rise in resistance. Given this strong influence of temperature 
dependent material data, it is difficult to predict the real response of the 
conducted tests without knowing the exact material properties at elevated 
temperatures. Even a small difference in temperature measurements would 
have a significant effect on the structural response. Therefore, it seems to be 
crucial to have sufficient knowledge about both temperature dependent 
material data and the temperature itself. 



Stiffness of Reverse Channel Connections at Room and Elevated Temperatures 

78 

0

20

40

60

80

100

120

0 5 10 15 20 25 30

Lo
ad

 [k
N

]

Displacement [mm]

Test 13: W-C750-10 (P3)
FEA (ky,  = 0.14)
FEA (ky,  = 0.17)
FEA (ky,  = 0.20)

 

Figure 4.20: Variation of yield strength for welded reverse channel 
(tweb = 10 mm) in compression at 20 °C 
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Figure 4.21: Variation of yield strength for welded reverse channel 
(tweb = 10 mm) in tension at 20 °C 
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4.2.2 Tests on reverse channels at the University of Manchester 

At the University of Manchester, a total of nine tests with reverse channel 
sections in tension were performed (see Section 3.1.2). However, as 
researchers from the University of Manchester have carried out finite element 
simulations [74] themselves within the COMPFIRE project [6], the results 
have been verified for only one test. This model has contributed to the 
confidence of reverse channel connection modelling, but is not used for any 
further study and is therefore presented just for the sake of completeness. 

Figure 4.22 depicts a comparison between finite element simulation and 
experimental result for one ambient temperature test using a British parallel 
flange channel (UKPFC) 230 profile as reverse channel. It can be noted that the 
results match very well in terms of stiffness but for reasons similar to those 
affecting the simulations performed in Section 4.2.1 the real failure load cannot 
be predicted. 
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Figure 4.22: Load versus displacement curve: UKPFC 230 reverse channel 
(tweb = 7.5 mm) at 20 °C 

4.2.3 Tests on isolated joints at the University of Sheffield 

As described in Section 3.1.3, twenty experiments on isolated joints were 
performed at the University of Sheffield. 
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All tests consider the connection rotation as final output. In order to calculate 
the connection rotation, two nodes were chosen on the endplate. The 
connection rotation is then computed from the displacement of these nodes, 
identified in Figure 4.23. 

 

Figure 4.23: Connection rotation – nodes for derivation 

Basically three different types of connections were investigated: Fin plate, 
UKPFC profiles and cuts from structural hollow sections as reverse channel. 
They have been either connected to circular or square concrete filled tubes or 
partially encased H-sections. Therefore, in the following sections results from 
finite element simulations for each type will be shown. All simulations are 
summed up in Annex B. 
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Flush endplate and reverse channel connection to partially-encased 
column 

Two flush endplate (no. 17 and 18) and two reverse channel (no. 19 and 20) 
connections to partially-encased columns were conducted at high temperatures 
as mentioned previously in Section 3.1.3. 

 

Figure 4.24: Deformed shape of a flush endplate to partially-encased column 
connection – deformation scale factor 5 

Figure 4.24 depicts the deformed shape of an endplate connection at ultimate 
load. In both numerical simulations the connection fails due to the upper bolt 
row exceeding its resistance in tension. However, for the experiment at 550°C 
the present failure mode is nut stripping, which could not be replicated in the 
FE simulations. Thus, Figure 4.25 shows an overestimation of the resistance 
with FE.  
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Figure 4.25: Flush endplate to partially-encased column connection at 550 °C 
– Connection rotation vs. force in oven bar 

When double nuts are introduced in order to avoid stripping (see Section 3.1.3) 
in the experiments, the agreement between finite element and test results is 
excellent (Figure 4.26). 
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Figure 4.26: Flush endplate to partially-encased column connection at 650 °C 
– Connection rotation vs. force in oven bar 

Figure 4.27 shows the deformed shape of a reverse channel connection at 
approximately its ultimate load. In both tests the connection failed due to 
fracture at the junction of web and flange of the reverse channel.  
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Figure 4.27: Deformed shape of a reverse channel (UKPFC) to partially-
encased column connection – deformation scale factor 5 

 

(a) Fracture during test [74] (b) Plastic strains from FEA 

Figure 4.28: Failure of reverse channel (UKPFC) connections at 550 °C – 
(a) observed fracture in test; (b) plastic strain distribution at 
approximately ultimate load by FEA 
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The FEA at 550 °C shows good agreement until approximately the ultimate 
load (Figure 4.29). As was observed for the simulations on reverse channel 
sections, the damage cannot be predicted. However, the distribution of plastic 
strains at the reverse channel compared with the real failure (Figure 4.28) 
depicts the compliance of experimental and numerical data. 
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Figure 4.29: Reverse channel (UKPFC) to partially-encased column 
connection at 550 °C – Connection rotation vs. force in oven bar 

Reverse channel connections to concrete-filled tubes 

A series of 12 experiments (no. 2, 4, 6, 8-16) of different reverse channel types 
to either circular (CCFT) or square (SCFT) concrete filled tubes were 
conducted, as described in Section 3.1.3. Those joints were tested at both 
ambient and elevated temperatures. 

Tests with UKPFC revere channels to SCFT columns at 550 °C (no. 8, 11, 12) 
reveal bolt rupture as failure mode and can be reproduced by FEA pretty well 
(see Figure 4.30). 
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Figure 4.30: Reverse channel (UKPFC) to SCFT column connection at 550 °C 
– Connection rotation vs. force in oven bar 

However, Figure 4.32 emphasizes that the UKPFC 230 connected to a SCFT at 
ambient temperature (no. 4) develops a different failure mode. Instead of bolt 
rupture there is excessive yielding around the bolt holes of the reverse channel, 
which finally leads to punching failure. Therefore, as in all other cases where 
failure of the reverse channel is concerned, the prediction of the resistance fails 
(Figure 4.31) but plastic strain contours can indicate the accordance of failure 
modes. 
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Figure 4.31: Reverse channel (UKPFC) to SCFT column connection at 20 °C 
– Connection rotation vs. force in oven bar 

  

Figure 4.32: Reverse channel (UKPFC) to SCFT column connection at 20 °C 
– Plastic strain distribution at approximately failure 
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In addition to the previously shown reverse channel connections with UKPFC 
profiles, Figure 4.33 and Figure 4.34 show a connection configuration with a 
cut from a square hollow section (no. 15 and 16). One of the major differences 
is the equal thickness of web and flange. It can be observed that this yields into 
even more ductile response of the connection, allowing even higher rotations 
(depending on the width of the profile). 

 

Figure 4.33: Deformed shape of a reverse channel (cut from SHS) to SCFT 
column connection – deformation scale factor 1 
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Figure 4.34: Reverse channel (cut from SHS) to SCFT column connection at 
550 °C – Connection rotation vs. force in oven bar 

Furthermore, the same reverse channel configurations were used to compare 
with the alternative of being welded on circular concrete-filled columns 
instead. As they reveal very similar joint response, they are not repeated here. 
Comparisons may be found in Annex B. 

Fin plate connection to concrete-filled tubes 

Only one out of the four tested fin plate connections was modelled as not being 
of major relevance for the present thesis. However, it also contributes to 
knowledge in connection modelling and is therefore briefly presented. 
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Figure 4.35: Fin plate to SCFT column – deformation scale factor 1 

Figure 4.35 shows the deformed shape of a Fin Plate connection at ultimate 
load. As can be seen in Figure 4.36 the agreement between the test and FEA is 
good at 20 °C. The failure mode (fracture of the tube wall) cannot be 
completely reproduced, but the results agree well until the maximum load is 
reached in the test. 
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Figure 4.36: Fin plate to SCFT column connection at 20 °C – Connection 
rotation vs. force in oven bar 

4.3 Parametric study – 3D finite element simulations 

Based on the 3D finite element models described and validated in Section 4.2, 
a parametric study (Table 4.4) was designed and carried out aiming to expand 
the range of test data to further investigate the reverse channel behaviour at 
both ambient and elevated temperatures. Two different types of reverse 
channel sections, rolled parallel flange channels (PFC) and cut tubes, were 
considered. However, the majority of simulations was conducted for cut tubes. 
The general setup is shown in Figure 4.37. Reverse channel connections with 
one to three bolt rows have been simulated. However, the distance between 
bolt rows and the distance of the outer bolt rows to the edge of the endplate / 
reverse channel was kept constant (see Figure 4.37). 
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Figure 4.37: General setup of 3D models 

This study investigates the effects on the initial stiffness of the following 
parameters: 

Leg length

Bolt spacing (‘a’ in Figure 4.37)

Endplate thickness 

Reverse channel thickness 

Rolled channel (PFC) or constant thickness channel cut from a tube 

Temperature 

Table 4.4 shows a general overview of the parametric study, depicting the 
varied parameters. Out of all possible combinations 100 3D finite element 
simulations each in tension and compression have been carried out. A detailed 
overview can be found in Annex C. 
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Table 4.4: 3D parametric study – a general overview 

reverse channel endplate bolts  

section width 
[mm] 

web 
thickn. 
[mm] 

flange 
height 
[mm] 

flange 
thickn.
[mm] 

width
[mm] 

length
[mm] 

thickn.
[mm] 

bolt 
size 

[mm] 

no. 
of 

bolt 
rows 

bolt 
spacing 
[mm] 

temp. 
[°C] 

SHS 
cut 350 

8 
10 
12 

60 
90 
120 

8 
10 
12 

150 
210 
270 
330 

150 
300 
450 

10 
20 20 

1 
2 
3 

90 
150 
210 
270 

20 
450 
550 
650 
750 

SHS 
cut vs. 
PFC 

200 7 90 7 
14 200 150 20 20 1 90 20 

SHS 
cut vs. 
PFC 

230 7.5 90 7.5 
14 200 150 20 20 1 90 20 

SHS 
cut vs. 
PFC 

260 8 90 8 
14 200 150 20 20 1 90 20 

SHS 
cut vs. 
PFC 

300 9 90 9 
15.5 200 150 20 20 1 90 20 

SHS 
cut vs. 
PFC 

380 9.5 100 9.5 
17.5 250 150 20 20 1 90 20 

SHS 
cut vs. 
PFC 

430 11 100 11 
19 250 150 20 20 1 90 20 

 

4.3.1 Influence of the reverse channel leg length 

As the reverse channel leg length (flange height) H contributes to the bending 
stiffness of the flange and thus to the rotational restraint of the reverse channel 
web, it is expected that with increasing leg length the initial stiffness decreases. 
This is illustrated in Figure 4.38 by means of the reverse channel in tension and 
compression for three different leg lengths. 
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Figure 4.38: Influence of leg length on initial stiffness in tension and 
compression 

4.3.2 Influence of the bolt spacing 

In the tension zone of a connection, bolts are mainly supposed to transfer 
tensile forces from one part to another. Therefore, the bolt spacing influences 
the response of the reverse channel as the load is introduced at different 
positions. Assuming a rigid endplate, it is expected that the initial stiffness of 
the reverse channel in tension increases with increased bolt spacing since the 
load gets introduced closer to the supports of the reverse channel. Figure 4.39 
clearly emphasises this behaviour. 

In the compression zone of a connection axial forces between connected parts 
are transferred by means of contact. Thus, the influence of the bolt spacing on 
the structural behaviour of the reverse channel is not equally obvious. 
However, as in this study the endplate width is also increased with increased 
bolt spacing, an effective is visible (see Figure 4.39), though not of the same 
magnitude.  

As the initial stiffness also depends on other parameters, as for example the 
ratio of the endplate to the reverse channel web thickness, the effects are not 
quantitatively assessed. 
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Figure 4.39: Influence of bolt spacing on initial stiffness in tension and 
compression 

4.3.3 Influence of the endplate thickness 

In this 3D parametric study only two different endplate thicknesses, 10 and 
20 mm respectively, were considered. Figure 4.40 depicts that the initial 
stiffness increases, the thicker endplate is chosen. This effect is enhanced for 
increasing bolt spacing. 
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Figure 4.40: Influence of endplate thickness and bolt spacing on initial 
stiffness in tension 

Like in the tension cases, a bigger initial stiffness is observed with increased 
endplate thickness (see Figure 4.41). However, it can also be seen that the 
effect of increased bolt spacing on the stiffness decreases or may even vanish 
(depending on the ratio of endplate to reverse channel web thickness). 
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Figure 4.41: Influence of endplate thickness and bolt spacing on initial 
stiffness in compression 

4.3.4 Influence of the reverse channel thickness 

It is expected that the thicker the reverse channel the higher the initial stiffness 
will be, when keeping the endplate thickness constant. This becomes also clear 
from Figure 4.42 (reverse channel in tension) and Figure 4.43 (reverse channel 
in compression). 



Stiffness of Reverse Channel Connections at Room and Elevated Temperatures 

98 

0

50000

100000

150000

200000

250000

300000

350000

400000

90 150 210 270

In
iti

al
 s

tif
fn

es
s 

[N
/m

m
]

Bolt spacing a [mm]

RC in tension - tRC=8mm
RC in tension - tRC=10mm
RC in tension - tRC=12mm

 

Figure 4.42: Influence of reverse channel thickness and bolt spacing on initial 
stiffness in tension 
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Figure 4.43: Influence of reverse channel thickness and bolt spacing on initial 
stiffness in compression 
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4.3.5 Comparison of rolled channels (PFC) with constant thickness 
channel cuts from tubes 

UK parallel flange sections typically consist of flanges thicker than their web 
and it is therefore obvious that their response, compared to a channel cut from 
a tube with the same web thickness, will be relatively stiffer. 

Figure 4.44 and Figure 4.45 confirm this behaviour for tension and 
compression cases. 
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Figure 4.44: Comparison of UKPFC vs. channel cuts in tension 
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Figure 4.45: Comparison of UKPFC vs. channel cuts in compression 

4.3.6 Influence of temperature 

The mechanical properties of steel are significantly influenced when subject to 
elevated temperatures. Both Young’s modulus and yield strength degrade with 
increasing temperatures (Figure 4.1). However, it is clear that for the initial 
stiffness response the major influencing parameter is the Young’s modulus. 
Thus, a decrease of initial stiffness proportional to the reduction factor for the 
slope of the linear elastic range ,Ek  is expected under the assumption of a 
constant temperature field in all parts of the connection. Figure 4.46 
emphasized this effect for both tension and compression cases. 
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Figure 4.46: Influence of temperature on the initial stiffness 
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5 ANALYTICAL MODELS FOR THE INITIAL 
STIFFNESS OF THE REVERSE CHANNEL 

In the present section the derivation of analytical expressions for the initial 
stiffness of a reverse channel connection with a partial-depth endplate will be 
presented. The particular case of partial-depth endplates lends itself to an 
elementary beam theory based approach provided that the issue of the 
unilateral contact between the reverse channel and the endplate of the beam 
has been dealt with. Although rigorous unilateral contact theory strictly 
precludes the a priori knowledge of the contact zones, the work of the present 
section focuses on the categorisation of the contact zones for the problem at 
hand. As will be shown, this approach leads to a small number of elementary 
structural systems for which analytical expressions for the displacements are 
relatively easy to derive. 

The resulting analytical expressions are subsequently validated against plane 
stress and three dimensional finite element models. 

5.1 The two dimensional structural system 

A reverse channel (RC) connection is one connecting a beam to a column. In 
Figure 5.1 a section of the reverse channel – endplate (EP) system on a plane 
normal to the column axis is depicted. The axis of the column, whereupon the 
reverse channel is attached, is taken to define the z-axis. The resulting two 
dimensional structural system is characterised by 

 the 2D-frame “legs” AE and A’F i.e. the flanges of the channel section 
EAA’F, welded against the column at points E and F, 
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 the web AA’ of the reverse channel, 

 the endplate BCC’B’ that is welded to the web of the connecting beam 
at point m, 

 the bolts tying the RC and the EP together, their axis being at points C 
and C’, 

 the length BC and B’C’ by which the EP extends beyond the bolt-axis, 
to be referred to as the EP “tail”. 

 

Figure 5.1: A cross section of the reverse channel – endplate system on a 
plane perpendicular to the column axis 

In two dimensions the reverse channel can be regarded as a single-bay planar 
frame and the endplate as a doubly overhanging beam. The mechanical 
coupling between them is due to two mechanisms: 

 the bolts ensuring identity of deflections at C and C’, 

 the unilateral contact conditions along BCC’B’. 

An elastic system with unilateral contact conditions can be described (in 
discretized form) by the well-known equilibrium equations as presented by 
Panagiotopoulos [103] and Duvaut and Lions [104]. 

Ku p   (5-1) 
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subjected to the unilateral contact inequality constraints 

Bu c   (5-2) 

where u is the displacement vector, K the stiffness matrix, p the load vector of 
the system and B, c respectively are a matrix and a vector associated to the 
unilateral constraints. After the application of the loads, equilibrium is attained: 
some of the inequality constraints are fulfilled as equalities (activated 
constraints). Instead of solving an inequality-constrained equilibrium problem 
one can introduce the activated constraints from Equation (5-2) to the 
equilibrium Equations (5-1) and solve an unconstrained problem. However, 
this would entail knowing the contact area (i.e. the activated constraints) a 
priori. This is mathematically infeasible but making informed guesses for the 
contact area constitutes the basis of a class of algorithms used for inequality 
constrained problems (active set algorithms). In the present case, the goal is not 
to solve the contact problem with arbitrary accuracy but to make assumptions 
about the contact that will lead to simple structural systems. The accuracy of 
the assumed simple structural systems with respect to the contact problem will 
be verified numerically. Fortunately, the accuracy required for engineering 
applications (10-1) is rather crude in comparison to that required in the context 
of applied numerical methods (10-4); hence the possibility for the present 
approach. 

In what follows, observations concerning the contact forces patterns between 
the reverse channel and the endplate will be presented for two dimensional 
cases and are verified by three dimensional cases. The study of the arising 
contact patterns provides a rational way to actually make reliable assumptions 
that allow the transition from the inequality-constrained problem to a classical 
one. 

5.2 Contact forces with respect to bolt position – case of tension 

In Figure 5.2 below, the contact forces resulting from the two dimensional FE 
analyses (plane-stress) are shown for varying bolt positions. The reverse 
channel used in this example has a thickness 10RCt mm; the endplate 
thickness is 12.5EPt mm and 340L mm, 115H mm, 2 18a mm. 
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 = 5 % 

 

 = 17 % 

 

 = 22 % 

 

 = 38 % 

 

 = 44 % 

 

 = 51 % 

 

 = 59 % 

 

 = 77 % 

 

 = 88 % 

Figure 5.2: Contact forces computed by the plane-stress FE model for 
various values of the bolt position  = b/L – case of tension 

The bolt position  is the ratio b/L. By way of observing the form of the contact 
forces that develop, one can deduce the following: 
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 Contact type A: low values of  cause contact to appear between the 
bolts (  < 45 %). 

 Contact type B: as  increases beyond a certain value, the contact zone 
shifts to the tail part of the endplate (  > 45 %). Note the disappearance 
of the contact forces for  = 44 % as the contact shifts from type-A to 
type-B. 

 Further increasing the bolt spacing causes a concentrated contact force 
to appear at the tip of the endplate (  > 70 %). 

It should be noted that, as will be discussed later, the particular values of  for 
which the contact pattern changes, are related to the geometric characteristics 
of the RC-EP used for this example. 

In what follows, these observations concerning the arising contact patterns will 
be used in order to derive analytical expressions for the initial stiffness of the 
reverse channel / endplate system based on beam theory. 

5.2.1 Contact type A: contact between the bolts 

This form of contact takes place in cases where, had the non-penetration 
condition been released the slope of the RC at the position of the bolt would 
have been greater than that of the EP. 

As a consequence of the above, the contact forces develop mainly in the 
vicinity of the bolts. The contact forces in combination with a part of the bolt 
force form a moment couple that ensures identity of slopes for the RC and the 
EP. 

Since slope identity between the reverse channel and the endplate is established 
at the bolt position, the following structural system is assumed: 

 For BC, BC’ only the moment of inertia of the reverse channel is taken 
into account as there is loss of contact with the endplate over the tail: 
the parts BC, BC’ of the endplate remain stress-free. 

 Due to the identity of slopes of the reverse channel and the endplate at 
points C and C’ of the frame, the sum of their moments of inertia 2I  is 
taken into account for the segment CC’. 

Therefore, 
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EP 3
EP z EP

RC 3
RC RC

RC 3
C z C

/12

/12

/12
z

I L t
I L t

I L t

 (5-3) 

2 RC EPI I I  (5-4) 

Here zL  denotes the dimension of the reverse channel and, respectively the 
endplate, in the direction z perpendicular to the plane of Figure 5.1. 

 

Figure 5.3: Frame system for the case of contact between the bolts (type A) 

In order to obtain an expression for the displacement of the bolt (point C) the 
method of transfer matrices [105] is implemented. Following the sign 
convention of the force method, the transfer matrix for a beam segment ab has 
the general form 

3 2

2

1
6 2

0 1
2

0 0 1 0
0 0 11 1
0 0 0 0 1

w
b as

b a

b a

Vb a

M

l l ll F
u uEI GA EI

l l FV VEI EI
FM M

l F

 (5-5) 

or 

b ab az M z   (5-6) 
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that is, the status vector bz  at the end b of the beam, can be expressed as the 
product of the status vector at the end a of the beam az  times the transfer 
matrix abM  . The transfer matrix method is suited for dendroid structures. 

The transfer matrix for the beam between points A and C reads 

3 2

EP EP
2

EP EP

1 0
6 6

0 1 0
2 2

0 0 1 0
0 0 1 0
0 0 0 0 1

AC

a aa
EI EI
a a

M EI EI
P

a

 (5-7) 

where 1 2a a a . 

The transfer matrix for the beam CC’ respectively reads 

3 2

2 2
2

' 2 2

1 0
6 6

0 1 0
2 2

0 0 1 0
0 0 1 0
0 0 0 0 1

CC

b bb
EI EI

b b
M EI EI

P
b

 (5-8) 

And last, the transfer matrix for the segment C’A’ has the form 



Stiffness of Reverse Channel Connections at Room and Elevated Temperatures 

110 

3 2

EP EP
2

' ' EP EP

1 0
6 6

0 1 0
2 2

0 0 1 0
0 0 1 0
0 0 0 0 1

C A

a aa
EI EI
a a

M EI EI
P

a

 (5-9) 

Then the transfer matrix for the whole beam ACC’A’ will be the product of the 
above plus two matrices to provide for the influence of the leg of the reverse 
channel at points A and A’ 

' ' ' ' '
leg leg

AA A AC CC C A AM M M M M M  (5-10) 

The matrices leg
AM  and '

leg
AM  have the form 

leg leg
'

C

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0

40 0 1 0

0 0 0 0 1

A AM M
EI
H

 (5-11) 

The resulting system of equations reads 

' 'A AA Az M z  (5-12) 

and the conditions at the boundary 

'

'

'

0
0
0
0

A

A

A

A

A

A

u
u
M
M
V P
V P

  (5-13) 
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leave us with a 2x2 system of equations with respect to A  and 'A  . These 
result to the values of the unknowns 

RC 2
'

RC 2 RC C 2 C

( )
2 ( 2 4 )A A

ah bI aI P
E HI I bI I aI I

 (5-14) 

where C RCI I  since the leg is the same thickness as the web of the reverse 
channel. 

The status vector at the bolt point C is obtained by the multiplication 

leg
C AC A Az M M z  (5-15) 

where 

0 0 1 T
A Az P  (5-16) 

hence having the form  

2
2C

RC 23
RC

RC RC 2 RC C 2 C

2C
RC 22

RC

RC RC 2 RC C 2 C

2
C RC 2

2
RC 2 RC C

2

6 2 4 8

41

2 2 4 8
0

1
4

2 4

C

C

C

C

a Ia abHI P a HI P
HIa P

EI EHI I bEI I aEI I
u

aI abHI P a HI P
HIa P

V
EI EHI I bEI I aEI I

M

EI P abHI a HI
aP

EH I I bHEI I 2 C8
1

aHEI I

 (5-17) 

The stiffness of the reverse channel at the bolt is the inverse of the value of the 
displacement Cu  for a value of P = 0.5.  
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For the extreme case of an infinitely stiff endplate, i.e. for EPI  the 
expression for the displacement at C takes the form 

3 4
RC C

2
RC RC C3 12C

a HI a IPu
E HI aI I

 (5-18) 

5.2.2 Contact type B: contact on the outside of the bolts 

When the contact zone develops on the outside of the bolts (segments BC, 
B’C’), the static model changes. This situation is characterised by the 
following: 

 Loss of contact develops along segment CC’, 

 Contact developing along segments BC and B’C’. Following the 
contact force patterns observed in the numerical simulations two 
possibilities were considered: 

- Contact extends relatively evenly along a substantial part of BC, 
B’C’ thus forcing the endplate and the reverse channel to develop 
identical deflections and slopes along this segment. This type of 
contact gives rise to relatively mild contact forces as shown in 
Figure 5.2 for  = 51 %,  = 59 % and will thus be henceforth 
referred to as “mild” contact or type-B1 contact. 

- Contact takes place mainly near the endplate edge points C and C’ 
giving rise to a distinctive prying force appearing at the end points 
B, B’ of the endplate. This type of contact will respectively be 
referred to as “prying” or type-B2 contact. 

Obviously, the two types of prying contact give rise to different static systems 
and are therefore treated separately.  

Another trait is that these static systems, although they constitute dendroid 
structures, are more complicated than the one of the contact type A. Therefore 
the displacement method shall be implemented instead of the transfer matrix 
method. 

Contact with mild prying forces (type B1) 

The frame system of the mild prying contact is given in Figure 5.4 below. 
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Figure 5.4: The mild prying forces static system 

The global displacement vector of the structural system of Figure 5.4 reads 

T7 EP RC
m m C C B B Au u u u u  (5-19) 

where the symmetry of the system is taken advantage of. The local matrix of 
the reverse channel beam connecting the middle point m to point C written in 
terms of global degrees of freedom reads 

RC RC RC
3 3 2

RC RC RC
3 3 2

RC

RC RC RC
2 2

96 96 240 0 0 0

0 0 0 0 0 0 0
96 96 240 0 0 0

24 24 80 0 0 0

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

Cm

EI EI EI
b b b

EI EI EI
b b b

K EI EI EI
b b b

 (5-20) 

That of the endplate segment between m and C respectively reads 
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EP EP EP
3 3 2

EP EP EP
3 3 2

EP

EP EP EP
2 2

0 0 0 0 0 0 0
96 96 240 0 0 0

96 96 240 0 0 0

24 24 80 0 0 0

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

Cm

EI EI EI
b b b
EI EI EI
b b b

K EI EI EI
b b b

 (5-21) 

Along the segment BC the reverse channel and the endplate are assumed to 
undergo the same deflections and rotations. The respective stiffness matrix 
reads 

2 2 2 2
3 2 3 2

2 2 2 2

2 2 2 2
2 2

2 2 2 2

2 2 2 2
3 2 3 2

2 2 2 2

2 2 2 2
2 2

2 2 2 2

0 0 0 0 0 0 0
0 0 0 0 0 0 0

12 6 12 60 0 0

6 4 6 20 0 0

12 6 12 60 0 0

6 2 6 40 0 0

0 0 0 0 0 0 0

BC

EI EI EI EI
a a a a

EI EI EI EI
a a a aK
EI EI EI EI

a a a a
EI EI EI EI
a a a a

 (5-22) 

Finally, the stiffness matrix of the segment AB takes the form 
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RC RC RC
3 2 2

1 1 1

RC RC RC
2

1 1 1

RC RC RC
2

1 1 1

C

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

12 6 60 0 0 0

6 4 20 0 0 0

6 2 4 40 0 0 0

AB
EI EI EIK
a a a
EI EI EI
a a a
EI EI E EI
a

I
Ha a

 (5-23) 

The global stiffness matrix of the system has the form  

7 RC EP
Cm Cm BC ABK K K K K  (5-24) 

where an additional term was added to entry (7,7) to take into account the 
rotational stiffness contribution C4 /EI H  of the reverse channel leg considered 
clamped at its base. 

Solving the global equilibrium equations for the load vector given in Equation 
(5-25) 

7 7 EP
G mK u p  (5-25) 

where 

TEP 0 1/ 2 0 0 0 0 0mp  (5-26) 

one may obtain the expression for the DOF Cu  of 7u  which reads 

1
1

48Bu A B C
D

 (5-27) 

where 
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( 2 ( ) 2 ) 2 ( )
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C k 2 4 2 2 2 4
c EP 1 EP RC 1 1 1 2 2 RC

C
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2 2

4

I I I I

EIk
H

 (5-28) 

The inverse of the quantity 1Bu  is the stiffness of the reverse channel at the 
bolt. 

Contact with strong prying forces (type B2) 

As the bolt spacing increases, the contact zone tends to concentrate near the tip 
of the endplate giving rise to distinctively higher forces (see Figure 5.2, cases 
with  > 70 %).  

This situation is modeled by a different structural system as shown in Figure 
5.5.  

The endplate beam is not rotationally coupled to the reverse channel beam at 
points B and C anymore. Only the translational degrees of freedom are 
assumed coupled there: the deflections at C are assumed identical due to the 
presence of the bolt and those at B due to the contact. 
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Figure 5.5: The mild prying forces static system 

This structural system has 9 degrees of freedom as below 

T9 RC EP RC RC EP EP
m m C C B B A C Bu u u u u  (5-29) 

The respective local stiffness contributions to the global stiffness matrix are 
given by the five relations that follow, starting with Equation (5-30) below. 
The upper index RC or EP signifies whether the respective local matrix derives 
from the reverse channel or the endplate and the lower indices denote the 
global nodes whereupon the respective element attaches. 

RC RC RC
3 3 2

RC RC RC
3 3 2

RC RC RC9,RC
2 2

96 96 240 0 0 0 0 0

0 0 0 0 0 0 0 0 0
96 96 240 0 0 0 0 0

24 24 80 0 0 0 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

mC

EI EI EI
b b b

EI EI EI
b b b
EI EI EI

K b b b  (5-30) 
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0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
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0 0 0 0 0 0 0 0 0
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EI EI EI
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 (5-31) 
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EP EP EP EP
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 (5-32) 
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 (5-33) 
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 (5-34) 

The global stiffness matrix of the system now can be expressed as 

9 9,RC 9,EP 9,EP 9,RC 9,RC
mC mC BCG BC BAK K K K K K  (5-35) 

Solving the problem 
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9 9 EP
G mK u p  (5-36) 

where 

TEP 0 1/ 2 0 0 0 0 0 0 0mp  (5-37) 

one can obtain the displacement vector of the system for a unit load vector. 
Note that the value ½ for the load at the DOF EP

mu  has been applied to account 
for the symmetry that is used in the model. 

The solution of Equation (5-36) is obtained by means of symbolic computation 
software. The resulting displacement for the bolt point C reads 

2
RC 1 2

1
48Bu A B C E

EI D D
 (5-38) 

where 
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 (5-39) 

5.3 Contact forces with respect to the bolt position – case of 
compression 

For the case of compression, the various stages of contact previously 
recognized for the tensions, appear to happen in the reverse order.  
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 The B2-type of contact, associated with a string prying force, happens 
for the smallest of the possible bolt spacing values.  

 For values of  in the range from 45 % to 65 % the milder type-B1 
contact appears. 

 Finally, for bolt spacing values over 65 %, the contact pattern shifts to 
type-A. 

It should be noted that the precise values of  associated to each particular 
contact type are not universal but are derived from the geometric 
characteristics of the RC-EP used. For the generation of the sequence of 
contact forces shown in Figure 5.6, the same parameters as those used for 
Figure 5.2 were, in fact, used. 
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 = 13 % 

 
 = 22 % 

 
 = 44 % 

 
 = 51 % 

 
 = 59 % 

 
 = 68 % 

 
 = 77 % 

 
 = 88 % 

Figure 5.6: Contact forces computed by the plane-stress FE model for 
various values of the bolt position  = b/L – case of compression 

The structural system 

One could follow a systematic approach and, like in the case of tension, 
construct three different beam-theory systems, one for each of the contact types 
identified in Figure 5.6.  

However, during the course of the numerical verification, it was realized that, 
for the case of compression, a single structural system may generate quite 
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satisfactory results by way of introducing a certain correction factor. The issue 
of this correction will be discussed in detail in Section 5.4.2. 

The structural system that produced the best results is that is that of Figure 5.3. 
Next the derivation of the displacement for the said structural system at the 
middle will be presented.  

Using the transfer matrix method one gets the following expressions: 

Let the transfer matrix taking into account the rotational stiffness contribution 
of the column to the beam ABCC’B’A’ of the frame be 

Col
C

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0

40 0 1 0

0 0 0 0 1

M
EI
H

 (5-40) 

Then, the transfer matrix from point A to point C (bolt point) is given by 
Equation (5-41) and the transfer matrix from the bolt point to the middle of the 
beam m reads 

3 2

2 2
2

2 2

1 0
2 48 8

0 1 0
8 2

0 0 1 0 / 2

0 0 1 0
2

0 0 0 0 1

Cm

b b b
EI EI

b b
EI EIM

P
b

 (5-41) 

The total transfer matrix of the system is the product 

tot ColCm ACM M M M  (5-42) 

leading to the system of equations 
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totm Az M z  (5-43) 

where z  is the system state vector. The symmetry and the boundary conditions 
are 

0
0
/ 2

0

A

A

m

m

u
M
V P

  (5-44) 

The unknowns are the quantities , ,A m mu M . Solving (5-43) one obtains the 
resulting displacement of the beam at the midpoint as following 

2 2 3
1 2 1 1 2 1 2 2 1 2

4 2 2 2 4 2
1 1 2 1 2 1 2 1 2 1 2 2

1 2 1 2 1 2 1 2

compr

2 ( (12 ( )  + 6 ( )  + )+8 ( ) )

( 8 ( )(4( ) 3 ( )+ ) 16( ) )
48 ( 2 ( 2 ( )))

( )
4

c

c

m

A hI I bI a a b a a b I a a
B I b I bI I a a a a b a a b a a I
C EI I hI I I bI I a a

A B Pu
C

(5-45) 

where 

1 RCI I   (5-46) 

5.4 Numerical verification of the analytical expressions 

The numerical verification will be done in two stages. First the results of the 
analytical expressions will be compared against a set of plane-stress FE and 3D 
FE analysis results. Second, the plane-stress results will be compared with 3D 
results. All analyses are done in the context of small displacements, linear 
elastic material and contact being taken into account. 

5.4.1 Case of tension – analytical results vs. 2D FEA 

In the present section formulae (5-17), (5-27) and (5-38) are validated against 
results obtained through linear elastic plane stress FEA where contact was 
taken into consideration. All possible combinations of the geometric 
parameters shown in Table 5.1 were considered. For each combination of 
geometric parameters 12 different positions of the bolt along the width of the 
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RC were considered resulting to a total of 720 cases. Considering practical 
limitations, the bolt spacing was varied from a minimal value of RC2t  until 

RC2( )L R t where R is the mean radius of curvature of the RHS at points A, 
A’. 

Table 5.1: Parameter sets for the plane stress FE analyses 

Reverse Channel Thickness RCt (mm) 8.0, 10.0, 12.5, 15.0 

Endplate Thickness EPt  (mm) 10.0, 12.5, 15.0, 18.0, 20.0 

Length BC (endplate tail length) 1.5tEP, 2.5tEP, 3.5tEP 

The parameters held constant were L = 350 mm, H = 95 mm, Lz = 150 mm. 
An overview of the results is given in Figure 5.7. In this plot the horizontal axis 
is simply the index of the case in the test sequence. The vertical axis represents 
the quotient of the 2D-FEM-computed displacement of the EP/RC system over 
the best theoretical approximation. That is, the minimum of the values 

FEM FEM FEM
(A) (B1) (B2), ,u u u

u u u
 (5-47) 

where (A) (B1) (B2), ,u u u  respectively are the displacements predicted by the 
expressions (5-17), (5-27) and (5-38). 
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Figure 5.7: Comparison of analytical results versus plane stress FEM results 

Colour was used to show which of the three mechanisms, expressed by the 
aforementioned three expressions provides the best approximation to the FEA 
result which is presumed to be accurate with respect to the unilateral contact 
status. The colour code used, was 

- green squares for the ratio (A)
FEM /u u , 

- red triangles for the ratio (B1)
FEM /u u  , 

- blue rhomboids for the ratio (B2)
FEM /u u . 
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Figure 5.8: Analytical approximation validation with respect to bolt position 

In Figure 5.8 the best analytical approximation results are plotted with respect 
to the bolt spacing value. The colour code indicates a trend of type-A contact to 
dominate the tension EP/RC behaviour for close bolt spacing subsequently 
switching over to mostly type-B1 and ultimately, type-B2 contact as spacing 
reaches its upper value.  

A point that turned up during the validation of the analytical expression for 
type-A contact is that the assumption of slope-locking of the endplate and the 
reverse channel has to be relaxed. The cloud of best approximations obtained 
by means of expression (5-17) for Cu  showed the tightest concentration around 
the unity value when the relation 

2 RC EP0.6 (1 )I I I  (5-48) 

was used instead of (5-4) (here  = b/L). This implies the fact that the assumed 
slope locking is not perfect; a fact attributable to local deformation effects not 
being captured by simple beam theory. It may also be mentioned that the 
analytical expressions related to type-B contact did not seem to require any 
modification. 
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Finally the point of choosing the most appropriate analytic expression without 
knowing the FEA result for the case at hand is going to be addressed. To this 
end Figure 5.9 has been drawn. 
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Figure 5.9: Best approximating analytical expression 

Here the colour code indicates which analytical expression best approximates 
the 2D FEA result. The axes are the normalized bolt coordinate  = b/L and the 
ratio of the endplate thickness over that of the reverse channel EP RC/t t . It is 
clear that type-A and type-B contact arise within clearly defined, geometrically 
simple regions in the EP RC( / ) ( / )t t b L space. It is the author’s conviction that 
characterising the type of expected contact for engineering applications should 
best be done by way of using Figure 5.9 as a nomograph. It should be noted 
that the shape of the contact-type regions remained unchanged for the three 
different values of the endplate tail length (see Table 5.1) and may be 
considered insensitive to this parameter. 

It is therefore concluded that the analytical predictions constitute a reasonably 
accurate prediction of the deflection of the RC/EP system. 
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5.4.2 Case of compression – analytical results vs. 2D FEA 

The behaviour of the reverse channel in compression will be approximated by 
means of the relation (5-45). As said in Section 5.3 the result of the frame 
model used for the approximation was found to comply much better with the 
plane-stress FE results if a shifting of the bolt position is introduced. Let the 
shifting length be 

2 (1 ),
2b
aS  (5-49) 

where  = b/L. Then modified lengths 1,  s sb a  are used in Equation (5-45). 

1 1

2s b

s b

b b S
a a S

 (5-50) 

The shifting parameter was calibrated numerically. Through the use of it, it was 
possible to obtain a simpler (single formula) approximation for all types of 
contact. The result of the compliance of (5-45) together with (5-50) to the 2D 
FEM analyses are shown in Figure 5.10. It can be seen that they mostly fall 
inside the ± 5 % zone. 
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Figure 5.10: Ratio of FEA result divided by relation (5-45) and (5-50) plotted 
over b/L 

5.4.3 Case of tension – analytical results vs. 3D FEA 

In the sections 5.2 and 5.4.1 two dimensional analytical models for the 
prediction of the initial stiffness of a reverse channel / partial-depth endplate 
connection have been derived and verified by means of 2D plane-stress 
simulations. 

In the present chapter, the derived analytical models are compared with the 3D 
numerical results obtained by means of a parametric study as described in 
Section 4.3 and Annex C. Figure 5.11 depicts the best fit of the three analytical 
solutions of the reverse channel in tension and compares them to the numerical 
values. As can be seen, all fall within a range of ± 10 %. 
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Figure 5.11: Comparison of analytic results versus 3D FEM results – RC in 
tension 

5.4.4 Case of compression – analytical results vs. 3D FEA 

Similar to the case of tension, an analytical expression to predict the initial 
stiffness of a reverse channel/partial-depth endplate connection has been 
derived in Section 5.3 and verified in Section 5.4.2 by means of 2D FEA. 

The same number of about 100 3D numerical simulations has been carried out 
in compression and compared to the analytical model. As shown in Figure 
5.12, all compared cases fall within ± 10 % around unity. 
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Figure 5.12: Comparison of analytic results versus 3D FEM results – RC in 
compression 

5.4.5 Validation of plane-stress assumption 

As said before, attempting to assess the initial stiffness of the real reverse 
channel/endplate assembly by means of beam theory, relies on the inherent 
assumption that the behaviour of the system is related to the depth in some 
simple and obvious manner. To this end, a comparison of plane-stress results to 
fully 3D results was undertaken as shown in Figure 5.13. There, the ratio of the 
displacement at the bolt computed by means of the plane-stress and the 3D 
model is plotted against the aspect ratio (depth-to-width) of the reverse channel 
Lz / L (see Figure 5.1). The figure contains 6 curves, each for a different bolt 
position. The 3D models contained a single bolt row.  

There is a general decreasing trend of the 2D/3D displacement ratio. This is to 
be expected because the longer the reverse channel becomes, the more the 
action of the bolt assumes the character of a local disturbance to the reverse 
channel web. The fact that for low aspect ratio the plane stress assumption 
appears less stiff then the actual system may be attributed to deformation 
patterns that appear in the immediate vicinity of the bolt. Two things can be 
deduced from Figure 5.13. First, a three dimensional reduction factor can easily 
be derived in a form of a linear function with respect to the aspect ratio, so that 
the analytical results may be used for arbitrarily long reverse channels. Second, 
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the majority of numerical data used for the validation of the analytical formulae 
were computed for a width-to-depth ratio of 0.44. This is the reason for the 
good compliance of the analytical vs. 3D as obtained in the previous sections. 
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Figure 5.13: Ratio of displacement at the bolt computed by 2D and 3D FEM 
vs. reverse channel aspect ratio – case of tension 
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6 DISCUSSION AND CONCLUSIONS 

6.1 Discussion 

Analytical models found in the literature for the prediction of the initial 
stiffness of combined reverse channel/angle connections have been briefly 
presented in Section 2.5.2. However, different geometrical boundary conditions 
imposed to a reverse channel/partial-depth endplate connection result to 
different initial stiffness estimates. The common approach found in the 
literature is curve fitting to FEA results, thus restricting the validity of 
proposed formulae to the specific connection configuration used in their 
derivation. In Figure 6.1 the initial stiffness derived by numerical simulations 
is compared with the analytical values proposed by Liu et al. [69] for various 
values of bolt spacing. It is shown that for the considered 2-bolt configuration 
the analytical model fails to predict the initial stiffness of the reverse 
channel/endplate connection accurately diverging with increasing bolt spacing.  

For the sake of comparing the existing analytical models with 3D FEA as 
presented in the two figures below, a reverse channel with L = 350 mm, 
Lz = 150 mm, tEP = 20 mm, tRC = 8 mm, H = {60, 90, 120} mm was used. 
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Figure 6.1: Initial stiffness according to [69] compared against 3D numerical 
simulations of reverse channel/partial-depth endplate connections 

An alternative analytical approach for comparing the initial stiffness of a 
rectangular hollow section (RHS) column as described in Section 2.5.1 with 
the reverse channel has been evaluated. Although a hollow section has 
geometrical similarities with the reverse channel, the analytical model 
proposed by Jaspart et al. [13] leads to inaccurate estimates for the initial 
stiffness of a reverse channel as shown in Figure 6.2. As pointed out by Lopes 
et al. [71], the finite length of the channel influences the mechanical response 
of the component. The aforementioned methods do not take into account the 
leg length of the reverse channel with obvious negative consequences to the 
accuracy of their estimates. This is shown in Figure 6.1 and Figure 6.2 where a 
vertical scatter of analytical estimates over finite element ratios is observed for 
every single bolt spacing value, a fact due to the lack of the bending stiffness of 
the reverse channel flanges in the analytical models. 
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Figure 6.2: Initial stiffness according to [13] compared against 3D numerical 
simulations of reverse channel/partial-depth endplate connections 

Chapter 4 deals with the finite element modelling of beam-to-column joints at 
ambient and elevated temperatures. When comparing the numerical 
simulations with experimental results, a good agreement was obtained. It has 
been shown that the material models at elevated temperatures provided by EN 
1993-1-2 [2] are not accurate enough to predict the full force-displacement 
response of the reverse channel sections considered in this thesis. However, the 
initial stiffness response at elevated temperature can be predicted well in 
absence of stress-strain data from coupon testing as it is mainly affected by the 
reduction of the Young’s modulus.  

The outcome of the numerical simulations was a creation of a datebase of 
solved examples that were calibrated against experiments. This gives the 
possibility of valid comparisons with analytical prediction attempts by way of 
providing the possibility of expanding the numerical database to parameter 
combinations outside the set that was used in the experiments.  

Analytical models for the initial stiffness of reverse channel/partial-depth 
endplate connections in compression and tension have been developed in 
Chapter 5. They are based on simple beam theory and were found capable to 
predict the initial stiffness within a 10 % margin. They have been verified with 
both 2D and 3D numerical simulations. However, one has to expect that the 
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range of validity of the analytical models and the 2D FEA is limited by a 
certain ratio of the depth to width (Lz/L) of the connection. If bolt rows are too 
widely spaced or too far from the free end of the connection, the 2D 
assumption is not appropriate and the 2D FEA and analytical model may 
significantly overestimate the initial stiffness. It may be noted that closed-form 
solutions from plate theory may be used in order to derive a closed-form 
expression for the 3D correction factor (Figure 5.13). 

A technique originating from the literature of unilateral contact algorithms was 
used to derive the analytical expressions for the reverse channel connection. In 
particular, the intermediate step of prediction of the active sets of a unilateral 
contact algorithm was implemented and the verification of its accuracy was 
done by conventional approaches. Symbolic computation mathematical 
software was used to treat structural analysis problems in a generalized way. 
This leads to an establishment of a method for the generation of closed-form 
expressions. 

6.2 Research questions 

In the following, the addressed research questions stated in Section 1.2 are 
answered as follows:  

1. Are the existing analytical models for combined reverse channel/angle 
connections suitable for predicting the initial stiffness of a reverse 
channel/partial-depth endplate connection? 

It has been shown that the analytical approach proposed by Liu et al. [69] is not 
able to predict the initial stiffness of a reverse channel/partial-depth endplate 
connection. It is not account for the interaction of endplate and reverse channel. 
Furthermore, the bending stiffness of the reverse channel flanges is neglected 
although being of importance. 

2. Are the existing analytical models for the initial stiffness of rectangular 
hollow section (RHS) columns applicable to the reverse channel? 

Although a structural hollow section has geometrical similarities with the 
reverse channel, the analytical model proposed by Jaspart et al. [13] leads to 
inaccurate estimates for the initial stiffness of a reverse channel. One reason for 
the difference is the finite length of the channel that influences the mechanical 
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response of the component as well as the interaction of reverse channel and 
endplate. 

3. Is it possible to accurately predict the behaviour of reverse channel 
connections by means of Finite Element Methods (FEM) at ambient and 
elevated temperatures? 

The finite element method is a powerful tool which can accurately predict the 
behaviour of reverse channel connections at different stages at both ambient 
and elevated temperatures. However, 3D FE models, utilizing contact 
elements, and a certain degree of experience of the user are needed as a small 
difference in input data significantly changes the results. In addition, it is 
crucial to have exact knowledge of geometry, boundary conditions and 
material properties for a reliable evaluation of experiments.  

4. Can the initial stiffness of a reverse channel section in tension or 
compression be accurately predicted with a 2D finite element model? 

The range of validity for a 2D FE model is limited to a certain depth to width 
ratio of the reverse channel. When the reverse channel is long compared to its 
width, 3D behaviour will govern the response and 2D FE simulations will 
overestimate the initial stiffness. For an aspect ratio of 0.4-0.5, there is no need 
for a correction of the plane-stress analytical results caused by 3D effects. 

5. Is it possible to predict the initial stiffness of a reverse channel by means 
of an analytical model based on simple beam theory? What are possible 
limitations of such an approach? 

It has been shown that it is possible to predict the initial stiffness of a reverse 
channel by means of an analytical model based on beam theory. However, it is 
also limited by 2D assumptions. As said above, aspect ratio of 0.4-0.5 
eliminates the necessity for 3D correction also for the analytical approach. 
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6.3 Conclusions

The major conclusions of this thesis are highlighted below: 

1. 3D finite element modelling is a reliable and powerful method to predict 
the behaviour of reverse channel connections at ambient and elevated 
temperatures. If experimental uncertainties are small, excellent agreement 
with test results are achieved. 

2. Three different analytical models for the initial stiffness of reverse 
channel/partial-depth endplate connections subject to tension have been 
derived. They account for different types of contact interactions of the 
reverse channel and endplate, yielding to three formulae: 

a. Contact type A (contact between the bolts, 1 DOF system) as in 
Equation (5-17) 

b. Contact type B1 (mild contact outside the bolts, 7 DOF system) as 
in Equation (5-27) 

c. Contact type B2 (prying contact outside the bolts, 9 DOF system) 
as in Equation (5-38) 

3. For reverse channel/partial-depth endplate connections subject to 
compression Equation (5-45) is proposed for evaluating the stiffness. 

4. All analytical models derived for predicting the initial stiffness of reverse 
channel/partial-depth endplate connections in compression and tension 
show accuracy of ± 10 %. 

5. A database of about 220 three dimensional and 1400 two dimensional 
numerical results has been created and will be used in further research. 

6. The technique of unilateral contact algorithms was found useful to derive 
the analytical expressions. Symbolic computation mathematical software 
enables to treat structural analysis problems in generalized way, thus 
leading to closed-form expressions. 
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7 FUTURE RESEARCH 

The analytical models provided in Chapter 5 are derived for partial-depth 
endplate/reverse channel connections and are based on 2D assumptions. In case 
of different endplate configurations such as a full-depth endplate, a different 
response of the reverse channel assembly should be expected as the endplate 
would deflect differently due to the beam flanges being welded onto it. This 
would affect the contact assumptions of the analytical models. An immediate 
step to complete the present research would be to use closed-form solutions 
from plate theory to derive the 3D correction factor. The enrichment of the 
2D/3D comparison database for more complete understanding of the role of the 
depth effect is currently under way. 
As the analytical models derived in this thesis are rather detailed, efforts should 
be undertaken to simplify them, thus allowing integration into design practice. 

The second issue is to point out that the partial-depth endplate/reverse channel 
connection clearly is a pinned connection and thus does not need a 
characterization in terms of moment-rotational behaviour in the context of the 
component method [1]. However, if the reverse channel is used with a full-
depth or even extended endplate, it is expected that it can be designed for some 
moment resistance, as indicated in an on-going RFCS-funded project named 
FRAMEUP [106]. The present work opens the way for the analytical 
derivation of the unknown stiffness terms of the reverse channel in bending. In 
order to achieve this it is expected that a 3D analytical approach based on plate 
theory is needed. The work in its present form is much more suited for the case 
of extended-stiffened endplates/reverse channel connections. 

The existence of transient temperature fields is a situation that turns up in 
practice as connections heat up slower than structural elements. Studying the 



Stiffness of Reverse Channel Connections at Room and Elevated Temperatures 

142 

response of the reverse channel connection under transient loading situations 
can provide more accurate results for the structural response of buildings where 
these are used.  
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A. SIMULATIONS FOR EXPERIMENTS DONE AT 
THE UNIVERSITY OF COIMBRA 

Test no. ID h 
[mm] 

bf 
[mm] 

tw 
[mm] 

tf 
[mm] 

T 
[°C] 

1 W-T20-7 202 90 7 15 20 
2 W-T20-10 202 90 10 15 20 
3 W-T20-12 202 90 12 15 20 
4 W-C20-7 202 90 7 15 20 
5 W-C20-10 202 90 10 15 20 
6 W-C20-12 202 90 12 15 20 
7 W-T550-10 202 90 10 15 550 
8 W-T550-12 202 90 12 15 550 
9 W-C550-10 202 90 10 15 550 

10 W-C550-12 202 90 12 15 550 
11 W-T750-10 202 90 10 15 750 
12 W-T750-12 202 90 12 15 750 
13 W-C750-10 202 90 10 15 750 
14 W-C750-12 202 90 12 15 750 
15 T-T20-8 200 90 8 8 20 
16 T-T20-10 200 90 10 10 20 
17 T-T20-12 200 90 12 12 20 
18 R-T20-8.5 200 75 8.5 11.5 20 
19 R-T550-8.5 200 75 8.5 11.5 550 
20 R-T750-8.5 200 75 8.5 11.5 750 
21 R-C550-8.5 200 75 8.5 11.5 550 
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B. SIMULATIONS FOR EXPERIMENTS DONE AT 
THE UNIVERSITY OF SHEFFIELD 

Test no. Column Connection type Temperature FEA 
1  CFT Fin plate 20 NO 
2  CFT UKPFC 230x90x32 20 YES 
3  CFT Fin plate 20 YES 
4  CFT UKPFC 230x90x32 20 YES 
5  CFT Fin plate 550 NO 
6  CFT UKPFC 230x90x32 550 YES 
7  CFT Fin plate 550 NO 
8  CFT UKPFC 230x90x32 550 YES 
9  CFT UKPFC 200x90x30 550 YES 

10  CFT UKPFC 180x90x26 550 YES 
11  CFT UKPFC 200x90x30 550 YES 
12  CFT UKPFC 180x90x26 550 YES 
13  CFT Cut from SHS 250x8 550 NO 
14  CFT Cut from SHS 200x6 550 NO 
15  CFT Cut from SHS 250x8 550 YES 
16  CFT Cut from SHS 200x6 550 NO 
17 P/E Flush endplate 550 YES 
18 P/E Flush endplate 650 YES 
19 P/E UKPFC 150x75x18 550 YES 
20 P/E UKPFC 150x75x18 650 YES 
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Test 5: CCFT-FP_550 was not modelled 
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Test 7: SCFT-FP_550 was not modelled 
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Test 14: CCFT-RC200_550 was not modelled 
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Test 16: SCFT-RC200_550 was not modelled 
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C. 3D FINITE ELEMENT SIMULATIONS: 
PARAMETRIC STUDY 

The following two tables depict the full overview of the parametric study 
described in Section 4.3 and carried out with 3D FE models. For the sake of 
clarity, it has been divided into Stage 1 and Stage 2. All presented cases have 
been both simulated under tensile or compressive load. 

Typically, 2 or 3 simulations are grouped and highlighted in terms of different 
colours. Within a group, normally only one variable at a time is varied. 

Following the overview, a summary of all simulations (load vs. displacement 
diagrams) is presented. 
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1 350X8 (cut) 350 8 60 8 12/8 150 150 20 1 90 150 20
2 350X8 (cut) 350 8 90 8 12/8 150 150 20 1 90 150 20
3 350X8 (cut) 350 8 120 8 12/8 150 150 20 1 90 150 20
4 350X8 (cut) 350 8 60 8 12/8 210 150 20 1 150 150 20
5 350X8 (cut) 350 8 90 8 12/8 210 150 20 1 150 150 20
6 350X8 (cut) 350 8 120 8 12/8 210 150 20 1 150 150 20
7 350X8 (cut) 350 8 60 8 12/8 270 150 20 1 210 150 20
8 350X8 (cut) 350 8 90 8 12/8 270 150 20 1 210 150 20
9 350X8 (cut) 350 8 120 8 12/8 270 150 20 1 210 150 20
10 350X8 (cut) 350 8 60 8 12/8 330 150 20 1 270 150 20
11 350X8 (cut) 350 8 90 8 12/8 330 150 20 1 270 150 20
12 350X8 (cut) 350 8 120 8 12/8 330 150 20 1 270 150 20
13 350X8 (cut) 350 8 60 8 12/8 150 300 20 2 90 150 20
14 350X8 (cut) 350 8 90 8 12/8 150 300 20 2 90 150 20
15 350X8 (cut) 350 8 120 8 12/8 150 300 20 2 90 150 20
16 350X8 (cut) 350 8 60 8 12/8 210 300 20 2 150 150 20
17 350X8 (cut) 350 8 90 8 12/8 210 300 20 2 150 150 20
18 350X8 (cut) 350 8 120 8 12/8 210 300 20 2 150 150 20
19 350X8 (cut) 350 8 60 8 12/8 270 300 20 2 210 150 20
20 350X8 (cut) 350 8 90 8 12/8 270 300 20 2 210 150 20
21 350X8 (cut) 350 8 120 8 12/8 270 300 20 2 210 150 20
22 350X8 (cut) 350 8 60 8 12/8 330 300 20 2 270 150 20
23 350X8 (cut) 350 8 90 8 12/8 330 300 20 2 270 150 20
24 350X8 (cut) 350 8 120 8 12/8 330 300 20 2 270 150 20
25 350X8 (cut) 350 8 60 8 12/8 150 450 20 3 90 150 20
26 350X8 (cut) 350 8 90 8 12/8 150 450 20 3 90 150 20
27 350X8 (cut) 350 8 120 8 12/8 150 450 20 3 90 150 20
28 350X8 (cut) 350 8 60 8 12/8 210 450 20 3 150 150 20
29 350X8 (cut) 350 8 90 8 12/8 210 450 20 3 150 150 20
30 350X8 (cut) 350 8 120 8 12/8 210 450 20 3 150 150 20
31 350X8 (cut) 350 8 60 8 12/8 270 450 20 3 210 150 20
32 350X8 (cut) 350 8 90 8 12/8 270 450 20 3 210 150 20
33 350X8 (cut) 350 8 120 8 12/8 270 450 20 3 210 150 20
34 350X8 (cut) 350 8 60 8 12/8 330 450 20 3 270 150 20
35 350X8 (cut) 350 8 90 8 12/8 330 450 20 3 270 150 20
36 350X8 (cut) 350 8 120 8 12/8 330 450 20 3 270 150 20
37 350X8 (cut) 350 8 90 8 12/8 210 150 20 1 150 150 450
38 350X8 (cut) 350 8 90 8 12/8 270 150 20 1 210 150 450
39 350X8 (cut) 350 8 90 8 12/8 210 150 20 1 150 150 550
40 350X8 (cut) 350 8 90 8 12/8 270 150 20 1 210 150 550
41 350X8 (cut) 350 8 90 8 12/8 210 150 20 1 150 150 650
42 350X8 (cut) 350 8 90 8 12/8 270 150 20 1 210 150 650
43 350X8 (cut) 350 8 90 8 12/8 210 150 20 1 150 150 750
44 350X8 (cut) 350 8 90 8 12/8 270 150 20 1 210 150 750
45 350X8 (cut) 350 8 90 8 12/8 210 450 20 3 150 150 450
46 350X8 (cut) 350 8 90 8 12/8 270 450 20 3 210 150 450
47 350X8 (cut) 350 8 90 8 12/8 210 450 20 3 150 150 550
48 350X8 (cut) 350 8 90 8 12/8 270 450 20 3 210 150 550
49 350X8 (cut) 350 8 90 8 12/8 210 450 20 3 150 150 650
50 350X8 (cut) 350 8 90 8 12/8 270 450 20 3 210 150 650
51 350X8 (cut) 350 8 90 8 12/8 210 450 20 3 150 150 750
52 350X8 (cut) 350 8 90 8 12/8 270 450 20 3 210 150 750
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Reverse Channel
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1 350X8 (cut) 350 8 60 8 12/8 150 150 10 1 90 150 20
2 350X8 (cut) 350 8 90 8 12/8 150 150 10 1 90 150 20
3 350X8 (cut) 350 8 120 8 12/8 150 150 10 1 90 150 20
4 350X8 (cut) 350 8 60 8 12/8 210 150 10 1 150 150 20
5 350X8 (cut) 350 8 90 8 12/8 210 150 10 1 150 150 20
6 350X8 (cut) 350 8 120 8 12/8 210 150 10 1 150 150 20
7 350X8 (cut) 350 8 60 8 12/8 270 150 10 1 210 150 20
8 350X8 (cut) 350 8 90 8 12/8 270 150 10 1 210 150 20
9 350X8 (cut) 350 8 120 8 12/8 270 150 10 1 210 150 20
10 350X8 (cut) 350 8 60 8 12/8 330 150 10 1 270 150 20
11 350X8 (cut) 350 8 90 8 12/8 330 150 10 1 270 150 20
12 350X8 (cut) 350 8 120 8 12/8 330 150 10 1 270 150 20
13 350X10 (cut) 350 10 60 10 15/10 150 150 20 1 90 150 20
14 350X10 (cut) 350 10 90 10 15/10 150 150 20 1 90 150 20
15 350X10 (cut) 350 10 120 10 15/10 150 150 20 1 90 150 20
16 350X10 (cut) 350 10 60 10 15/10 210 150 20 1 150 150 20
17 350X10 (cut) 350 10 90 10 15/10 210 150 20 1 150 150 20
18 350X10 (cut) 350 10 120 10 15/10 210 150 20 1 150 150 20
19 350X10 (cut) 350 10 60 10 15/10 270 150 20 1 210 150 20
20 350X10 (cut) 350 10 90 10 15/10 270 150 20 1 210 150 20
21 350X10 (cut) 350 10 120 10 15/10 270 150 20 1 210 150 20
22 350X10 (cut) 350 10 60 10 15/10 330 150 20 1 270 150 20
23 350X10 (cut) 350 10 90 10 15/10 330 150 20 1 270 150 20
24 350X10 (cut) 350 10 120 10 15/10 330 150 20 1 270 150 20
25 350X12 (cut) 350 12 60 12 18/12 150 150 20 1 90 150 20
26 350X12 (cut) 350 12 90 12 18/12 150 150 20 1 90 150 20
27 350X12 (cut) 350 12 120 12 18/12 150 150 20 1 90 150 20
28 350X12 (cut) 350 12 60 12 18/12 210 150 20 1 150 150 20
29 350X12 (cut) 350 12 90 12 18/12 210 150 20 1 150 150 20
30 350X12 (cut) 350 12 120 12 18/12 210 150 20 1 150 150 20
31 350X12 (cut) 350 12 60 12 18/12 270 150 20 1 210 150 20
32 350X12 (cut) 350 12 90 12 18/12 270 150 20 1 210 150 20
33 350X12 (cut) 350 12 120 12 18/12 270 150 20 1 210 150 20
34 350X12 (cut) 350 12 60 12 18/12 330 150 20 1 270 150 20
35 350X12 (cut) 350 12 90 12 18/12 330 150 20 1 270 150 20
36 350X12 (cut) 350 12 120 12 18/12 330 150 20 1 270 150 20
37 PFC 200x90x30 200 7 90 14 12 200 150 20 1 90 150 20
38 200x7 (cut) 200 7 90 7 10.5/7 200 150 20 1 90 150 20
39 PFC 230x90x32 230 7.5 90 14 12 200 150 20 1 90 150 20
40 230x7.5 (cut) 230 7.5 90 7.5 11.25/7.5 200 150 20 1 90 150 20
41 PFC 260x90x35 260 8 90 14 12 200 150 20 1 90 150 20
42 260x8(cut) 260 8 90 8 12/8 200 150 20 1 90 150 20
43 PFC 300x90x41 300 9 90 15.5 12 200 150 20 1 90 150 20
44 300x9 (cut) 300 9 90 9 13.5/9 200 150 20 1 90 150 20
45 PFC 380x100x54 380 9.5 100 17.5 15 250 150 20 1 90 150 20
46 380x9.5(cut) 380 9.5 100 9.5 14.25/9.5 250 150 20 1 90 150 20
47 PFC 430X100x64 430 11 100 19 15 250 150 20 1 90 150 20
48 430x11(cut) 430 11 100 11 16.5/11 250 150 20 1 90 150 20
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Case of tension – Stage 2 
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Case of compression – Stage 1 
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Case of compression – Stage 2 
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