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1.1. Seismic behaviour of Moment-Resisting 
Frames (MRFs) 

Moment Resistant Frames are structures in which the horizontal forces 

are mainly resisted by members acting in an essentially flexural 

manner. Their main source of stiffness and lateral strength is given by 

the flexural resistance of members and connections, and the seismic 

energy dissipation capacity and ductility is provided by the formation of 

a high number of dissipative zones which can be located in beams, 

columns or joints depending on the applied design philosophy (Fig.1.1).  

           

Fig. 1.1 – Structural typologies of moment resistant frames 

Classically, framed structures are designed to possess strong columns, 

weak beams and full strength rigid connections, so that the earthquake 

input energy is dissipated through the plastic engagement of the end of 

beams and of the end of columns of the first storey. However, an 

alternative design approach consists in the dissipation of the seismic 

input energy by means of the plastic engagement of dissipative joint 

components. 
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MRFs can provide large open spaces without the obstruction usually 

caused by braces or shear walls. In addition, because of their flexibility 

and relatively long period of vibration, MRFs usually attract smaller 

seismic forces than the comparable braced or shear wall systems. 

Notwithstanding the undoubted advantages which are possible to 

obtain by using Moment Resisting Frames, this structural typology 

possesses some weak points. First of all, the low lateral stiffness can 

significantly affect the response of the structure both at the ULS and at 

the SLS. In fact, the susceptibility to second order effects and the 

fulfilment of the serviceability limit states in terms of maximum lateral 

drifts, can become governing parameters of the design process, leading 

to member size greater than the minimum needed for the satisfaction of 

the strength requirements. 

However, since the early days of riveting, steel MRFs have been very 

popular in building construction. Many structures including the 

monumental high-rises of the late 19th and early 20th centuries have 

been built using riveted steel MRFs. Since the 1960's, with the advent of 

high strength bolting as well as welding technologies, bolted steel 

moment-resisting frames (BMRFs) and welded steel moment-resisting 

frames (WMRFs) have been one of the main structural systems used in 

office and residential buildings. 

According to Astaneh-Asl [1], a classification of MRFs can be made on 

the basis of the spatial configuration, the type of connectors used, the 

ductility of connections and the relative rotational stiffness, relative 

flexural resistance and relative rotation supply of the connections and 

the members. 
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1.1.1. Configuration of moment-resisting frames  

According to the spatial distribution, MRFs can be classified as: space 

frames, perimeter frames and MRFs in only a few rigid bays. 

A typical space MRF is shown in Fig. 1.2a where a three-directional 

structural system composed of columns, girders and connections resist 

the applied load primarily by the flexural stiffness, strength and 

ductility of its members and connections, with or without the aid of the 

horizontal diaphragms or floor bracing systems. 

a) 
 

b)  
 

c)  

Fig. 1.2 – Spatial distribution: a) space frames; b) perimeter frames;  
c) MRFs in only a few rigid bays – Source: Astaneh-Asl [1] 

In a perimeter MRF system, as shown in Fig. 1.2b, only the exterior 

frames are moment-resisting frames providing a moment-resisting 

frame box to resist the lateral load of the entire building. The interior 

columns and girders that are not part of the perimeter moment-

resisting frame are all connected by shear (simple) connections to carry 

only their tributary gravity loads. 

It is often assumed that gravity columns do not participate in resisting 

the lateral loads. However, during an earthquake, the gravity columns, 
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girders and their connections that were assumed not to participate in 

lateral-load resisting will, in fact, do so to some extent. In addition, the 

floor diaphragms and some non-structural elements also provide 

unknown amounts of stiffness, strength and damping. By using steel 

perimeter MRFs instead of space MRFs, the number of rigid moment 

connections is reduced, in many cases, to less than one half of the 

number of connections in the comparable space frame. As a result, 

significant cost saving is achieved. However, in doing so the redundancy 

of the lateral-load resisting system is also reduced. 

Another type of steel MRF system that has been used frequently is 

frame with only a few moment-resisting bays as shown m Fig. 1.2c. In 

this system only a few bays of the entire planar frame have rigid 

connections while all other connections are shear connections. The 

columns that are not part of the moment-resisting frame, are leaner 

(gravity) columns and are not considered in design to participate in 

resisting lateral load.  

1.1.2. Type of connectors used in MRFs 

Steel MRFs can be categorized on how flanges of a girder are connected 

to the columns. The categories are: 

 

 Riveted; 

 Field - Bolted; 

 Field - Welded. 

 

In ordinary practice, before the 20’s, steel structures were built 

exclusively assembling girders and columns by means of riveted joints 

(Fig. 1.3a). The rivet is a mechanical fastener that consists, before the 
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installation, of a shaft with a head only on one end. Typically, rivets are 

positioned in pre-drilled holes and the termination of the shaft without 

the head is mechanically deformed to about 1.5 times the original 

diameter. As a consequence, a connection which can sustain both shear 

and tension loads is obtained. 

   
a) b) c) 

Fig. 1.3 – Type of connectors used: a) rivets; b) bolts; c) welds 

Between the 1920s and 1950s the introduction of High Strength Bolts 

represented a significant innovation (Fig.1.3b). High strength bolts 

allowed to fasten plates through high contact pressures, leading to the 

development of the so called slip resistant joints. In this type of 

connections the force transfer is achieved by means of the friction 

exploited between two clamped surfaces. The adoption of High Strength 

bolts allowed significant time-savings associated with the ease of 

installation due to threads and washers. 

At the same time, during the 20’s, the use of welding was becoming 

popular (Fig. 1.3c) in the mechanical industry due to the introduction of 

advanced techniques, such as the automatic welding, in which the weld 

was made by means of the continuous fusion of an electrode wire, or 

the shielded metal arc welding. Up to the 50’s, welds have been applied 
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only in the fabrication process of electric motors or mechanical 

equipment. Starting from the 60’s, with the refinement of the welding 

procedures and the reduction of the cost of the welding process, such a 

technique has also been applied to steel structures, allowing to join 

girders and columns only by the melting of the two parts and by adding 

a filler material. Firstly, welds have been used to absorb exclusively 

shear actions, connecting only the web of beams to the columns, but 

successively welded details have also been applied to connect flanges, 

allowing to easily obtain “fully-restrained joints” and, as a consequence 

to reduce moments and deflections of girders as well as to enhance the 

lateral stiffness of frames.  

Notwithstanding the significant advantages provided by the adoption of 

welded connections, in last years, after the earthquakes of Northridge 

and Kobe, the adoption of welded details in MRFs has been subject of 

discussions and strongly reconsidered. In fact, in both the seismic 

events, several Perimeter and Space Moment Resisting Steel Frames 

experienced damages due to the unexpected failure of welded 

connections. Different reasons have been individuated to explain the 

unsatisfactory behaviour of Northridge and Kobe welded joints, above 

all the welding techniques of that time have been harshly criticized. 

1.2. Influence of the joints and their 
classification 

Structural response of MRFs strongly depends on the behaviour of its 

connections. In fact, stiffness and strength of joints deeply affect 

dynamic properties of frames and their post-elastic behaviour. 

Furthermore, also the internal actions arising in the structure, both due 
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to Serviceability and Ultimate loads, depend on the elastic and post-

elastic stiffness of the connecting elements. There are several systems to 

obtain connections. In fact, by varying the structural detail of the 

connection, different non-linear behaviour ranging from the quasi-

perfectly rigid (full welded, extended end plates) to flexible (double web 

angle) can be observed. As well known, before the introduction of the 

concept of semirigidity [2,3], steel frame design was accomplished by 

properly considering a limit assumption regarding the joint behaviour.  

a) b) c) 

Fig. 1.4 – Beam-to-column joints classification according to their rotational 
stiffness: a) pinned; b) rigid; c) semirigid 

Depending on the beam-to-column joint typology, it can be either 

assumed that all the ends of the members converging in the joint are 

subjected to the same rotation and the same displacements or assumed 

that the joints are able to permit free rotations. The first case leads to 

continuous frames, while the second one to pinned frames. In fact, in 

case of elastic design, the classification system requires only the 

rotational stiffness criterion leading to three categories: 

 

 Nominally pinned connections are assumed to transfer the shear 

and eventually the axial forces from the beam to the column. In 
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addition, they are able to rotate without developing significant 

moment that could negatively influence the column resistance 

capacity (Fig. 1.4a); 

 Rigid connections transmit all the end reactions and their 

deformation is so small that their influence on the overall moment 

distribution can be neglected (Fig. 1.4b); 

 Semirigid connections are designed in order to provide an 

interaction between members based on the design of moment-

rotation curve of the joint (Fig. 1.4c). 

 

Fig. 1.5 – Beam-to-column joints classification according to their flexural 
resistance 

In case of rigid-plastic design, the classification criterion based on joint 

flexural resistance is of concern. According to Eurocode 3 [2], 

connections can be classified in two categories (Fig. 1.5):  

 

 Full strength connections have a design resistance at least equal to 

that of the connected member so that a plastic hinge will not develop 

in the connection but in the adjacent member (Fig.1.5 – Case A).  

 

𝑀𝑏,𝑝𝑙,𝑅𝑑 ≥ 𝑀𝑗,𝑅𝑑 
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In that case, the plastic rotation supply depends on the width-to-

thickness ratios of the plates element constituting the beam section. 

However, the overstrength of the connection, due to the strain-

hardening of the material, could not be sufficient to prevent the 

yielding of the connection (Fig. 1.5 – Case B). In that case, only a 

part of the rotation capacity of the beam can be exploited  and, as a 

consequence, the plastic rotation supply of the connection becomes 

of primary importance; 

 Partial strength connections have a lesser design resistance of the 

connected member: 

 

0.25𝑀𝑏,𝑝𝑙,𝑅𝑑 < 𝑀𝑗,𝑅𝑑 < 𝑀𝑏,𝑝𝑙,𝑅𝑑 

 

In the connection, a plastic hinge will develop and, in such case, 

sufficient rotation capacity is required (Fig. 1.5 – Case D). That 

means that in case C the rotation capacity of the connection could be 

exceeded under design loads; 

 Nominally pinned connections have a design resistance much lower 

than that of the connected member: 

 

𝑀𝑗,𝑅𝑑 < 0.25𝑀𝑏,𝑝𝑙,𝑅𝑑 

 

Finally, the third classification criterion, on the base of the plastic 

rotation supply, identifies two categories:  

 

 Full ductility connections are able to develop a plastic rotation 

supply equal or greater than that of the connected member; 
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 Partial ductility connections are characterized by the capability of 

develop a plastic rotation supply less than that of the connected 

member.  

 

In conclusion, when elastic-plastic analyses are performed, internal 

actions and deflections are only influenced by connections rotational 

stiffness and, as a consequence, the joints have to be classified as 

pinned, semi-rigid or rigid; when an elastic-plastic analysis is 

considered both initial stiffness and flexural resistance have to be 

accounted for and a classification according to both parameters is 

needed; if a rigid-plastic analysis is lead, the only parameter which 

plays a role on the overall response is the connection bending 

resistance and, as a result, joints can be classified as full-strength, 

partial strength or pinned (Table 1.1). 

Table 1.1 – Joint classification  

Method of global 
analysis 

Classification of the joint 

elastic nominally pinned rigid semi-rigid 

elastic - plastic nominally pinned 
rigid and  

full-strength 

Semi-rigid and 

partial-strength 
 

Semi-rigid and  
full-strength 

 

rigid and  
partial-strength 

rigid - plastic nominally pinned full-strength partial-strength 

Type of joint 
model 

Simple Continuous Semi-continuous 
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1.3. Frames classification 

Classification of joints and frames are strictly related. As discussed 

earlier, the overall structural response of MRFs is strongly influenced by 

joints strength, stiffness and rotational capacity. In fact, the 

distribution of the internal actions, the structural ductility, the 

susceptibility to second order effects and the location of the plastic 

zones are all parameters which are influenced by the existing 

relationship between the bending moment and the joint rotation.  

Last version of Eurocode 3 [2] classifies MRFs according to the following 

two characteristics: the susceptibility to second order effects and the 

presence of a bracing system. 

On the base of the first feature MRFs are divided in sway and non-sway. 

A frame is defined non-sway if its lateral displacements are small 

enough to retain that the internal actions due to the deformability of the 

frame are negligible. Conversely, a frame is called sway if the deformed 

geometry leads to a substantial increase of the internal actions or 

modify significantly the structural behavior.  

According to [4] a frame can be considered to be non-sway if the 

following relationship are satisfied: 

 𝛼𝑐𝑟 =
𝐹𝑐𝑟

𝐹𝐸𝑑
> 10      for elastic analysis  

 𝛼𝑐𝑟 =
𝐹𝑐𝑟

𝐹𝐸𝑑
> 15      for plastic analysis  

where 𝛼𝑐𝑟 is the factor by which the design loading would have to be 

increased to cause elastic instability in a global mode,  𝐹𝑐𝑟 is the elastic 

critical buckling load for global instability mode based on initial elastic 
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stiffness and 𝐹𝐸𝑑 is the design loading on the structure. In all the other 

cases frames have to be classified as sway. Moreover, frames are divided 

in braced or unbraced. In the first case MRFs are stiffened by specific 

elements which reduce the lateral displacement of at least the 80%, in 

the second case frames are defined unbraced.  

A further classification of MRFs, depending on the joints characteristics, 

is provided by [2], where frames are categorized in: 

 

 Simple: joints do not transmit bending moment to the column; 

 Continuous: the behaviour of the joint may be assumed rigid; 

 Semi-continuous: the behaviour of the joint has to be taken into 

account by adopting proper models. 

 

In the first case, joints are able to transfer to the columns only shear 

and beams are free to rotate, as a consequence the obtained structural 

system is pendular and joints can be faithfully modelled by means of 

hinges. In the second case, joints behaviour is rigid and their resistance 

is greater than the flexural strength of the connected beam, so that 

connections can be structurally represented by means of clamps. In the 

case of semi-continuous frames, joints are intermediate between the 

extreme situation of pinned and rigid-full strength, so that their 

structural behaviour has to be properly accounted for by means of 

accurate models representing the actual moment-rotation curve. 

Aiming to individuate quantitatively the boundaries between rigid, semi-

rigid and pinned behaviour, Eurocode 3 Part 1-8 introduces the 

following two parameters: 

𝑆𝑏 =
𝐸𝐼𝑏

𝐿𝑏
     and     𝑆𝑐 =

𝐸𝐼𝑐

𝐿𝑐
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where 𝑆𝑏 is the bending stiffness of the beam, 𝑆𝑐 is the bending stiffness 

of the column, 𝐸 is the steel elastic modulus, 𝐼𝑏 and 𝐼𝑐 are the beam and 

column inertia modulus, 𝐿𝑏 and 𝐿𝑐 are the beam and column lengths. 

Eurocode boundaries are determined by defining “rigid” a joint whose 

stiffness do not reduce by more than the 5% the Euler buckling load of 

the structure with full rigid attachments.  

 

Fig. 1.6 – Classification of the MRFs on the base of the so-called “5% criterion” 

On the base of the so-called “5% criterion”, the following classifications 

derive (Fig.1.6): 

 

 Zone 1: rigid, if 𝑺𝒋,𝒊𝒏𝒊 > 𝒌𝒃
𝑬𝑰𝒃

𝑳𝒃
 where 𝑘𝑏 = 8 for frames where the 

bracing system reduced the horizontal displacement by at least 80% 

and 𝑘𝑏 = 25 for the other frames, provided that in every storey 

𝑘𝑏 𝑘𝑐⁄ ≥ 0.1 (for frames where 𝑘𝑏 𝑘𝑐⁄ < 0.1 the joints should be 

classified as semi-rigid); 

 Zone 2: semi-rigid, all the joints in zone 2 should be classified as 

semi-rigid. Joints in zone 1 or 3 may optionally also be treated as 

semi-rigid; 

 Zone 3: nominally pinned, if 𝑺𝒋,𝒊𝒏𝒊 > 𝟎. 𝟓
𝑬𝑰𝒃

𝑳𝒃
. 
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𝑘𝑏 is the mean value of 𝐼𝑏 𝐿𝑏⁄  for all the beams at the top of that storey 

and 𝑘𝑐 is the mean value of 𝐼𝑐 𝐿𝑐⁄  for all the columns in that storey. 

 

Finally, a classification of the structures with reference to their ductility 

supply is proposed by both European and U.S. codes. In case of MRFs, 

global ductility assumes the meaning of ratio between the ultimate top 

sway displacement, accounting for second order effects, and the top 

sway displacement evaluated in correspondence of the elastic limit. 

Moreover, the definition of local ductility of MRFs is concerned with the 

rotational capacity of the plastic hinges, i.e. of beam ends and/or of 

joints [5]. As a result of the importance in current approach of the 

ductility supply, international codes provide a classification of 

structures with reference to their capacity of resisting deformations in 

plastic field. In Eurocode 8 [6] and AISC 2010 [7], MRFs can be 

designed to be less or more ductile, according to the three following 

categories: 

Table 1.2 - Classification of structures with reference to their ductility supply 

EUROCODE 8 AISC 2010 

Ductility Class LOW  (DCL) Ordinary Moment Frame  (OMF) 

Ductility Class MEDIUM  (DCM) Intermediate Moment Frame  (IMF) 

Ductility Class HIGH  (DCH) Special Moment Frame  (SMF) 

In both European and U.S. codes, provided that some requirements on 

strength and ductility supply are satisfied, yielding is allowed to occur 

either in beam, panel zone or connections. The formation of plastic 

hinges in columns is prohibited, made exception for base plates, 

column ends at the top of multistorey frames, and in case of single 

storey MRFs. Eurocode 8 favours a design of MRFs which provides the 
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development of plastic hinges at beam ends rather than in other zones. 

Dissipation in beam-to joints is allowed but strongly limited in everyday 

practice. In fact, when the weak connection-strong column-strong beam 

design philosophy is adopted, the ductility supply and strength of 

connections have to be certified by experimental evidence, providing 

cyclic tests of joints. AISC 2010 also favours design of MRFs which 

provide the formation of plastic hinges at beam ends, but still offers the 

possibility to dissipate an amount of seismic input energy by the 

inelasticity of joints. In particular, AISC 2010 requires that both in case 

of full-strength and partial strength joints a “conformance 

demonstration” of the cyclic behaviour of beam-to-column connections 

adopted in the Seismic Load Resisting System (SLRS) is provided by the 

designer. As a result, connections have to be prequalified in order to 

satisfy code requirements in terms of plastic rotation supply and 

flexural/shear strength, compatibly with the ductility class of the 

designed MRF. Therefore, designers have two alternatives: the adoption 

of prequalified joints or the qualification of specific details. In the former 

case, joints whose cyclic characteristic have already been qualified, 

such as the prequalified connections contained in document FEMA 358 

[8], are used. In the latter case, joint dissipative characteristics have to 

be demonstrated to be adequate by means of the qualification 

procedures contained in AISC 2010. In particular, in AISC 2010 and 

Eurocode 8, connections are required to sustain an interstorey drift 

angle of 0.04 rad and of 35 mrad respectively.  

In case of DCL/OMF, MRFs are expected to exhibit a low dissipative 

behaviour and connections are not required to possess specific plastic 

rotation supply (Table 1.3). In case of DCM/IMF the behaviour is 

expected to be intermediate between high and low dissipative and, 



32 Introduction 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

according to Eurocode 8 and AISC 2005, connections are required to 

sustain rotations of 0.025 and 0.020 rad. 

Table 1.3 – Connection required ductility  

EUROCODE 8 AISC 2010 

Ductility Class 
Rotational 

Capacity [mrad] 
Ductility Class 

Rotational 
Capacity [mrad] 

Ductility Class 
LOW  (DCL) 

35 
Ordinary Moment 

Frame  (OMF) 
40 

Ductility Class 
MEDIUM  (DCM) 

25 

Intermediate 

Moment Frame  
(IMF) 

20 

Ductility Class 
HIGH  (DCH) 

- 
Special Moment 
Frame  (SMF) 

- 

 

1.4. Design strategies of earthquake-resistant 
MRFs 

In the seismic design of steel frames, the dissipation of the seismic 

input energy is provided by the plastic engagement of some zones of 

structural members, the so-called “dissipative zones” which have to be 

properly detailed in order to assure wide and stable hysteresis loops. In 

addition, as it is well known, it is important to promote the plastic 

engagement of the greatest number of dissipative zones, so that both 

European and American seismic codes suggest the use of the member 

hierarchy criterion aiming to prevent the premature plastic engagement 

of the columns which can lead to a non-dissipative collapse mechanism, 

such as storey mechanism.  



Chapter 1  33 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

Once avoided the yielding of columns, a global dissipative collapse 

mechanism could be ensured by the formation of plastic hinges at the 

ends of the beams or in the connections, provided that the elements 

involved in plastic range have an adequate energy dissipation capacity. 

Within this framework the beam-to-column joints can be designed 

either as Full Strength (FS) or Partial Strength (PS). In Europe, the first 

design approach was strictly followed by the previous code versions of 

both Eurocode 8 [6] and ECCS-CECM-EKS [8] imposing that the joint 

components have to possess a sufficient degree of over strength. FS 

joints are generally characterized by the use of welded connections, 

continuity plates and eventually web plates in column panel zone. As 

previously said, after Kobe and Northridge seismic events, the 

inadequacy of the classical welded connections was recognised and the 

scientific community worked on two different directions. On one hand 

many studies were aimed to improve the plastic rotation supply of fully 

welded connection by strengthening the critical area subjected to 

fracture or by guarantying the concentration of the energy dissipation in 

the beam by reducing the bending resistant area of beams by properly 

cutting the flanges in a zone close to beam-to-column connection, 

commonly called RBS (Reduced Beam Section) [9-15]. On the other 

hand a great attention was devoted to bolted connections aimed to set 

adequate design rules starting from an accurate knowledge of their 

monotonic and cyclic behaviour up to collapse. 

In addition, one of the causes of the significant and premature joint 

damage during the seismic events of Northridge and Kobe was 

recognised in the use of design criteria not able to assure a degree of 

over strength sufficient to allow the full development of the beam plastic 

rotation capacity. For this reason, in USA the FEMA/SAC test programs 
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were developed providing design guidelines to be followed for beam-to-

column connections in order to guarantee the minimum joint plastic 

rotation capacity required for Ordinary, Intermediate and Special 

Moment-Resisting frames [16] while in Europe, the last version of 

Eurocode 8 [6] states the degree of Joint over strength required to 

assure the beam end yielding. Nevertheless, even though the classical 

design approach of FS joints is potentially the best solution because it 

is based on the good plastic behaviour of beam profiles, the rules for 

evaluating the joint over strength able to cover both the joint strain 

hardening and the material random variability require, still today, a 

discussion and analysis and design methods for FS bolted connections 

able to ensure the full exploitation of the beam plastic resources are not 

yet satisfactory. Within this framework, an alternative design approach 

consists in the dissipation of the seismic input energy by means of the 

plastic engagement of dissipative joint components. 

It is important to underline that the last version of Eurocode 8 [6], has 

explicitly opened the door to the use of PS joints underlining the 

possible location of the dissipative zones at the beam ends or in the 

connections of the beams to the columns, but not in the columns. In 

addition, it can be recognized that PS joints can lead also to structural 

solutions convenient from an economical point of view. In fact, as 

already underlined, the seismic design of steel frames requires the 

respect of the hierarchy criterion or the use of alternative design 

procedures, like that suggested by Piluso et al. [17], able to assure the 

development of a global failure mode. These design criteria, in the case 

of buildings with a low number of floors and long spans, often lead to 

columns whose size is greater than that strictly necessary for satisfying 

strength and deformability checks. The introduction of partial strength 
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joints allows to avoid the plastic engagement of columns without their 

over sizing and, as a consequence, with a reduction of the structural 

cost [18]. The seismic behaviour of semirigid steel frames with PS joints 

has been already examined by many authors and some proposals for 

the behaviour factor of semirigid PS frames have been outlined 

[19,20,14]. Despite of the above research efforts, even though it was 

recognized that semi-rigid PS connections can lead to dissipation and 

ductility capacity compatible with the seismic demand, provided that 

they are properly designed by means of an appropriate choice of the 

joint component where the dissipation has to occur, detailed design 

procedures for the seismic design of semirigid PS frames able to guide 

the designer up to the complete detailing of beam-to-column joints still 

deserves additional investigations. Finally, in recent years, a growing 

interest of the scientific community has been addressed to structural 

systems able to perform adequately during the seismic events and, at 

same time, free from damage or easy to replace after the earthquake. 

These goals can be reached equipping the structure with supplemental 

damping devices able to dissipate a part of the seismic input energy 

reducing the seismic demand on the structural elements. Many works 

have been carried out in recent studies on this topic, leading to relevant 

results and to the development of a large number of high dissipation 

capacity dampers, either of friction or of yielding type [21-23]. 
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1.5. Objectives of the Thesis 

Starting from the above considerations, in this work, the possibility of 

using steel frames with innovative bolted connections has been 

analysed with the aim of providing the structure of supplemental 

damping devices by means of properly detailed beam-to-column joints. 

In particular, in order to overcome the drawbacks of the traditional and 

passive control design strategies, the aim of the work is the 

development of a new design strategy whose goal is the design of 

connections able to withstand frequent and occasional seismic events 

but also destructive earthquakes such as those corresponding to rare 

and very rare events without any damage. In addition, with reference to 

structural robustness, has been underlined that, because of the specific 

behaviour of beam-to-column connections equipped with friction pads, 

significant benefits are in the catenary action resulting, as example, in 

case of a column loss due to blast loading or impact loading. The 

development of this design strategy is also the subject of the FREEDAM 

project, which is an RFCS project, granted by the European 

Community. 

In the first part of the thesis, the attention is focused on the design 

procedures of full-strength and partial-strength beam-to-column 

connections. In particular, in the second chapter general concepts 

concerning the component method, as introduced by last version of 

Eurocode 3, are given and a design procedure of the full-strength full-

ductility joints has been proposed and validated through the 

comparison with the results obtained by means FEM analyses 

performed in ABAQUS 6.13 software. Chapter 3 provides the results of 

an experimental programme consisting of 63 specimens, developed at 
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the STRENGTH laboratory (STRuctural ENGineering Testing Hall) of the 

University of Salerno, devoted to know with a sufficient level of accuracy 

the value of the bolts’ preloading and the value of the static and 

dynamic friction coefficients of the friction material employed in 

FREEDAM connections. A design procedure of the friction beam-to-

column connections has been proposed and followed in the designing of 

the two specimens typologies tested at the STRENGTH laboratory. 

Chapter 4 deals with the experimental  investigation of the behaviour of 

the FREEDAM joints. Therefore the results obtained by cyclic tests is 

presented and it is pointed out how the typology of the hysteresis loops 

is mainly governed by the weakest joint component.  

In the second part of the thesis the seismic response and the structural 

robustness of the frame where the friction connections have been 

adopted, have been analysed and compared to the performance of the 

same MRF equipped with a traditional double split tee connection 

(partial strength joints) and with the dobgone connection (full strength 

joints) whose cyclic response have been experimentally analysed in the 

past years at the University of Salerno. In particular, aiming to evaluate 

the seismic response of the structures by varying the beam-to-column 

joint detail, in chapter 5 an accurate modelling of the structure and, in 

particular, of the beam-to-column connections is reported; considering 

eight ground motion records, the Inelastic Dynamic Analyses (IDA) have 

been performed by means SeismoStruct v.2016 software and the results 

have been presented. Finally, in order to evaluate the robustness of the 

earthquake resistant moment resistant frame analysed in chapter 5 

under seismic load, the pushdown analyses of the structures by varying 

the beam-to-column connections have been performed in SAP 2000 

computer program. To this scope, the beam-to-column joints described 
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in the previous chapters preliminarily the component method for 

predicting the whole moment-rotation curve of the joint has been 

modified in order to account for the development of axial forces and to 

introduce the ultimate deformation of the single joint components.  
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2.1. Component method: general aspects 

Within the analysis of steel structures, the modelling of the ultimate 

behaviour of beam-to-column joints is one of the most studied topic. 

The application of the semirigidity concept has required the 

development of a general methodology working out in detail the 

prevision of the rotational stiffness and the flexural resistance of joints. 

This resulted in a strong effort, in Europe more than in United States, 

which has led to the complete definition and codification of the 

component method [1-4]. Such a method is essentially based on 

mechanical models constituted by the assembling of spring elements 

modelling the joint components. The non-linearity of the joint moment-

rotation response is obtained starting from the inelastic constitutive 

laws adopted for the components. The method is suitable for the 

modelling of any kind of joint provided that the components are 

properly identified and their constitutive law is deservedly modelled. 

After that, it is possible to assemble the components for evaluating the 

moment-rotation curve of the whole joint so that it results to be 

characterized in terms of resistance, stiffness and rotational capacity. In 

this framework [1], the application of the method to structural 

connections is still limited to a range of cases. In fact, only connections 

between I or H sections profile are available. In particular, the beam-to-

column connections typologies dealt with are: 

 

 fully welded connections; 

 end plate connections; 

 top and seat angle connections. 

 Top and seat angle with single/double web angle connections. 
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Eurocode 3 [1] provides the rules for calculating the plastic resistance 

and the initial stiffness for each joint component considered: 

 

 column web panel in shear; 

 column web in transverse tension; 

 column web in transverse compression; 

 column flange in bending; 

 end plate in bending; 

 flange cleat in bending; 

 beam flange and web in compression; 

 beam web in tension; 

 bolts in shear; 

 bolts in tension; 

 plates in bearing; 

 welds; 

 hunched beam. 

 

As an example, in case of bolted end plate connection, the component 

considered have been reported in Fig.2.1.  First of all it is possible to 

realize that some components are either source of rotational stiffness 

and flexural resistance, namely the column web panel in shear (cws), 

the column flange in bending (cfb), column web in tension (cwt), end 

plate in bending (epb), beam web in tension (bwt) and bolts in tension 

(bt), and can be modelled by means of simple rigid-plastic model. 

Conversely, beam flange and web in compression (bfc) and column web 

in tension (cwt) have to be considered in the evaluation of of the joint 

flexural resistance only. 
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Fig. 2.1 – Components identification 

With reference to the mechanical model reported in Fig. 2.2, assuming 

pure bending and centre of compression located in correspondence of 

the axis of the compressed beam flange, the joint resistance is governed 

by the resistance of the weakest component: 

 

𝐹𝑅𝑑 = 𝑚𝑖𝑛{𝐹𝑐𝑤𝑐,𝑅𝑑; 𝐹𝑐𝑤𝑡,𝑅𝑑; 𝐹𝑐𝑤𝑠,𝑅𝑑; 𝐹𝑐𝑓𝑏,𝑅𝑑; 𝐹𝑒𝑝𝑏,𝑅𝑑; 𝐹𝑏𝑡,𝑅𝑑;  𝐹𝑏𝑓𝑐,𝑅𝑑} (2.1) 

where 𝐹𝑅𝑑 is the component minimum resistance. 

 

Fig. 2.2 – Modelling of the of bolted end plate connections 
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The height of the lever arm, as shown in Table 2.1, depends on the joint 

typology. 

As a consequence, the joint flexural resistance can be determined as 

follows: 

 

𝑀𝑗,𝑅𝑑 = 𝐹𝑅𝑑 ∙ 𝑧 (2.2) 

where 𝑀𝑗,𝑅𝑑 is the joint flexural resistance and 𝑧 is the lever arm. In a 

similar way, stiffness can be determined strarting from the flexibilities 

of the basic components, obtaining: 

 

𝑆𝑗,𝑖𝑛 =
𝐸 ∙ 𝑧2

∑
1
𝑘𝑖

𝑖

 
(2.3) 

where 𝑆𝑗,𝑖𝑛 is the elastic stiffness, 𝐸 is the steel Young modulus and 𝑘𝑖 

is the stiffness of the i-th basic component contributing to the bending 

stiffness. 

In conclusion, even though some authors have already investigated 

some aspects related to the prediction of the plastic deformation 

capacity [5-8] and of the cyclic behaviour of connections [9-13] past 

experimental and theoretical researches have often focused their 

attention mainly on the prediction of the stiffness and resistance of joint 

components. Therefore, the prediction of the plastic deformation 

capacity of connections is still an open research field whose primary 

aim is devoted to the prediction of the plastic rotation capacity of partial 

strength connections. 
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Table 2.1 – Definition of the lever arm 
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2.2. Problem of the distribution of the 
plasticity between joint and beam 

The classification of beam-to-column joints as full-strength or as 

partial-strength is too simplistic, because it is rigorous only in the pure 

theoretical case in which both the joint that the connected member 

exhibit a perfectly plastic behaviour. As soon as the distinction between 

the joint and the connection is made (Fig.2.3), allowing the definition of 

the joint as the combination in series of the connection and the panel 

zone of the column web, also the concept of beam-joint system 

becomes noticeable, being constituted by the combination in series of 

the beam-to-column joint and the beam end.  

 

Fig. 2.3 - Beam-joint system 

This concept is of primary importance under the point of view of 

yielding location and, therefore, for seismic design purposes. This 

statement can be easily explained considering a tri-linear modelling of 

the moment-rotation curve of both the beam-to-column joint and the 

beam end (Fig.2.4). In fact, generally the plastic rotation supply Θ𝑝𝑢 of 
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the beam-joint system can be regarded as the sum of two contributions: 

the plastic rotation of the beam-to-column joint 𝜑𝑝 and the plastic 

rotation provided by the beam end 𝜗𝑝. Therefore, an accurate evaluation 

of the moment-rotation curve of the beam-to-column joint is required, 

because the plastic rotation provided by the beam end is strictly 

dependent on the flexural resistance that the beam-to-column joint is 

able to develop [4]. 

Concerning beam-to-column joint, 𝑀𝑗.𝑦 is the value of the bending 

moment leading to first yielding, 𝑀𝑗.𝑝 is the conventional plastic moment 

defining the knee of the moment-rotation curve according to Eurocode 

3, 𝑀𝑗.𝑢 is the theoretical ultimate flexural resistance of the beam-to-

column joint. Regarding the beam, 𝑠 𝑀𝑝𝑏 is the bending moment 

corresponding to the occurrence of local buckling of the beam 

compressed flange. The parameter s is the non-dimensional buckling 

stress depending on the width-to-thickness ratios of the plate elements 

constituting the beam section and on the longitudinal stress gradient. 

Starting from the analysis of the experimental data [14,15], by means of 

a multiple regression analysis, Mazzolani and Piluso [5] defined the 

following empirical relationship: 

 

𝑠 =
1

0.546 + 1.633𝜆𝑓
2 + 0.062𝜆𝑤

2 − 0.602
𝑏𝑓

𝐿𝑒
+ 0.001471

𝐸
𝐸ℎ

+ 0.007766
𝜀ℎ

𝜀𝑦

≤
𝑓𝑢

𝑓𝑦

 

(2.4) 

where 𝜆𝑓 and 𝜆𝑤 are, respectively, the normalized slenderness 

parameters of the flange and of the web equal to: 
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𝜆�̅� =
𝑏𝑓

2 𝑡𝑓
√

𝑓𝑦𝑚.𝑓

𝐸
     and      𝜆̅

𝑤 =
𝑑𝑤

2 𝑡𝑤
√

𝑓𝑦𝑚.𝑤

𝐸
 

(2.5) 

where 𝑏𝑓 is the flange width, 𝑡𝑓 is the flange thickness, 𝑑𝑤 is the 

compressed part of the beam web, 𝑡𝑤 is the web thickness, Le is the 

shear length of the beam, 𝐸 is the Young modulus,  𝐸ℎ is the hardening 

modulus, 𝜀𝑦 is the strain corresponding to yielding and 𝜀ℎ is the strain 

corresponding to the end of the yield plateau.  

Four significant cases can arise [4] (Fig.2.4): 

 

 

Fig. 2.4 - Plastic rotation supply of the beam-joint system 
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a) 𝑀𝑗.𝑢 ≥ 𝑠 𝑀𝑝𝑏 

In this case the ultimate resistance of the beam-to-column joint allows 

the complete exploitation of the beam plastic reserves, so that: 

 

𝜗𝑝 = 𝜗𝑝𝑢     and      𝜑𝑝 ≤ 𝜑𝑝𝑢 (2.6) 

where 𝜗𝑝𝑢 is the ultimate plastic rotation of the beam and 𝜑𝑝𝑢 is the 

theoretical value of the ultimate plastic rotation of the beam-to-column 

joint. 

Therefore, the plastic rotation supply of the beam-joint system is given 

by the sum of the beam plastic rotation supply and a part, for 𝑀𝑗.𝑢 >

𝑠 𝑀𝑝𝑏 , or the total value, for 𝑀𝑗.𝑢 = 𝑠 𝑀𝑝𝑏, of the plastic rotation supply of 

the beam-to-column joint. As the plastic rotation supply of the beam-

joint system is greater than the plastic rotation capacity of the 

connected beam, the beam-to-column joints can be defined as full-

strength full-ductility.  

 

b) 𝑀𝑝𝑏 ≤ 𝑀𝑗.𝑢 < 𝑠 𝑀𝑝𝑏 

In this case, even though the beam end can be engaged in plastic range, 

the ultimate resistance of the beam-to-column joint is not sufficient to 

completely exploit the beam plastic reserves, so that: 

 

𝜗𝑝 < 𝜗𝑝𝑢     and      𝜑𝑝 = 𝜑𝑝𝑢 (2.7) 

Therefore, the plastic rotation supply of the beam-joint system is given 

by the sum of the plastic rotation supply of the joint and of a part of 

that of the connected beam. The beam-to-column joint can be defined 

as full-strength (because 𝑀𝑗.𝑢 > 𝑀𝑝𝑏), but cannot be defined “a priori” as 
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full-ductility, because the plastic rotation capacity of the beam-joint 

system is strictly dependent on the contribution (φpu) due to the beam-

to-column joint. 

 

c) 𝑀𝑗.𝑢 ≤ 𝑀𝑝𝑏 

In this case, the ultimate resistance of the beam-to-column joint is not 

sufficient to engage the beam in plastic range, so that: 

 

𝜗𝑝 = 0     and      𝜑𝑝 = 𝜑𝑝𝑢 (2.8) 

Therefore, the ultimate plastic rotation of the beam-joint system is 

coincident with the plastic rotation of the beam-to-column joint. The 

beam-to-column joint can be defined as partial-strength. Nothing can 

be said, a priori, about on the degree of restoration of rotation capacity, 

because the plastic rotation capacity of the beam-joint system is strictly 

dependent on φpu. 

 

d) 𝑀𝑗.𝑦 > 𝑠𝑀𝑝𝑏 

In this case, the elastic flexural resistance is sufficient to completely 

exploit the plastic reserves of the beam, so that: 

 

𝜗𝑝 = 𝜗𝑝𝑢      and      𝜑𝑝 = 0 (2.9) 

Consequently, the plastic rotation of the beam-joint system is equal to 

the plastic rotation of the beam end. The beam-to-column joint can be 

referred as full-strength full-ductility. The difference with respect to 

case a) is that the beam-to-column joint remains in elastic range (𝜑𝑝 =

0). 
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Regarding the evaluation of the plastic rotation of the beam end, simple 

relations are available in literature [6-9]. In addition, the plastic rotation 

of the beam-to-column joints can be determined starting to the 

knowledge of the plastic deformation of each component, through an 

advanced modelling of their force-displacement law (up to the ultimate 

displacement). In fact, the plastic displacement occurring at the tensile 

flange level is equal to the sum of the ultimate displacement of the 

weakest component and of the contributions of the other components. 

The resulting plastic rotation is given by the ratio of that such plastic 

displacement and the level arm [4].  

2.3. Full strength joints 

The seismic design of beam-to-column joints is traditionally aimed to 

assure that yielding occurs at the beam ends of the connected beam 

where the dissipation of the earthquake input energy is expected relying 

on wide and stable hysteresis loops. To this aim, Eurocode 8 [10] 

requires that the degree of overstrength required is guaranteed in case 

of full penetration butt welds or satisfying, in case of other joint 

typologies, the following relationship: 

 

Mj.Rd > 1.1 ∙ γov ∙ Mb.Rd (2.10) 

where 𝑀𝑗.𝑅𝑑 represents the joint design resistance, 𝑀𝑏.𝑅𝑑 the plastic 

moment of the connected beam and 𝛾𝑜𝑣 is an overstrength factor 

accounting for the random variability of the steel yield strength, while 

the coefficient 1.1 covers the effects of material strain hardening. 

Eurocode 8 recommends the use of 𝛾𝑜𝑣 = 1.25; conversely, the Italian 
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code [23] suggests a joint overstrength coefficient depending on the steel 

grade (𝛾𝑜𝑣 = 1.20 for S235, 𝛾𝑜𝑣 = 1.15 for S275 and 𝛾𝑜𝑣 = 1.10 for S355). 

One of the causes of significant and premature joint damage during the 

seismic events of Northridge and Kobe can be recognised in the use of 

design criteria not able to assure a sufficient degree of overstrength to 

allow the full development of the beam plastic rotation capacity. In fact, 

regarding the overstrength which the beam is able to exhibit, due to 

strain hardening, it depends on the width-to-thickness ratios of flanges 

and web. As a consequence, the joint overstrength needed to assure the 

full-strength requirement is strictly related to the behavioural class of 

the beam section (i.e. ductile, compact, semi-compact and slender). It 

means that, decreasing the width-to-thickness ratios of flanges and 

web, the plastic deformation capacity of the beam increases, but this 

beneficial effect could be vanished if the beam-to-column joint does not 

possess the overstrength required by the simultaneous increase of the 

beam ultimate resistance. In addition, also the influence of random 

material variability both on the beam flexural resistance and the beam-

to-column joint moment resistance has to be properly accounted for.  

Only a few studies concerning the influence of random material 

variability on the behaviour of steel connections are available [12-15]. In 

particular, it has been proposed [12] to formulate the design 

requirement for full-strength and full-ductility joints by means of a 

probabilistic approach calibrated on the basis of the results coming 

from Monte Carlo simulations [16], including both the random material 

variability of the plate elements and that of bolt properties [17]. 

A simplified approach to account for the influence of random material 

variability is herein proposed by assuming an overstrength factor  
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γ𝑜𝑣,𝑟𝑚 equal to the ratio between the average value of the yield strength 

of beam flanges 𝑓𝑦𝑚.𝑏𝑓 and the nominal yield strength 𝑓𝑦.𝑏. Conversely, 

the amount of overstrength due to the development of strain-hardening 

up to the occurrence of local buckling is taken into account directly 

considering the width-to-thickness ratios of beam flanges and web.  

Therefore, the ultimate beam flexural resistance at the plastic hinge 

location is evaluated as [18]: 

 

𝑀𝑏.𝑢 = 𝛾𝑜𝑣.𝑟𝑚 ∙ 𝛾𝑜𝑣.𝑠ℎ ∙ 𝛾𝑀0 ∙ 𝑀𝑏.𝑝 (2.11) 

where: 

 

𝑀𝑏.𝑝 =
𝑍𝑏 ∙ 𝑓𝑦.𝑏

𝛾𝑀0

 (2.12) 

being 𝑍𝑏 the plastic modulus of the beam section and γ𝑀0 the partial 

safety factor. 

The average yield strength of beam flanges is evaluated accounting for 

the influence of the flange thickness 𝑡𝑏𝑓, so that: 

 

𝛾𝑜𝑣.𝑟𝑚 =
𝑓𝑦𝑚.𝑏𝑓

𝑓𝑦.𝑏

=
𝑓0 − 𝛽 𝑡𝑏𝑓

𝑓𝑦.𝑏

 (2.13) 

where the parameters 𝑓0 and 𝛽 depend on the steel grade (Table 2.2). 
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Table 2.2 - Mechanical properties of the material 

Steel classes 𝒇𝟎 𝜷 

 [MPa] [MPa/mm] 

S 235 313.4 2.254 

S 275 323.3 0.910 

S 355 444.2 2.987 

The coefficient γ𝑜𝑣,𝑠ℎ accounting for the influence of strain hardening is 

given by 𝛾𝑜𝑣.𝑠ℎ = 𝑠 [5], where s is the parameter given by Eq. (2.4). 

2.4.1. Design procedure 

Starting from the average ultimate resistance of the beam provided by 

Eq. (2.8), a design procedure aiming to the development of full-strength 

full-ductility joints is proposed and discussed with reference to 

extended end-plate joints with four bolts in tension. The end-plate is 

unstiffened. The design goal is accomplished by properly applying the 

basic principles of "capacity design" at component level, considering all 

the joint components defined by Eurocode 3 within the framework of 

the “component method”.  

In particular, the proposed procedure starts from the identification of 

the maximum internal actions which the fully yielded and strain-

hardened beam is able to transmit to the joint. The reference structural 

scheme is depicted in Fig. 2.5.  
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Fig. 2.5 - Reference structural scheme considering seismic actions from left to 

right 

By denoting with i the left end joint and with j the right end joint for 

each beam and considering seismic actions from left to right, the shear 

action occurring at the plastic hinge locations are given by: 

 

𝑉𝑏𝑢.𝑖
(1)

=
𝑞1 𝐿ℎ1

2
+

𝑛𝐹1 𝐹1

2
−

2 𝑀𝑏𝑢.1

𝐿ℎ1

               𝑉𝑏𝑢.𝑗
(1)

=
𝑞1 𝐿ℎ1

2
+

𝑛𝐹1 𝐹1

2
+

2 𝑀𝑏𝑢.1

𝐿ℎ1

 

(2.14) 

𝑉𝑏𝑢.𝑖
(2)

=
𝑞2 𝐿ℎ2

2
+

𝑛𝐹2 𝐹2

2
−

2 𝑀𝑏𝑢.2

𝐿ℎ2

              𝑉𝑏𝑢.𝑗
(2)

=
𝑞2 𝐿ℎ2

2
+

𝑛𝐹2 𝐹2

2
+

2 𝑀𝑏𝑢.2

𝐿ℎ2

 

where the vertical loads are those occurring in the seismic load 

combination (𝐺𝑘 + 𝜓2𝑄𝑘) according to Eurocode 8,  𝐿ℎ is the distance 

between the two plastic hinges, F are the concentrated forces due to the 

secondary beams and 𝑛𝐹 is the number of these forces. The parameter 
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𝑠ℎ, i.e. the distance between the plastic hinge and the column flange, is 

taken equal to the beam height. 

On the basis of the maximum moment which the beams are able to 

transmit given by Eq. (2.11), the bending moment Mcf and shear action 

Vcf  at the column flange can be evaluated as follows:  

 

 in the case of external joint i of beam 1:  

 

𝑀𝑐𝑓.𝑖
(1)

= 𝑀𝑏𝑢.1 − 𝑉𝑏𝑢.𝑖
(1)

∙ 𝑠ℎ1 −
𝑞1 𝑠ℎ1

2

2
               𝑉𝑐𝑓.𝑖

(1)
= 𝑉𝑏𝑢.𝑖

(1)
+ 𝑞1𝑠ℎ1 (2.15) 

 in the case of internal joint j of beam 1: 

  

𝑀𝑐𝑓.𝑗
(1)

= 𝑀𝑏𝑢.1 + 𝑉𝑏𝑢.𝑖
(1)

∙ 𝑠ℎ1 +
𝑞1 𝑠ℎ1

2

2
               𝑉𝑐𝑓.𝑗

(1)
= 𝑉𝑏𝑢.𝑗

(1)
+ 𝑞1𝑠ℎ1 (2.16) 

 in the case of internal joint i of beam 2:  

 

𝑀𝑐𝑓.𝑖
(2)

= 𝑀𝑏𝑢.2 − 𝑉𝑏𝑢.𝑖
(2)

∙ 𝑠ℎ2 −
𝑞2 𝑠ℎ2

2

2
               𝑉𝑐𝑓.𝑖

(2)
= 𝑉𝑏𝑢.𝑖

(2)
+ 𝑞2𝑠ℎ2 (2.17) 

 in the case of external joint j of beam 2:  

 

𝑀𝑐𝑓.𝑗
(2)

= 𝑀𝑏𝑢.2 + 𝑉𝑏𝑢.𝑖
(2)

∙ 𝑠ℎ2 +
𝑞2 𝑠ℎ2

2

2
               𝑉𝑐𝑓.𝑗

(2)
= 𝑉𝑏𝑢.𝑗

(2)
+ 𝑞2𝑠ℎ2 (2.18) 

Obviously, the analysis is repeated for the case of seismic actions from 

left to right and the most severe internal actions are considered. 
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Regarding the design of column web panel stiffeners, they have to be 

designed considering the maximum shear action occurring when the 

beams are in the ultimate conditions. 

 

 In the case of panel zone of external joint i of first bay:  

 

𝑉𝑤𝑝.𝐸𝑑 =
 𝑀𝑐𝑓.𝑖

(1)

𝑑𝑏1 − 𝑡𝑏𝑓.1

−  
𝑉𝑐1 + 𝑉𝑐2

2
 (2.19) 

 In the case of panel zone of internal joint:  

 

𝑉𝑤𝑝.𝐸𝑑 =
 𝑀𝑐𝑓.𝑗

(1)

𝑑𝑏1 − 𝑡𝑏𝑓.1

+
 𝑀𝑐𝑓.𝑖

(2)

𝑑𝑏2 − 𝑡𝑏𝑓.2

−  
𝑉𝑐1 + 𝑉𝑐2

2
 (2.20) 

 For the external panel zone j of the beam 2:  

 

𝑉𝑤𝑝.𝐸𝑑 =
 𝑀𝑐𝑓.𝑗

(2)

𝑑𝑏2 − 𝑡𝑏𝑓.2

−  
𝑉𝑐1 + 𝑉𝑐2

2
 (2.21) 

In the case of extended end plate connections with four bolts in tension, 

according to Eurocode 3, a simplified model can be adopted to design 

the tension zone by means on an equivalent T-stub whose lever arm is 

equal to db-tbf  (Fig.2.6). 
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Fig. 2.6 - Simplified model for the design of the tension zone 

According to this model, the design of all the joint components has to 

guarantee the transmission, at the beam flanges’ levels, of a 

compression force Cu and of a tensile force Tu given by: 

 

𝑇𝑢 = 𝐶𝑢 =
𝑀𝑐𝑓

𝑑𝑏 − 𝑡𝑏𝑓

 (2.22) 

Starting from the knowledge of Tu and Cu values occurring when the 

beam plastic hinges have attained their ultimate flexural resistance, all 

the geometrical details of the connecting elements can be designed by 

means of the resistance formulations provided by Eurocode 3 for the 

joint components. To this aim, a specific sequence of design operations 

or resistance checks of the joint components has to be followed: 

 

Step 1: Evaluation, by means of Eq. (2.11), of the average (because of 

random material variability) ultimate moment Mb,u which the 

fully yielded and strain-hardened beam is able to transmit. 
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Step 2: Calculation of bending moment Mcf and shear action Vcf at the 

column flange and evaluation of compression force Cu and 

tensile force Tu to be transmitted at the beam flanges’ levels. 

Step 3: Design of the bolt diameter accounting for the combined action 

of shear and tension.  

Step 4: Design of throat thickness of welds connecting the end-plate to 

the beam flange and design of throat thickness of welds 

connecting the end-plate to the beam web assuming that they 

have to transmit a bending moment proportional to the plastic 

modulus of the beam web alone. 

Step 5: Design of the end-plate thickness according by modelling the 

tension zone by means of an equivalent T-stub and assuming 

that the distance m between the bolt axis and the yield line 

located close to the beam flange is equal to the minimum 

allowed by the code, m=1.2 d0 with d0 equal to the diameter of 

the hole; the width of the end-plate can be defined considering 

code requirements concerning the bolt spacing and the edge 

distances. 

Step 6: Check of the resistance of the column web in shear and design 

of supplementary web plates if needed. Eurocode 3 introduces 

a limitation about the thickness of the supplementary plates. 

In particular, the shear area Avc may be increased no more 

than bstwc. If a further supplementary web plate is added on the 

other side of the web, no further increase of the shear area is 

allowed. The proposed method does not take into account such 

limitation. 

Step 7: Check of the resistance of the column web in tension and in 

compression; if needed continuity plates are added and/or 
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supplementary web plates are extended to cover also tension 

and compression zones. 

Step 8: Check of the resistance of the column flange in bending; if not 

satisfied, backing plates can be adopted to increase the 

resistance of the equivalent T-stub modelling the column flange 

in bending, provided that type 1 mechanism occurs, otherwise 

(type 2 mechanism) the increase of the bolt diameter is needed 

and the procedure has to be repeated starting from step 3. 

In order to show in detail the design procedure, a worked example has 

been reported in Annex A. 

2.4.2. Validation of the procedure with FEM 
simulations  

Reference is made to the building plan layout depicted in Fig. 2.7.  

 

Fig. 2.7 - Building plan layout of study cases 
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Three different solutions have been designed with reference to the 

external joint of the longitudinal inner frame by varying the geometry of 

the structure. In Table 2.3, the input data for the three cases analysed 

are reported. 

Table 2.3 - Input data of study cases 

 Study case A Study case B Study case C 

Beam section IPE 600 IPE450 IPE220 

Column section HE 320M HE 260 M HE 200 M 

Beam steel grade S235 S235 S235 

Column steel grade S355 S355 S355 

Plate steel grade S275 S275 S275 

Bolt class 10.9 10.9 10.9 

q [kN/m] 1.25 1.00 0.75 

F [kN] 65.00 45.00 30.00 

nF 3 3 3 

Ln [mm] 8641.00 6332.00 3800.00 

For the three study cases, the results of the proposed design procedure 

are summarized in Table 2.4. Moreover, in the same table also the 

results obtained by applying the design rules suggested by Eurocode 8 

are presented.  

It can be observed that the most important difference occurs for study 

case C, i.e. in the case of the smallest beam section, where the design 

bending moment according to the proposed design procedure is about 

36.4% greater than the one required according to Eurocode 8. This 

difference reduces to 26.5% for study case B and to 23.6% for study 

case A. 
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Table 2.4 - Design solutions for analysed study cases 

 Study case A Study case B Study case C 

 
Proposal 

approach 

Eurocode8 

approach 

Proposal 

approach 

Eurocode8 

approach 

Proposal 

approach 

Eurocode8 

approach 

γov,rm 1.15 1.25 1.24 1.25 1.25 1.25 

γov,sh 1.28 1.10 1.26 1.10 1.30 1.10 

Mcf[kNm] 1336 1081 663 524 120 88 

Vcf [kN] 405 353 278 239 107 93 

Tu [kN] 2299 1860 1524 1203 571 417 

db [mm] 36 33 30 27 20 16 

af [mm] 29 23 22 18 14 11 

aw [mm] 10 10 9 8 6 5 

tep [mm] 55 45 45 35 25 20 

ts [mm] 5 - 5 - 5 - 

tcp [mm] 20 20 15 15 10 10 

acp[mm] 8 8 6 6 4 4 

F(Rd.1)/Tu 2.79 3.56 2.94 3.73 1.67 2.29 

F(Rd.2)/Tu 1.18 1.39 1.22 1.41 1.03 1.08 

In order to investigate the accuracy of the proposed design criteria, 

numerical simulations by means of advanced finite element models 

have been performed using ABAQUS 6.13 software. 

 

Fig. 2.8 - Analysed structural scheme 
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Since the behaviour of the analysed connections is strongly affected by 

in-plane and out-of-plane deformations, by contacts between the 

connecting elements and the profiles of column and beam and by 

geometrical and material non linearities, the finite element model has 

been developed adopting a three-dimensional approach based on the 

following steps: geometrical characterization of the components, 

definition of material properties, definition of the interactions between 

the elements, definition of the boundary conditions and choice of the 

elements and size of the mesh, calibration and application of a proper 

initial imperfection model. The simulation has been performed 

considering the scheme depicted in Fig. 2.8, restrained with an hinge at 

the bottom end of the column and a simple horizontal support at the 

top end of the column.  

The beam end is loaded with a vertical force aiming to provide an 

internal action distribution similar to that arising under seismic 

actions. To this aim, the length of the beam has been assumed equal to 

𝑀𝑐𝑓/𝑉𝑐𝑓, thus assuring that when the design bending resistance is 

attained also the corresponding shear action is reached. The length of 

the column has been assumed equal to 3500 mm, i.e. the interstorey 

height of the sample building.  

Regarding the geometrical definition of the components, the model is 

made up of seven repetitive elements: the column, the beam, the end 

plate, the bolts, the continuity plates and the additional supplementary 

web plates (Fig. 2.9). 
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Supplementary plate End-plate 

  
Continuity plate Bolts 

 

 
Column Beam and welds 

  
Fig. 2.9 - Components of the finite element model 

The material properties of the plate elements and of the profiles have 

been described by means of an elastic-plastic isotropic model by 

adopting a quadrilinear true stress-true strain law (Fig. 2.10a). The 

parameters for different constructional steels are given in Table 2.2. 
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The behaviour of the material of the bolts has been modelled using a 

simplified tri-linear model (Fig. 2.10b) based on the yield and ultimate 

nominal strength according to the bolt class. The strain corresponding 

to the ultimate resistance and the ultimate strain have been evaluated 

by means of the following relationships: : m = Ar [%] and u = ln (1/1-Z), 

where Ar is elongation at fracture and Z is the necking ratio given by the 

ratio between the original cross-sectional area and the minimum cross-

sectional area after fracture. 

a) 
 
b) 

 
c) 

Fig. 2.10 - Material constitutive laws: a) plates and profiles; b) bolts; c) welds 

The values provided by the manufacturer [19] have been adopted. The 

welds have modelled by means of a bilinear elastic-perfectly plastic law 

(Fig. 2.10c) with yield strength and ultimate strain defined according to 

[20]. Regarding the value of the yield strength of all the components, 

consistently with the design approach which accounts the influence of 

random material variability considering the average yield strength of the 

beam flanges, the average value of the yield strength has been adopted 

for the beam component, while for all others components the nominal 

characteristic value has been assumed. 
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a) b) c) 

Fig. 2.11 - Definition of the contacts:  
a) end-plate/column flange; b) bolt head/end-plate; c) end-plate/beam end. 

All the interactions between the different elements have been defined 

using the surface-to-surface contact formulation with finite sliding. In 

particular, the following interactions have been defined (Fig. 2.11): 

between the end-plate and the column flange, between the bolt head 

and the end-plate, between the bolt shank and the plate hole, between 

the bolt shank and the column flange hole, between the end-plate and 

the beam end. In the normal direction a “hard contact” has been used, 

while in the tangential direction a friction coefficient equal to 0.20 has 

been adopted. The latter value of the friction coefficient is provided by  

Eurocode 3 [1] in case of friction surfaces of class D (surfaces as rolled). 

Where there was the need to link the rigid kinematic mechanisms of the 

section to those of a point externally restrained, the constraints have 

been modelled by introducing at the end of the section of the members a 

central node and "coupling internal constraints" (Fig. 2.11a). 
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In order to simulate the application of an axial force, at the top of the 

column an external pressure equal to 30% of the yield strength of the 

material has been applied (Fig. 2.11b). 

Regarding the finite element type, in order to reduce the 

computational efforts, eight-node brick elements with reduced 

integration and first order approximation (C3D8R) have been adopted. 

The end part of the beam close to the column where local buckling 

phenomena are expected, for a length equal to 2.5 times the beam 

height, has been modelled with non linear eight-node brick elements 

with full integration (C3D8). Such elements, as also reported in [21], are 

particularly accurate for analysis where buckling effects are significant. 

     a)      b) 

Fig. 2.12 - a) Coupling internal constrains; b) application of external pressure 

Preliminarily, a sensitivity analysis has been performed in order to 

determine the mesh dimension. The parameters that could influence 

the results are the number of the elements in the thickness of the 

plates, the dimension of the mesh of the bolts and the dimension of the 

elements where the local buckling is expected. In order to obtain 

accurate results, the following “meshing” procedure has been applied: 

where local buckling is expected the maximum dimension of the 

elements has been taken as 20 mm, the plates with elements whose 

dimension is at least 30 mm and with 2 elements in the thickness, the 



68 Full strength bolted beam-to-column connections and design criteria 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

bolts have been divided using elements with minimum dimension equal 

to 6 mm with a deviation factor equal to 0.1.  

  
Fig. 2.13 - ABAQUS Model 

In addition, geometrical imperfections have been introduced 

according to the requirements of EN10034, by using a distorted shape 

of the joint similar to the 1st buckling mode preliminarily evaluated by 

means of an elastic buckling analysis. The calibration of the distortion 

of the model has been performed based on the maximum value of the 

angular distortion of the flanges of steel profiles given by EN 1090-2. 

The model finalized to the execution of the “linear buckling analysis” is 

depicted in Fig. 2.13. 

The results of the buckling analyses are reported in Fig. 2.14 

representing the first four buckling modes. In particular, because of the 

application of the load downwards, the first and the third buckling 

mode involve the combined buckling of the bottom flange and the 

compressed part of the web. Similarly, the second and the fourth mode 

provide the buckling of the upper flange of the profile when the load is 

applied upward. Therefore, as the analyses developed in this paper are 

referred to monotonic downward loading conditions, an imperfection 

pattern proportional to first buckling mode has been introduced. 
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1° buckling mode 2° buckling mode 

  
3° buckling mode 4° buckling mode 

  

Fig. 2.14 - Buckling modes of beam-to-column joints 

Following this approach, the proportionality coefficient k(1°mode) for 

scaling the "buckling eigenmode" has been determined as the ratio 

between the 80% [22] of the maximum manufacturing tolerance (equal 

to 2% of the width of the flange [23]) and the sum of the beam flange tip 

displacements 𝛿𝑓 in the buckled configuration: 

 

𝑘1°𝑚𝑜𝑑𝑒 =
0.8 × 0.02 × 𝑏𝑓

2 × 𝛿𝑓

 (2.23) 

According to the design criteria adopted, it is expected that plastic 

deformations are mainly located at the beam end.  
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STUDY CASE A: IPE 600 BEAM – HEM 320 COLUMN 

Proposed design approach Eurocode 8 design approach 

  

STUDY CASE B: IPE 450 BEAM – HEM 260 COLUMN 

Proposed design approach Eurocode 8 design approach 

           

STUDY CASE C: IPE 220 BEAM – HEM 200 COLUMN 

Proposed design approach Eurocode 8 design approach 

           

Fig. 2.15 - Ultimate behaviour of the analysed joints ( Von Mises stresses) 

Conversely, the connection components are expected to be subjected to 

very limited yielding. In fact, it should be noted that, even if the joints 

have been designed to attain full strength, limited yielding of joint 

components has to be expected because the formulas used for design, 



Chapter 2 71 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

as suggested by Eurocode 3, are based on the definition of design 

plastic resistances rather than on elastic design resistances.  

From the overall point of view, as expected, FE analyses showed the 

concentration of the plastic deformations at the beam end with the 

attainment of a plastic hinge characterized by the development of 

plastic local buckling of the compressed beam flange, accompanied by 

the out-of-plane buckling of the compressed part of the web. 

The moment-rotation curves of the beam-joint system for all the 

analysed cases are represented in Figs. 2.16-2.18. The curves have 

been obtained, in all cases, by multiplying the force applied at the end 

of the cantilever for Lt (Fig.2.8) and dividing the displacement evaluated 

in the same point for the same length. 

 

Fig. 2.16 - Moment-rotation curves (case A) 

The curves reported in in Fig. 2.16 are referred to the CASE A. As 

expected, after the initial linear behaviour, at the attainment of the 

plastic resistance of the section, they provide a non-linear response 

characterized by an initial increase of the bending moment, due to the 
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material strain-hardening of the section, which continues up to the 

attainment of the action which gives rise to the local instability of the 

beam compressed flange. After the achievement of the maximum 

bending moment the beam flange starts to buckle providing in terms of 

moment-rotation response a softening branch. In the two cases (EC8 

and proposed procedure), as it is possible to check easily from the 

figure, the values are very similar and, in particular, equal to 1293 kNm 

and 1251 kNm. These values are a little bit lower than the design value, 

evaluated at the column flange level, equal to 1336 kNm. 

 

Fig. 2.17 - Moment-rotation curves (case B) 

With reference to the case study B, the shape of the moment-rotation 

curve is analogous to the previous case and the values of the moment 

corresponding to the achievement of the local buckling of the beam 

flange are equal to 662 kNm and 666 kNm in case of the joint designed 

according to the proposed approach and to Eurocode 8 respectively. 

These values of the bending moment are practically equal to the 
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adopted design value (663 kNm) confirming he accuracy of the 

equations used to predict the overstrength factor s (Fig. 2.17).  

Similarly, in the study case C (Fig. 2.18) the local buckling is achieved 

in correspondence of a bending moment equal to 115 kNm and 113 

kNm respectively in case of the joint designed according to the proposed 

approach and Eurocode8, that is lower (about 7% in the first case and 

8% in the second) than the design value that is equal to 123 kNm  

In this case, in terms of rotations, the joint designed according to the 

Eurocode 8 shows a lower value of the ultimate rotation (131 mrad) 

while, on the contrary, in case of the joint designed according to the 

proposed procedure, the ultimate rotation is higher. This difference is 

due to the brittle failure of the bolts connecting the endplate to the 

column flange. 

 

Fig. 2.18 - Moment-rotation curves (case C) 

Therefore, as a conclusion, in terms of global behaviour the comparison 

between the moment-rotation curves of the joints designed according to 

the proposed procedure with those designed according to the EC8 
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provisions are not very different, made exception for case study C where 

the bolt failure activates, limiting significantly the rotation capacity of 

the beam-joint system. Such a brittle behaviour, which should not even 

be in the basic philosophy of EC8, is due to the fact that in many cases, 

the actual overstrength of the connected member is substantially 

underestimated by EC8 (as reported in the 4th column of Table 3) and 

therefore it may happen that the maximum resistance of the beam is 

such that the bolts’ resistance is exceeded even though they are usually 

oversized adopting a safety factor equal to 1.25. 

In any case, due to the fact that the EC8 procedure for connections is 

not completely rationally addressed, aside from the possible activation 

of undesired failure modes, it also happens that, in many cases, the 

plastic engagement of the joint components is significant, meaning that 

in case of severe seismic events a reparation of many parts of the 

connection has to be accounted for. Conversely, with the proposed 

procedure, as far as the beam overstrength is more rationally 

considered in the design phase, all the joint components are sized for 

actions which, at most, can achieve the plastic resistance, with a 

consequent negligible plastic engagement. In order to quantify the 

damage of the joints’ components, a parameter NPEEQ defined as the 

ratio between the equivalent plastic deformation (PEEQ) evaluated at 

the achievement of the rotational capacity of the beam-joint system (i.e. 

in correspondence of the point on the softening branch where the 

plastic moment of the beam is achieved) and the elastic deformation has 

been considered as a measure of damage. To this scope, all the 

components have been isolated and the corresponding deformation 

maps have been tracked in order to determine the value of the 
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equivalent plastic deformation summarized in the Tables 2.5, 2.6 and 

2.7. 

With reference to the case study A (IPE 600 beam and HEM 320 

column), the results provided in Tab. 2.5 evidence that the level of 

yielding occurring in connection components is very limited when the 

beam-to-column joint is designed according to the proposed procedure, 

achieving a maximum value of 5.57 in the welds; conversely, the use of 

Eurocode 8 design criteria leads to a normalised PEEQ equal to 63.44 

in the bolts and 38.46 in the welds. 

Table 2.5 - Damage to joint components expressed as PEEQ and NPEEQ 

(NPEEQ=PEEQ/y) – study case A 

 Study case A 

 Proposal approach Eurocode8 approach 

 PEEQ NPEEQ PEEQ NPEEQ 

Beam 0.3577 319.65 0.3577 319.65 

Welds 0.0101 5.57 0.0696 38.46 

End-Plate 0.0016 1.25 0.0205 15.68 

Column 0.0062 3.65 0.0260 15.35 

Supplementary plate 0.0007 0.43 - - 

Bolts 0.0177 4.12 0.2719 63.44 

Continuity plate 0.0000 0.00 0.0000 0.00 

Even in the case study B (IPE 450 beam and HEM 260 column), the 

maximum normalized PEEQ (Table 2.6) occurs in the welds and is equal 

to 5.53 for the proposed design procedure while in case of Eurocode 8 

the yielding achieves maximum values of normalised PEEQs equal to 

23.82 and 21.49 in the bolts and in the welds respectively. 
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Table 2.6 - Damage to joint components expressed as PEEQ and NPEEQ 

(NPEEQ=PEEQ/y) – study case B 

 Study case B 

 Proposal approach Eurocode8 approach 

 PEEQ NPEEQ PEEQ NPEEQ 

Beam 0.8000 714.89 0.9600 857.87 

Welds 0.0100 5.53 0.0431 23.82 

End-Plate 0.0070 5.35 0.0180 13.75 

Column 0.0061 3.61 0.0270 15.97 

Supplementary plate 0.0010 0.59 - - 

Bolts 0.0116 2.71 0.0921 21.49 

Continuity plate 0.0000 0.00 0.0000 0.00 

Finally, in case study C (IPE 220 beam and HEM 200 column), the 

maximum normalized PEEQs (Table 2.7) in the joint components occur 

in the welds and is equal to 41.78 in the case of the proposed design 

procedure while in case of Eurocode 8 occurs in the bolts in tension and 

is equal to 117.90. Also in this case damage is highly concentrated at 

the end of the connected beam even though the bolts achieve their 

ultimate capacity in case of the joint designed according to Eurocode 8. 

Table 2.7 - Damage to joint components expressed as PEEQ and NPEEQ 

(NPEEQ=PEEQ/y) – study case C 

 Study case B 

 Proposal approach Eurocode8 approach 

 PEEQ NPEEQ PEEQ NPEEQ 

Beam 0.9665 863.68 0.1902 169.97 

Welds 0.0756 41.78 0.0540 29.84 

End-Plate 0.0016 1.22 0.0231 17.64 

Column 0.0041 2.43 0.0370 21.89 

Supplementary plate 0.0016 0.95 - - 

Bolts 0.0012 0.28 0.5053 117.90 

Continuity plate 0.0000 0.00 0.0037 2.83 
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In conclusion, the results obtained have confirmed the accuracy of the 

design approach evidencing, in the same time, some criticisms of the 

EC8 design procedure. In fact, EC8 provisions do not account rationally 

for the overstrength due to the beam strain-hardening leading to results 

that in some cases can be poor and characterized by the development of 

brittle failure modes. Aside from this, due to the same reason, the 

design of the joint components, following the EC8 provisions, is carried 

out with actions lower than the actual ones leading to the development 

of stresses and plastic deformations in all the joint components which 

are beyond the plastic limit that should be, instead, the upper bound to 

be imposed in design. 

The effectiveness of the proposed approach has been demonstrated in 

the work comparing the damage level of the joints’ components 

underlining that, in case of connections designed according to the 

proposed procedure, the damage is prominently concentrated at the end 

of the beam which constitutes the main dissipative zone, while all the 

connections’ elements remain practically elastic, or only with very 

limited plastic deformations. Conversely, in case of joints designed 

according to the Eurocode 8, the joint components are significantly 

engaged in plastic range achieving high levels of deformations, certainly 

beyond the plastic limit. As an example, the developed analyses have 

demonstrated that following the EC8 design procedure, the welds may 

damage in plastic range with deformations even equal to 38.46 times 

the yield strain and, in a similar way, the bolts may fail or, in general, 

undergo severe damages. 
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2.4. Application of the design procedure to the 
“dog bone” joint typology 

In the seismic design of moment resisting frames it is universally 

suggested the use of full-strength connections able to develop sufficient 

overstrength with respect to the connected beam to allow the complete 

development of the plastic rotation capacity of the beam. This design 

goal can be achieved provided that the connection overstrength is 

properly selected accounting for the strain-hardening occurring before 

flange local buckling and considering also the influence of random 

material variability [12]. Such high overstrength significantly affects the 

connection structural detail requiring strengthening elements such as 

reinforcing ribs, cover plates, haunches, etc.; which significantly affects 

the cost of connections. For this reason experimental investigations on 

the cyclic response of partial strength connections have gained new 

attention [24,25]. RBS connections can be considered a particular 

typology within the framework of partial-strength connections, because 

their flexural resistance is less than the one of the connected beam.  

A distinguishing feature of the Reduced Beam Section (RBS) connection, 

is that portions of the beam flange are trimmed away in the region 

adjacent to the beam-to-column connection (Fig 2.19a). The result is 

similar to reinforcement, i.e., the connection is stronger than the beam. 

The design procedure herein presented, could be easily applied to the 

“dog bone” joint typology. 

First of all, the parameters to be designed are the distance of the 

reduced section zone from the face of the column a, the length of the 

reduced section zone b and the flange reduction width c (Fig. 2.19b). 
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    a) 

 
 
 
 

b) 

Fig. 2.19 – Dog bone joint typology: a) Rendering; b) main parameters 

It is suggested to use values of the two parameters a and b according to 

the following ranges [26]: 

 

𝒂 =  (0.5 ÷ 0.75)𝑏𝑓  and 𝒃 =  (0.65 ÷ 0.85)𝑑𝑏 (2.24) 

where 𝑏𝑓 is the width od the beam flange and 𝑑𝑏 is the beam depth.  

The parameter c controls the maximum bending moment at the RBS 

and, as a consequence, the maximum moment at the face of the column 

flange. This value should be limited in order to obtain at the column 

face in a range contained in the 85-100% of the beam cross section 

plastic moment. It is suggested [27,28] to avoid the use of these 

connections for reductions greater than 50%. In addition, c must be 

greater than 0.25𝑏𝑓. Details about the dimensioning of the flange 

reduction c and of the distance between the centre of RBS zone and the 

face of the column flange is given in Montuori et al.[29]. 

Once designed the reduced section of the beam, it is possible to design 

the components of the connections. With reference to the proposed 
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procedure, the ultimate beam flexural resistance at the plastic hinge 

location is evaluated as: 

 

𝑀𝑏.𝑢 = 𝛾𝑜𝑣.𝑟𝑚 ∙ 𝛾𝑜𝑣.𝑠ℎ ∙ 𝛾𝑀0 ∙ 𝑀𝑏,𝑅𝐵𝑆.𝑝 (2.25) 

where: 

 

𝑀𝑏,𝑅𝐵𝑆.𝑝 =
𝑍𝑏,𝑅𝐵𝑆 ∙ 𝑓𝑦.𝑏

𝛾𝑀0

 (2.26) 

being 𝑍𝑏,𝑅𝐵𝑆 the plastic modulus of the reduced beam section that can 

be easily determine as: 

 

𝑍𝑏,𝑅𝐵𝑆 = 𝑍𝑏 − 2𝑐𝑡𝑏𝑓(𝑑𝑏 − 𝑡𝑏𝑓) (2.27) 

and γ𝑀0 the partial safety factor. 

 

Fig. 2.20 – Simplified model for the design of the tension zone 
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The average yield strength of beam flanges is evaluated accounting for 

the influence of the flange thickness 𝑡𝑏𝑓, as in Eq. (2.13) while the 

coefficient γ𝑜𝑣,𝑠ℎ accounting for the influence of strain hardening given 

by Eq. (2.4), can be easily rewritten considering the reduced flange 

width: 

 

𝑠 =
1

0.546 + 1.633𝝀𝒇
𝟐 + 0.062𝜆𝑤

2 − 0.602
𝒃𝒇 − 𝟐𝒄

𝐿𝑒
+ 0.001471

𝐸
𝐸ℎ

+ 0.007766
𝜀ℎ

𝜀𝑦

 

≤
𝑓𝑢

𝑓𝑦
 

(2.28) 

where 𝜆𝑓 and 𝜆𝑤 are, respectively, the normalized slenderness 

parameters of the flange and of the web equal to: 

𝜆�̅� =
𝒃𝒇−𝟐𝒄

2 𝑡𝑓
√

𝑓𝑦𝑚.𝑓

𝐸
     and      𝜆̅

𝑤 =
𝑑𝑤

2 𝑡𝑤
√

𝑓𝑦𝑚.𝑤

𝐸
 

(2.29) 

where 𝑏𝑓 − 2𝑐 is the reduced flange width, 𝑡𝑓 is the flange thickness, 𝑑𝑤 

is the compressed part of the beam web, 𝑡𝑤 is the web thickness, Le is 

the shear length of the beam, 𝐸 is the Young modulus,  𝐸ℎ is the 

hardening modulus, 𝜀𝑦 is the strain corresponding to yielding and 𝜀ℎ is 

the strain corresponding to the end of the yield plateau.  

Starting from the average ultimate resistance of the beam provided by 

Eq. (2.25), assuming the parameter Sh, i.e. the distance between the 

plastic hinge and the column flange, equal to 𝒂 + 𝒃 𝟐⁄  (Fig. 2.20), the 

Eqs. (2.14) to (2.22) are still valid so that, known Tu and Cu values 

occurring when the beam plastic hinges have attained their ultimate 

flexural resistance, all the geometrical details of the connecting 

elements can be designed by means of the resistance formulations 



82 Full strength bolted beam-to-column connections and design criteria 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

provided by Eurocode 3 for the joint components. The specific sequence 

of design operations or resistance checks of the joint components 

illustrated in ¶ 2.4.1 has to be followed. 

As a validation of the possibility of extending the proposed design 

procedure to the “dog bone” joint typology, it has been applied, a 

posteriori, to the already experimentally tested connection [24] starting 

from the actual values of the mechanical properties of all joint 

components. In particular, reference is made to connection labelled with 

ID EEP-DB-CYC03 which is a full strength extended endplate joint 

designed to force the development of the plastic hinge in the beam by 

cutting the beam flanges according to the design criteria for reduced 

beam sections. What the experimental results evidenced during the test, 

as the main engagement in plastic range of the reduced section of the 

connected beam but also the effort in plastic range of some other 

components, is completely justified.  
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3.1. Innovative joints typologies 

Structural seismic systems free from damage or easy to replace after the 

earthquake have received, in recent years, a growing interest by the 

scientific community. Within this framework, supplemental damping 

devices able to dissipate a part of the seismic input energy reducing the 

seismic demand on the structural elements are particularly interesting. 

In the following, the possibility of providing the structure of 

supplemental damping devices by means of properly detailed beam-to-

column joints, is analysed. A partial strength joint typology particularly 

appropriate to this purpose is the Double Split Tee Connection (DSTC) 

in which the connecting elements are clearly identified and easily 

replaceable. The behaviour of this type of connection is strictly related 

to that of a T-stub subjected to axial load, which models the top and 

bottom Tee. In past, many scientific efforts have been devoted to 

understand and model the behaviour of simple rectangular T-stubs 

under cyclic loads [1]. Such behaviour, as pointed out in scientific 

literature, is affected by significant pinching due to many factors, such 

as the plastic deformation of bolts and con-tact phenomena. Aiming to 

increase the energy dissipation capacity of T-stubs, in [2], starting from 

the results obtained in [1,3-6] concerning monotonic and cyclic 

behaviour of T-stubs, two different approaches are followed: the first 

one,  aiming to provide the structures of supplemental dampers of 

yielding type, applies the concepts usually adopted for ADAS devices to 

the configuration of T-stub flanges; the second approach, in order to 

provide the structure of supplemental dampers of friction type, is based 

on the use of proper friction materials. Modern seismic codes are set up 
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to obtain certain performance levels, providing to check structures to 

remain elastic in case of ordinary load combinations (Serviceability 

Limit States) and, eventually, to damage under rare load combinations 

such as those deriving from the occurrence of destructive seismic 

events (Ultimate Limit States). Currently, dealing with the ULS design, 

different possibilities are given to guarantee the failure mode control of 

the structure governing, in the framework of capacity design, the 

structural ductility at the local and at the global level. In general, the 

capacity of the structure to withstand non-linear deformations is based 

on the development of damage in specific zones which have to be 

engaged in plastic range in order to absorb the inelastic demand. In 

case of steel Moment Resisting Frames (MRFs), according to the design 

procedures suggested by EC8 [7], a first option consists in the 

formation of the plastic zones in beams, through the adoption of full-

strength joints and over-strength columns (continuous frames). As an 

alternative, a second option consists in the concentration of structural 

damage in connections, which are designed to be partial-strength [7,8], 

needing, therefore, specific detailing to guarantee that their rotational 

capacity is compatible with the seismic demand (semi-continuous 

frames). Clear criteria to guarantee the correct ductility supply to 

connections are still under discussion in the research community and, 

in fact, significant research is being dedicated to this topic also recently 

[9-14]. 

Even though the design procedures suggested by EC8 are already 

validated thanks to the significant work carried out in past decades by 

many research groups [15-24], it is clear that, independently from the 

adoption of one or another design strategy, the main drawback of the 

traditional approaches is the need for the development of structural 
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damage which, even though on one hand it is used to preserve 

structural economy and human life, on the other hand represents also 

the main source of direct and indirect losses in case of rare seismic 

events. In order to solve this issue in past decades several strategies 

have been proposed. Among the various possibilities, supplemental 

energy dissipation systems have been proposed and extensively studied 

since the 90s, providing a wide set of dissipaters to be inserted in 

particular zones of the structure, where high relative displacements or 

velocities are expected under the action of severe ground motions. In 

this way, the greatest part of the energy dissipation supply is entrusted 

to dissipative fuses specifically designed for the energy dissipation, 

while the damage to the main structure is limited, reducing the seismic 

inelastic demand. Currently, a number of dissipative devices based on 

this design concept has been proposed, providing systems based on the 

activation of simple dissipative mechanisms such as yielding of metals, 

dry friction and viscosity of fluids [25,26]. Nevertheless, also in the case 

of supplementary energy dissipation design strategies, the introduction 

of dissipaters improves damping, but the structural damage is not 

completely avoided because to activate the seismic dissipaters adequate 

sway displacements of the main structure are still needed. 

This is the subject of the FREEDAM project, which is an RFCS project, 

granted by the European Community, devoted to the development of 

strategies for the application of such a kind of connections to steel 

structures. 
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3.2. Friction joints 

In order to overcome the drawbacks of the traditional design 

approaches, recently, the FREEDAM (FREE from DAMage) design 

strategy has been proposed as a solution able to combine the best 

features of all the three approaches previously described with the 

capacity to avoid structural damage both at SLS and ULS, introducing 

in connections particular types of friction damping devices. In fact, as 

explained afterwards, the FREEDAM design approach allows, easily, to 

design rigid frames with fully rigid connections (as in the case of full-

strength design, continuous frames) with a resistance very close to the 

nominal value of the beam resistance (as in case of partial – or equal - 

strength design) and with high energy dissipation supply (as in the case 

of supplementary energy dissipation strategies) avoiding, in the same 

time, the structural damage.  

 

 
 

Fig. 3.1 – FREEDAM connection  
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In fact, the FREEDAM design approach has as first aim the definition of 

structural layouts able to dissipate seismic energy avoiding damage 

both in members and connections, due to the inclusion of friction 

devices in beam-to-column joints. Such connections, called FREEDAM 

connections, are detailed to include at the level of the lower beam flange 

a friction device realized with steel plates and friction pads pre-stressed 

with high strength bolts. In particular, the typical configuration of a 

FREEDAM beam-to-column joint consists in a modification of the 

classical detail of a Double Split Tee Joint (DST) where, the bottom Tee 

element, is substituted with a symmetrical friction connection [27-30] 

realized with a slotted haunch which slips on friction shims pre-

stressed with high strength bolts (Fig.3.1). 

With this connecting system, under bending actions, the joint is forced 

to rotate around the rotation centre located at the base of the upper T-

stub web and the energy dissipation supply is provided by the alternate 

slippage of the lower beam flange on friction pads. From the design 

point of view, the FREEDAM approach is extremely simple and it is 

based only on few steps:  

1. design of the FREEDAM friction dampers for the actions deriving 

from the ULS load combinations. The dampers can be designed, in 

terms of resistance, both to be partial-strength (less resistant of the 

connected beam) or equal strength (same resistance of the connected 

beam) [31-32]; 

2. design of the non-dissipative parts of the connection, accounting for 

the maximum over-strength due to random material variability of the 

friction material. It is worth noting that the part of the over-strength 

factor related to the strain-hardening is negligible because the 

friction damper is characterized by a rigid-plastic response. In terms 
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of stiffness, being the slip resistance of the friction damper 

uncoupled from the stiffness of the connection, the joints’ elements 

can be designed to achieve a full rigidity, with a clear advantage with 

respect to the classical semi-continuous design for the serviceability 

limit state checks [8];  

3. design of the columns by means of the adoption of the classical 

procedures provided by EC8 or even by means of more advanced 

design procedures, such as the Theory of Plastic Mechanism Control 

[33], which are able to guarantee the development of a failure 

mechanism of global type.  

In order to govern the resistance of the FREEDAM connections, it is 

necessary to control the pre-loading force applied with the bolts and to 

characterize accurately the value of the friction coefficient of the 

material employed to realize the friction interface. In particular, as 

already well known, the bolt pre-loading force can be controlled by 

applying one of the methods already suggested by EN1090-2 (i.e. 

combined, torque, DTI washers) which are conceived to guarantee the 

minimum 95% reliability on the tightening required by EN1990 [34]. 

Conversely, the value of the friction coefficient needs to be characterized 

experimentally and depends on a plurality of factors. In particular, as 

already demonstrated in past experimental works, the friction 

coefficient of an interface strongly depends on the materials employed to 

realize the friction interface and on the main tribological properties, 

such as the superficial finishing, micro and macro hardness, shear 

resistance of the materials and roughness [35,36]. 
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3.2.1. Friction materials: experimental tests 

In order to guarantee a correct behaviour of the friction connection both 

under Serviceability and Ultimate limit states (SLS, ULS), it is necessary 

to know with a sufficient level of accuracy the value of the static and 

dynamic friction coefficients and the value of the bolts’ preloading. To 

this scope, an experimental programme consisting of 63 specimens, 

developed at the STRENGTH laboratory (STRuctural ENGineering 

Testing Hall) of the University of Salerno, following the guidelines 

provided by EN 1090-2 and EN 15129 (anti-seismic devices), has been 

performed. The experimental programme consists of two phases: 

initially, 13 tests on eight different materials combined with stainless 

steel plates have been realized in order to evaluate the behaviour of the 

friction interfaces in terms of static and kinetic friction coefficient and 

in terms of degradation. In the second phase, the experimental work is 

mainly devoted to the evaluation of the response of only three different 

materials of the eight already subject of a preliminary study, applied as 

a coating on steel plates by means of thermal spray, investigating the 

influence of the bolt preloading level and of the washer’s typology on 

their response. In particular, the possible influence of the pressure 

applied to the analysed interfaces is considered carrying out tests at 

variable values of the pre-loading (between 40% and 100% of the 

standard pre-loading value), and the influence of the washers’ 

configuration is evaluated performing tests with flat washers and 

different configurations of series and parallel of Belleville disc springs. 

The influence of the washer’s typology is considered in order to assess 

the effectiveness of the Belleville disc springs in the reduction of the 

bolts’ loosening during a cyclic test. 
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In particular, from the analysis of the available technical literature, 

eight materials that can be applied by means of thermal spray providing 

corrosion resistance (that is a fundamental requirement for the 

durability of the damper) and a value of the superficial hardness 

strongly different from that of steel (much higher or much lower) have 

been selected. The difference between the superficial hardness of plates 

in contact is a fundamental feature because as already hypothesized by 

Bowden and Tabor in [46] the friction coefficient (𝜇) of a metal interface 

is related to the ratio between the shear resistance of the weakest 

material (𝑠0) and to the superficial hardness of the softest material (𝜎0) 

constituting the interface: 

 

𝜇 =
𝑠0

𝜎0

  

Therefore, in order to obtain a high value of the friction coefficient, a 

high value of the shear resistance of the weakest material and/or a very 

low value of the superficial hardness of the softest material are needed. 

Assuming that the internal surface of the friction damper proposed for 

the application to the FREEDAM connections is made of stainless steel 

AISI 304, which is characterized by a superficial hardness of about 130 

HV, then the material to be coupled has to be characterized by a much 

lower or much higher value of the superficial hardness. In order to 

reach this scope, the materials’ selection has been carried out by 

checking among the materials or alloys commercially available those 

characterized by very low o very high values of the superficial hardness. 

In the class of soft materials, five materials composed by non-ferrous 

pure metals or metal alloys with Vickers Hardness lower than 30 have 
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been selected and labelled with the ID tags M1-M5. Conversely, in the 

class of “hard” materials, some carbide alloys produced as powder 

blends and electroless nickel friction shims produced by 3M 

Deutschland GmbH have been selected and labelled with labels from 

M6 to M8. These materials are characterized by superficial hardness 

higher than 550 HV. In particular, the friction shims produced by 3M 

are Electroless Nickel shims realized with a particular blend including 

diamond powder, which is used to obtain a high value of the superficial 

hardness (600/900 HV). It is useful to note that, following the proposed 

approach it is expected that, when stainless steel is combined with 

harder materials, the consumption of the steel plate is promoted and, 

therefore, the friction coefficient obtained is mainly governed by the 

ratio between the shear resistance and superficial hardness of the steel 

plate. Conversely, when steel is combined with a softer material, the 

wearing of the interface is due essentially to the consumption of the 

friction shims and the friction coefficient mainly depends on the ratio 

between shear resistance and superficial hardness of the material 

employed to coat the friction shim. 

3.2.1.1. Experimental layout 

The typical specimen realized to evaluate the value of the friction 

coefficient of the analysed interfaces is composed by a system of steel 

plates assembled in order to test the uni-axial behaviour of friction 

interfaces resulting from the coupling of a stainless steel plate with 

friction shims coated with one of the eight materials previously 

described. The tested sub-assembly is inspired to the specimens’ layout 

provided for slip tests by EN1090-2 [33]. In particular, it is constituted 
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by a slotted steel plate realized in 1.4301 Stainless Steel  equivalent to 

AISI 304 steel, a steel plate with normal holes used to connect the 

specimen to the testing machine and external steel plates and friction 

shims pre-stressed with M20 class 10.9 HV bolts [38] (Fig. 3.2).  

  

Fig. 3.2 – a) Typical layout of a specimen; b) specimen in the machine 

In order to determine the value of the initial slippage force and its 

degradation, all the specimens have been tested under cyclic loading 

conditions following the loading protocol provided by EN15129 (2009) 

[39], which is the only code currently available devoted to the testing of 

displacement dependent dissipative devices. In particular, such a code 

requires to perform the tests under cyclic loading conditions aiming to 

reproduce the actual working conditions on the devices. To this scope, it 

suggests to apply to the damper increasing amplitude cycles at 25%, 

50% and 100% of the maximum design displacement of the device. For 

the intermediate amplitudes it provides to perform at least 5 cycles and 

for the maximum amplitude it provides to perform at least 10 cycles. 

Therefore, in order to reach displacement amplitudes similar to those 

occurring in real applications, following the suggestions of EN 15129 
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(2009), the loading protocol was constituted by 5 cycles at the 

amplitude of 6.25 mm, 5 cycles at the amplitude of 12.5 mm and 40 

cycle at the maximum amplitude of 25 mm. The maximum amplitude 

was defined by estimating the displacement demand arising at the 

friction damper level in real applications. Therefore, considering a 

reference value of the lever arm, i.e. the distance between the upper T-

stub of the FREEDAM connection and the mid-centre of the friction 

damper (Fig. 3.2a), equal to 600 mm and a maximum rotation of 40 

mrad (greater than the minimum value required by EC8 equal to 35 

mrad for DCH frames), the design displacement demand at the level of 

the damper has been calculated as equal to 0.04 ∙ 600 = 24 , which has 

been rounded to 25 mm. The cycles were executed at increasing values 

of the speed that where defined in order to remain in a quasi-static 

range and according to the capabilities of the available equipment. The 

cycles’ velocity varied from 1 mm/s for the first 10 cycles to 5 mm/s for 

the cycles at the maximum amplitude. However, it is useful to note that, 

in order to evaluate the influence of the speed of application of the load 

on the materials’ behaviour, in the FREEDAM project, additional tests 

considering velocities varying up to values of 200 mm/s are planned. In 

each test, both the upper and lower M20 high strength bolts have been 

tightened by means of a torque wrench, in order to reach a percentage 

of the proof load, equal to 0.7 ∙ 𝐴𝑏𝑜𝑙𝑡 ∙ 𝑓𝑢𝑏 = 0.7 ∙ 245 ∙ 1000 = 171500 N, 

varying from 40% to 100% depending on the tested specimen, which 

has been controlled before starting the tests by means of appropriate 

donut load cells installed in the connection under the nuts of the bolts 

used to pre-stress the friction interface. 

All the tests have been carried out employing a universal testing 

machine Schenck Hydropuls S56 (Fig. 3.2b). Such a machine is 



98 Innovative Partial strength beam-to-column connections and design criteria 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

constituted by a hydraulic piston with loading capacity equal to +/- 630 

kN, maximum stroke equal to +/- 125 mm and a self-balanced steel 

frame used to counteract the axial load. Different sensors have been 

used before and during the test to control continuously the bolt force, 

the slippage load, the tightening torque and the displacement. The axial 

displacements of the device have been read directly from the transducer 

of the testing machine and, in the same way, the slippage force has 

been controlled directly exploiting the load cell of the machine. Before 

the test, the tightening torque has been applied through an hand torque 

wrench and monitored by means of a torque sensor Futek TAT430 with 

maximum capacity equal to 680 Nm. At the same time, the pre-tension 

applied to the bolts has been monitored before and during the test by 

means of donut load cells Futek LTH500 with maximum capacity of 222 

kN. The donut load cell is a particular type of load cell that can be easily 

used to measure the clamping force applied to the bolts. Such a load 

cell has the typical structure of a shear beam cell, where the load is 

applied on a cylinder located in the middle of the load cell and it is 

transferred to an external cylinder through shear panels. Therefore, 

considering the structure of the load cell, aiming to preserve the 

distribution of pressure normally applied by the bolt to the friction 

interface, a thick and stiff washer with diameter equal to the external 

diameter of the load cell and a normal washer have been interposed in 

between the load cell and the external plates of the tested sub-

assembly. 
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Fig. 3.3 – Tightening sequence 

Before every test, the force has been applied to the bolts by means of a 

hand torque wrench in order to reach the target pre-load amplified of a 

factor equal to 1.1. The amplification factor equal to 1.1 has been 

adopted to provide to the pre-load the meaning of a mean value as 

intended in EN 1090-2. In particular, the adopted bolts had an average 

value of the k-factor equal to 0.13.  

Therefore, the value of the tightening torque applied to the bolts in each 

test was approximately equal to 0.13 ∙ 171.5 ∙ 20 = 446 Nm. An example of 

the tightening sequence is reported in Fig. 3.3 where the force versus 

time diagram is given for the two bolts located in the lower part of the 

specimen. From this figure, it is possible to note that for each bolt the 

pre-load was applied in different steps before achieving the target value. 

At the end of each step, it is also possible to note that after releasing the 

torque wrench there was always an “instantaneous” loosening of the 

pre-load of about 5-10%. 
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Fig. 3.4 – Typical Torque vs Pre-load diagram 

This is a well-known phenomenon due to the local crushing of 

microscopic spots of the steel parts in contact (embedment relaxation) 

that, in order to be exactly quantified, deserves deeper and more 

specific studies. Another effect that is possible to easily note from Fig. 

3.3 is the group effect. In fact, the tightening of the second bolt, 

mutually influences the pre-loading force already applied in the other 

bolt. 

3.2.1.2.  Results of the tests - 1st phase 

For each one of the eight materials previously mentioned two identical 

tests have been planned.  

As aforesaid, in order to evaluate their performance under cyclic loading 

conditions, several parameters have been monitored during the test. In 

particular, in order to compare the friction coefficient of the various 

materials, the values of the slippage force and of the bolt forces read 

with the donut load cells have been exploited. Starting from the data 
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acquired during the tests with the measuring devices employed, two 

different values of the friction coefficient have been characterized: an 

“effective” value and an “actual” value. In particular, the “effective” value 

(𝜇𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒) of the friction coefficient has been calculated as the ratio 

between the slippage force and the sum of the nominal values of the 

pre-loading forces applied by the bolts (i.e. 4 ∙ 171.5 kN). Such an effective 

value represents the value of the friction coefficient that can be used in 

seismic design and accounts as a whole both for the degradation of the 

friction coefficient due to the damage of the surfaces in contact and for 

the degradation due to the bolts’ loosening. Conversely, the “actual” 

value of the friction coefficient (𝜇𝑎𝑐𝑡𝑢𝑎𝑙) has been determined as the ratio 

between the slippage force and the sum of the values of the bolts’ forces 

read from the load cells during the test. Such an actual value provides 

the real measure of the friction coefficient, whose degradation is due 

only to the damage of the surfaces in contact, while the effects coming 

from bolt loosening are directly measured by means of the donut load 

cells. In the following a synthesis of the obtained results is reported, 

describing the main experimental outcomes and providing a comparison 

between the different materials. 

 

Experimental behaviour of the “Hard” Materials (Carbide M6, 

Carbide M7, 3M friction shims (M8)) 

A synthesis of the results of the tests on the interfaces coupling 

stainless steel with friction pads coated with the “hard” coatings 

previously described are delivered in Figs. 3.5 to 3.7, where the 

hysteretic curves of one of the two identical tests performed on each 

material are reported. It is worth noting that even though, in order to 
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simplify the representation of the results, only the hysteretic curve of 

one of the two tests performed is reported, for all the three analysed 

materials, a very small scatter of the response for the two tests was 

observed, evidencing a very low random variability of the friction 

coefficient for these materials. 

 

Fig. 3.5 – Hysteretic behaviour of hard materials: 3M friction shims  

In case of M6 carbide coating, the cyclic response has been 

characterized by the development of an initial value of the slip force 

equal to about 350 kN, followed by a progressive degradation that, at 

the end of the test was of about the 20%. During the tests, a peculiar 

behaviour of this material has been observed. In fact, as it is possible to 

note from Fig. 3.5, the hysteretic curve was affected by an initial stick-

slip phase with the development of a first unstable cycle characterized 

by jumps of the force and sudden releases of energy. 

Nevertheless, after this first cycle, that probably allows to break the 

initial interatomic attraction between the surfaces in contact (adhesion 

-500

-400

-300

-200

-100

0

100

200

300

400

500

-30 -20 -10 0 10 20 30

F
o
rc

e
 [
k
N

]

Displacement [mm]

Hysteretic Curve (M8-3M)



Chapter 3 103 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

component of friction), the slippage occurred regularly leading to a very 

stable response up to the end of the test. 

 

 

Fig. 3.6 – Hysteretic behaviour of hard materials: Carbide M6 

In case of M7 carbide coating, globally, a similar response was 

observed. The behaviour, in this case, was characterized by an initial 

slip force equal to about 250 kN, that after few cycles slightly increased, 

stabilizing at a value of about 300 kN. After reaching this value, all the 

cycles were characterized by the same slippage force obtaining, also in 

this case, a stable and dissipative behaviour. Even though the 

hysteretic behaviour reported in Fig. 3.6 appears pretty similar to that 

observed for material M6, in reality, in this case, in order to perform the 

test it was necessary to significantly reduce the velocity due to the 

development of a strong stick and slip behaviour, characterized by 

sudden releases of energy and vibrations. Therefore, to avoid any 

damage to the equipment, the testing velocity was reduced progressively 
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up to a value of 0,01 mm/s in order to check if, with a lower value of 

the velocity, the stick and slip phenomenon disappears. 

 

Fig. 3.7 – Hysteretic behaviour of hard materials: Carbide M7 

In particular, the stick-slip is a well-known phenomenon of instability of 

the friction behaviour that provides the alternate and continuous 

sticking and slipping of the two surfaces in contact. According to the 

technical literature, this phenomenon is usually related to an high 

difference between the static and kinetic value of the friction coefficient 

which in some cases leads, after the first slippage, to a sudden jump of 

the velocity resulting in a deceleration until stopping. After stopping, to 

restart the movement, the interface needs again to reach a higher value 

of the force in order to overcome the static value of the friction 

coefficient, but then restarts, decelerates and, due to the same 

phenomenon, stops again. Usually, as observed in these tests, this 

behaviour results in a force-displacement response characterized by 

continuous jumps of the slippage force between the static and kinetic 

values. Even though the physical interpretation of the stick and slip 
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behaviour is not easy and it is definitely out from the objectives of this 

work, it is obvious, from the response reported in Fig. 3.7, that it is a 

phenomenon not acceptable for the application of such materials in 

seismic damping devices.  

3M friction shims were characterized by a response that, as already 

observed in the past by the same authors with other materials such as 

brass or some types of phenolic rubbers [71], was characterized by two 

different phases of the response. A first phase where the interface 

provided a strain hardening behaviour characterized by an increase of 

the slippage resistance of about 60% and a second phase characterized 

by a reduction of the slippage force which, at the end of the degradation 

returned to the initial value. In addition, in this case no stick and slip 

response has been observed and all the cycles have been characterized 

by a stable value of the slippage force. The initial value of the slippage 

force has been of about 400 kN. 

  a)   b) 

Fig. 3.8 – Damage of the interfaces: a) M6; b) 3M friction shims 

After the tests, the specimens have been opened in order to evaluate the 

damage of the interfaces. In Figs. 3.8a, 3.8b the damage state of the 

interface is represented for specimens employing M6 and 3M friction 

shims. As it is possible to observe from this figure, for these materials, 
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due to the higher hardness of the coating layer with respect to stainless 

steel, the greatest part of the damage was concentrated on the stainless 

steel plate which at the end of the test had many scratches in the zone 

located under the bolt head. In Fig. 3.9, as an example, the diagram of 

the bolt forces (monitored by means of the load cells) and of the actual 

friction coefficient represented versus the cumulative travel done by the 

damper are reported for the specimen with friction pads coated with M6 

carbide.  

 

Fig. 3.9 – Typical diagrams of the bolt forces 

From such a figure it is possible to observe that both bolts, which are 

initially tightened in order to reach the proof load equal to 171.5 kN, 

after the first cycle of the loading history lose about the 7% of the initial 

pre-load and afterwards they uniformly loosen during the test reaching 

at the end a total loss of about the 20%. 

Clearly, this initial loss, that seems to occur just after the first sliding of 

the connection, should be properly accounted for in the design of the 

damper. From the comparison between Fig. 3.5 and Figs. 3.9, 3.10 it is 
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possible to note also that the degradation of the sliding force observed 

during the test is essentially due to the degradation of the bolts’ forces. 

In fact, they both degrade of about the 20% while the “actual” friction 

coefficient remains constant.  

 

Fig. 3.10 – ”Actual“ friction coefficient vs cumulative travel: M6 

Even though, for the sake of simplicity, detailed graphs representing the 

behaviour of the bolts and the degradation of the friction coefficient for 

the other materials are not reported, analogous results have been 

obtained for all the other “hard” interfaces. Therefore, also for the other 

interfaces a correspondence between the bolts’ loosening and 

degradation of the sliding force has been observed. 

 

Experimental behaviour of the “Soft” Materials (M1-M5) 

Similarly to what occurred in case of M7 carbide, also some of the soft 

materials exhibited a behaviour characterized by the stick-slip 

phenomenon. This is the case of three of the selected non-ferrous metal, 

namely M2, M3 and M5, whose response was characterized by alternate 
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stops and starts of the motion with strong and sudden releases of 

energy (Figs. 3.11, 3.12). Therefore, also in all these cases the tests have 

been stopped prematurely in order to prevent damage to the testing 

equipment.  

 

Fig. 3.11 – Hysteretic behaviour of soft materials: M2 

For these materials, as reported in Fig. 3.11, 3.12, the initial slippage 

force was equal to about 200 kN and was followed by an increase of the 

slippage resistance up to about 400 kN which corresponds to a value of 

the friction coefficient equal to about 0.58. After the first sliding, the 

hysteretic behaviour has been characterized by alternate and 

continuous jumps of the force from the static to the dynamic values. It 

is worth noting that, even though the cyclic behaviour of these 

interfaces is evidently not appropriate for seismic applications, from the 

results obtained in this experimental analysis it seems that these 

materials, due to the high value of the friction coefficient, could be still 

promising for application in friction connections designed for static 

loads. 

-500

-400

-300

-200

-100

0

100

200

300

400

500

-8 -6 -4 -2 0 2 4 6 8

F
o
rc

e
 [
k
N

]

Displacement [mm]

Hysteretic Curve (M2)



Chapter 3 109 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

 

Fig. 3.12 – Hysteretic behaviour of soft materials: M3 

M1 and M4 metals have exhibited a very similar behaviour (Figs. 3.13-

3.14).  

 

Fig. 3.13 – Hysteretic behaviour of soft materials: M1 

In particular, their hysteretic response has been characterized by a 
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the “hard” materials but, on the other hand, they have also provided a 

more significant degradation due both to the bolt loosening and to the 

damage occurring in the friction pads. In addition, for both materials 

the behaviour exhibited in the two identical tests was significantly 

different showing a random variability of the behaviour of these 

materials. Such a variability was mainly due to the different behaviour 

provided by the bolts in the two tests. 

 

Fig. 3.14 – Hysteretic behaviour of soft materials: M4 

As an example, in Figs. 3.15, 3.16 with red and black lines are 

represented the results expressed in terms of friction coefficient and 

bolt forces versus the cumulated travel, for the two tests executed on 

the specimens with M4 friction pads. From this graphs it is clear that, 

even though the actual value of the friction coefficient does not varies in 

the two tests, the bolts provide a significantly different behaviour 

leading, consequently, to a different response of the whole hysteretic 

response. In particular, in one of the two tests after the first sliding a 
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sudden loss of pre-tension in the bolts of about the 15% was observed 

leading, as a consequence, to a proportional loss of the sliding force.  

 

Fig. 3.15 – Actual friction coefficient – M4 

Such a different response of the specimens can be probably due to the 

imperfections of the coating applied on the friction shims, which in case 

of soft coatings is completely manual and leads to a non-uniform spread 

of the coating metal. In case of material M1, the degradation of the 

initial slippage force at the end of the tests was the 45%, while in case 

of material M4 it was of about the 50%.  

Nevertheless, both materials provided very high values of the friction 

coefficient and, in particular, the initial friction coefficient of materials 

M1 and M4 were equal to about 0.55/0.65 and 0.7/0.9 respectively. As 

in previous cases, also the specimens realized with soft materials were 

opened after the test, in order to evaluate the damage of the interfaces. 
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Fig. 3.16 – Bolt forces – M4 

As it is possible to note from Fig. 3.17, as expected, in these cases the 

damage was mainly concentrated on the friction shims, while the 

stainless steel plates after the test were practically undamaged. 

  a)   b) 

Fig. 3.17 – Damage of the interfaces: a) M1; b) M4 

Finally, it should be underlined that in all the tests the temperature of 

all the elements of the connection significantly increased, supposedly 

even over 100 °C. Provided that the influence of temperature on the 

behaviour of the friction damper deserves further investigations, 
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including the measurement of temperature of the connection’ elements 

and the development of thermo-mechanical models, it could be said 

that, from what observed in this experimental activity, it seems that in 

the initial phases of the tests, due a problem of heat transfer, there is a 

difference between the temperature of the bolt and the temperature of 

the plates of the specimen. This behaviour seems evidenced, in some 

cases, by an initial increase of the bolt forces (e.g. Fig. 3.16). In view of 

this, in the second phase of the experimental programme, the thermal 

state of the specimens has been monitored during the tests by means of 

two thermocouples, one placed on the external plate surface on the side 

of the lower bolt, another placed on the bolt head. 

 

Fig. 3.18 – Comparisons: “Actual” friction coefficient vs cumulated 
displacement 

In conclusion, a first quantitative comparison of the response of the 

tested materials has been carried out by plotting on the same diagram 

the effective and actual values of the friction coefficients obtained in the 

different tests (Figs. 3.18, 3.19). From such diagrams, it is possible to 
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note that hard materials (M6 and 3M) have provided, in general, a lower 

value of the initial friction coefficient with respect to soft materials. The 

friction coefficient under cyclic loads, in case of M6 has been very 

stable, while in case of 3M friction shims it has been characterized by 

an initial increase of about 60% and, afterwards, by a continuous 

decrease up to the initial value of the friction coefficient. In addition, as 

reported in previous Sections, hard materials have provided a response 

practically coincident for the two analysed specimens, evidencing a low 

variability of their response which, from the practical point of view, may 

result in the possibility to predict with a higher accuracy the value of 

the friction coefficient to be used in design. 

 

Fig. 3.19 – Comparisons: “Effective” friction coefficient vs cumulated 
displacement 

The higher reliability of these interfaces, probably is due to the 

production process of these coatings, which as a difference with respect 

to soft materials is completely industrialized and allows to obtain an 

high level of control of the distribution of the coating layer applied to the 
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friction shims. In fact, usually, in these applications it has been 

observed that the coating layer, due to the higher control of the 

application process, is normally uniformly distributed over the plate 

and with a very low variability of the coating thickness. 

Conversely, soft materials (M1 and M4), even though, on one hand, 

have provided a better response in terms of initial value of the friction 

coefficient, on the other hand have also provided a higher variability of 

the response for the two tested specimens. In fact, in case of material 

M4, the value of the effective friction coefficient was significantly 

different for the two tests (0.90 and 0.70). In a similar way, also in case 

of material M1, the actual value of the friction coefficient was 

significantly different in the two tests. In fact in one test it was equal to 

0.55, while in the other test it was equal to 0.65. Probably, the scatter 

obtained with the specimens employing soft coatings, can be linked to 

the production process that is typically performed by means of arc wire 

spray, which is a procedure completely manual that strongly relies on 

the individual capacity of the workman and on his experience. In fact, 

with arc wire spray, the coating is manually applied in different passes 

obtaining, at the end of the application process, a significant variability 

of the thickness of the coating layer. Such an inhomogeneous 

distribution of the coating thickness can be, normally, clearly observed 

also with the unaided eye. 

In conclusion, from the results reported in Figs. 3.20, 3.21 it seems that 

soft materials are able to provide an higher initial value of the friction 

coefficient with respect to hard materials. Conversely, hard materials 

are able to provide a low degradation under cyclic loading histories and 

a very low variability of the response. Only in case of friction shims 

coated with 3M electroless nickel, a strong increase of the friction 
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coefficient initially occurs and, successively, a strong decrease of the 

friction coefficient can be observed. Probably, this high overstrength 

with respect to the initial slippage value is a disadvantage of this 

coating because, in seismic design, the adoption of this material would 

require a significant oversize of the non-dissipative parts of the frame 

and of the connections in order to allow the complete development of 

the dissipative mechanism in the FREEDAM connections. In terms of 

energy dissipation, all the four materials under consideration provided a 

significant capacity but, as it is possible to see from Fig. 3.19 their 

energy dissipation capacity, due to the degradation of the friction 

coefficient under cyclic loading histories, is not constant and depends 

on the considered value of the cumulative displacement.  

 

Fig. 3.20 – Energy dissipation capacity 

In fact, from Fig. 3.20 it easy to note that, up to a value of the 

cumulative displacement approximately equal to about 1700 mm, the 

materials which are able to dissipate the highest amount of energy are 

the soft materials. Conversely, for higher values of the cumulative 
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displacement, hard materials are able to provide a higher value of the 

energy dissipation. Therefore, in order to understand what is the best 

material for application to the FREEDAM beam-to-column connections, 

from this point of view it would be necessary to fix a target design value 

of the cumulative displacement that the friction damper of the 

FREEDAM connection have to sustain under destructive seismic events. 

To this scope, a wide set of incremental dynamic analyses on case study 

buildings will be carried out in a subsequent phase of the work to be 

developed within the FREEDAM project in order to establish the 

maximum cumulative displacement expected under the action of real 

earthquakes. 

 

Fig. 3.21 – Energy degradation 

In Fig. 3.21, considering only the set of cycles at maximum amplitude, 

the degradation of the dissipated energy is represented. From such a 

figure, as expected from the test results previously reported, it is 

possible to note that, in terms of degradation, all the materials exhibited 

a similar behaviour made exception for Carbide M6. In fact for this 
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material, the degradation rate is much lower, practically half of all the 

other materials.  

A summary of the tests performed is reported in Table 3.1. 

Table 3.1 - Summary of the tests – 1st phase 

Specimen code Material code Test performed 

NV - 1 
M1 

x 

NV - 2 x 

NV - 3 
M2 

x 

NV - 4  

NV - 5 
M3 

x 

NV - 6  

NV - 7 
M4 

x 

NV - 8 x 

NV - 9 
M5 

x 

NV - 10  

NV - 11 
M6 

x 

NV - 12 x 

NV - 13 
M7 

x 

NV - 14 x 

NV - 15 
M8 

x 

NV - 16 x 

3.2.1.3. Results of the tests – 2nd phase 

As aforementioned, 21 tests out of 51 have been executed to evaluate 

the influence of the bolts’ pre-load and disc springs configuration over 

the friction coefficient, bolts’ force degradation and effective damping 

deterioration. While, 30 tests (10 for each coating material) were 

executed in order to evaluate the random variation of the friction 

coefficient during whole test. For every test, exploiting the data acquired 

through the measuring devices previously described different graphical 

representations of the results have been made.  
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Influence of the bolts’ preload 

A representation of the typical force-displacement curves as dependent 

on the variation of the bolts’ preloading force is reported, as an example, 

in Figs.3.22 to 3.24 for the three examined materials.  

               a) 

               b) 
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               c) 

               d) 

Fig. 3.22 – Influence of the bolts’ pre-load over the force-displacement 

hysteretic response (M1) 

As it is possible to note from Fig.3.22 to 3.24, the tests are, in general, 

characterized by a force-slippage behaviour with very high initial 

stiffness until the achievement of the value of the static friction 

coefficient that, in all the analysed cases, was higher than the dynamic 

friction coefficient obtained in the first stabilized cycle.  
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               c) 

               d) 

Fig. 3.23 – Influence of the bolts’ pre-load over the force-displacement 

hysteretic response (M4) 

All the materials exhibited a very high energy dissipation with 

hysteresis loops almost rectangular. In terms of force-displacement 

response, the only material providing a particular behaviour was 

material M6 which, as already explained in the previously, is an hard 

coating material whose behaviour is characterized, at high pressures, 

by a first cycle exhibiting a slight stick-slip response. 
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               c) 

               d) 

Fig. 3.24 – Influence of the bolts’ pre-load over the force-displacement 

hysteretic response (M6) 

Such a stick-slip is due to adhesion forces arising between the 

interfaces in contact and results in alternate stops and starts of the 

motion. As reported in Figs.3.21 to 3.23, one of the most important 

things observed with this session of testing is that, for this specific 

coating material, the stick-slip response tended to disappear when the 

pre-load applied to the bolts was reduced, revealing that the stick-slip 
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behaviour strongly depends on the contact pressure generated on the 

interface. 
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               c) 

Fig. 3.25 – Influence of the bolts’ pre-load over the actual friction coefficient  

In terms of friction coefficient, as reported in synthesis in Fig.3.24 the 

three analysed materials did not show a strong variation and, as it will 

be hereinafter reported, the variation of the friction coefficient observed 

in this testing session was practically within the normal range of 

variation of the friction coefficient observed for these materials in the 

session of tests aimed at the evaluation of the random variability of the 

static and dynamic friction coefficients. In fact, the initial value of the 

friction coefficient for material M1 ranged from 0.67 to 0.75, for material 

M4 from 0.71 to 0.94 and for material M6 from 0.62 to 0.65 (not 

showing a clear tendency with respect to the applied preload), while the 

normal statistical range of variation of the same parameter is, as 

demonstrated hereinafter, equal to 0.62-0.81 for material M1, 0.69-0.84 

and 0.52-0.68 for material M6. 

Therefore, the tests at variable value of the preloading force did not 

point out a clear correlation between the friction coefficient and bolts’ 

force for the three analysed coating materials. Conversely, the 
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representation of the bolts’ forces, normalized with respect to the initial 

preload, versus the cumulative travel and the effective damping 

degradation versus the number of cycles for the maximum amplitude 

cycles, seemed to reveal that a reduction of the preloading force, as 

expected, results in a lower loss of bolt’s preload and lower energy 

degradation.  

               a) 

              b) 

Fig. 3.26 – Bolts’ preloading and effective damping for material M6 

0

0.2

0.4

0.6

0.8

1

1.2

0 500 1000 1500 2000 2500 3000 3500

N
b
/
N

b
0

Cumulative Travel [mm]

Normalized Bolt Forces (M6)

NV-24 (100% Preload)

NV-32 (80% Preload)

NV-33 (60% Preload)

NV-34 (40% Preload)

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

3 8 13 18 23 28 33 38 43

E
ff
e
c
ti

v
e
 D

a
m

p
in

g
 D

e
g
ra

d
a
ti

o
n

Number of cycles 

Effective Damping degradation (M6)

NV-24 100% Preload)

NV-32 (80% Preload)

NV-33 (60% Preload)

NV-34 (40% Preload)



128 Innovative Partial strength beam-to-column connections and design criteria 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

Additionally, the analysis of all the data of the test results (not reported 

extensively for reasons of length) revealed that for the hard material 

(M6) the effective damping degradation at the 10th cycle was always 

lower than the 10% as required by EN15129. Conversely, for materials 

M1 (Fig.3.26) and M4 (Fig.3.27) (soft materials) the analysis of the 

results revealed that this minimum requirement can be met only if the 

load pressure is limited to the 60% of the proof load.  

               a) 

              b) 

Fig. 3.27 – Bolts’ preloading and effective damping for material M1 
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In conclusion, on one hand stick and slip reasons and on the other 

hand minimum requirements in terms of effective damping degradation 

seem to suggest to limit the preload, for all the analysed interfaces, to a 

maximum value equal to the 60% of the proof load codified in EC3 part 

1.8. 

               a) 

              b) 

Fig. 3.28 – Bolts’ preloading and effective damping for material M4 
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Influence of the Disc-Springs’ Configuration 

The disc-springs are particular type of conical annular washers, also 

often referred as Belleville, which are able to compress elastically until 

reaching a threshold value beyond which they show a significant 

increase of stiffness until complete flattening.  

Their main feature is that they can be arranged one over the other 

(parallel stack) in order to double the resistance or face-to-face (series 

stack) in order to double the deformability or, again, in combinations of 

series and parallels in order to obtain contemporarily a system of 

washers with desired values of stiffness and resistance. Their presence, 

in technical literature, is usually considered beneficial in all those cases 

where it is needed to maintain constant the pre-load in bolts over the 

life-time of a connection and especially in the cases where vibrations, 

creep or elastic interactions between bolts may be expected. Their 

possible effect is explained briefly in Fig.3.28 where the behaviour of a 

system with normal washers and another with disc springs are 

compared.  

 

Fig. 3.29 – Effect of disc springs 

As before, the test results are summarized only for one material but 

negligible differences in the behaviour were observed for the three 

different materials. Therefore, what commented hereinafter for material 

M1 can be totally extended also to materials M4 and M6. 
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               c) 

               d) 

Fig. 3.30 – Influence of the disc spring configuration over the hysteretic 

response (M1) 
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rather, in contrast with  the expected response, in the case with higher 

number of disc springs, the response was even slightly worse (Fig.3.28).  
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               b) 
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               c) 

               d) 

Fig. 3.31 – Influence of the disc spring configuration over the hysteretic 

response (M4) 
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               c) 

               d) 

Fig. 3.32 – Influence of the disc spring configuration over the hysteretic 

response (M6) 
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               a) 

              b) 

Fig. 3.33 – Bolts’ preloading and effective damping for material M1 
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slippage force. In fact, also the energy degradation diagram seems to 

show that, even varying the disc springs’ configuration the energy 

dissipation supply tends to reduce showing higher deterioration with a 

higher number of disc springs. 

               a) 

              b) 

Fig. 3.34 – Bolts’ preloading and effective damping for material M4 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 500 1000 1500 2000 2500 3000 3500 4000 4500

N
b
/
N

b
0

Cumulative Travel [mm]

Normalized Bolt Forces - Comparison (M4)

NV-17 (9 Disc Springs)

NV-18 (6 disc springs)

NV-19 (3 Disc Springs)

NV-20 (No Disc Springs)

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

3 8 13 18 23 28 33 38 43

E
ff
e
c
ti

v
e
 D

a
m

p
in

g
 D

e
g
ra

d
a
ti

o
n

Number of cycles 

Effective Damping degradation- Comparison (M4)

NV-20 (No Disc Spings)

NV-19 (3 Disc Spings)

NV-18 (6 Disc Springs)

NV-17 (9 Disc Springs)



Chapter 3 139 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

As a conclusion, the results of this analysis show, therefore, that the 

disc spring are effective in maintaining the pre-load constant over the 

friction interface but, from the point of view of the cyclic uniaxial 

behaviour they are not able to provide a significant improvement (and 

rather they seem to slightly worsen the response).  

               a) 

              b) 

Fig. 3.35 – Bolts’ preloading and effective damping for material M6 
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Therefore, while their role may be significant in order to limit other 

effects, such as those related to the long-term response, vibrations or 

thermal effects, in the same time their effectiveness seems negligible in 

terms of improvement of the cyclic response in uni-axial tests. 

 

Influence of Randomness over the friction coefficient 

Following the two previous sessions of testing, other tests were planned 

with the main objective to evaluate the cyclic response of the three 

analysed interfaces in order to determine a statistical range of variation 

of the values of the friction coefficients to be used in design. In fact, it is 

easy to observe also just from the previous results that the examined 

coating materials are affected by a random variation that needs to be 

accounted for to individuate the main design parameters. In particular, 

as explained subsequently, for SLS and ULS checks are needed the 

following values of the friction coefficient:  

1) characteristic value of the static friction coefficient for SLS checks; 

2) characteristic value of the dynamic friction coefficient to be used in 

the ULS design of the dissipative components; 

3) upper bound value of the static friction coefficient to be used, in the 

framework of capacity design, for the design of the non-dissipative 

part of the connection and of the structure (design of columns). This 

upper bound value is represented by the 95% fractile of the static 

friction coefficient which provides the maximum force that the 

damper can transfer to the structure before the activation of the 

sliding motion occurs. This series of test has been executed, for each 

coating material, on ten equal specimens, all preloaded at the 

recommended maximum value of the 60% (as it comes out, for 

different reasons, from the tests at variable pre-load) adopting a 
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configuration of disc springs with 2 in parallel 2 times in series 

(Table 3.2).  

Table 3.2 - Summary of the tests – 2nd phase (The round brackets represent the 
disc springs configuration, n° of parallel or series) 

 Specimen code Material code 
Preload 

kN 
% of PL/1.1 

Spring 
configuration 

D
if

fe
r
e
n
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D
S

 C
o
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fi

g
u
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a
ti

o
n

 

NV - 17 

M4 134.75 70% 

3X3 )))((())) 

NV - 18 3X3 )))((( 

NV – 19 3X3 ))) 

NV - 20 NONE 

NV - 21 

M6 188.65 100% 

3X3 )))((())) 

NV - 22 3X3 )))((( 

NV – 23 3X3 ))) 

NV - 24 NONE 

NV - 25 

M1 188.65 100% 

3X3 )))((())) 

NV - 26 3X3 )))((( 

NV – 27 3X3 ))) 

NV - 28 NONE 

V
a
r
ia

b
le

 P
r
e
-l
o
a
d
 

NV - 29 

M4 

113.19 60% 

NONE NV - 30 94.33 50% 

NV – 31 75.46 40% 

NV - 32 

M6 

150.92 80% 

NONE NV - 33 113.19 60% 

NV - 34 75.46 40% 

NV - 35 

M1 

150.92 80% 

NONE NV - 36 113.19 60% 

NV - 37 75.46 40% 
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For every test, the same diagrams previously reported have been 

depicted. In particular, the main result of interest for the seismic design 

is related to the effective friction coefficient represented as a function of 
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the cumulative travel. This, as also explained before, represents the 

ratio between the sliding force measured during the test divided by the 

sum of the initial pre-loading forces multiplied for the number of 

interfaces (two in the current case). 

In particular, in the diagrams of Fig.3.35 a synthesis of the friction 

coefficient obtained in all the tests, represented versus the cumulative 

travel is reported, indicated in the same diagrams the mean value 

(continuous line) and the 5% and 95% fractiles (lower and upper dashed 

lines) evaluated for each value of the cumulative travel subtracting or 

adding to the mean value k times the coefficient of variation. To account 

for the narrowness of the sample (10 specimens for each material), the 

value of k has been determined according to the approach suggested by 

EC0 in section D7.2, namely it has been assumed equal to 1.92 under 

the assumption of normal distribution. From Fig.3.35 it is possible to 

observe that, in general, for the whole loading history material M6 (the 

hard coating) provided a much more predictable response, while 

materials M1 and M4 (the soft coatings) provided a higher dispersion. 

Such a dispersion, clearly evident in the representations reported in 

Fig.3.35, it is not so strong if evaluated only on the initial peak value, 

namely the static slippage force. This aspect is better detailed in next 

section. In order to provide a fast tool for the design or modelling of 

devices with the three coating materials here described, a regression 

analysis of the data (mean and fractiles) has been carried out.  

 



144 Innovative Partial strength beam-to-column connections and design criteria 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

               a) 

              b) 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 500 1000 1500 2000 2500 3000 3500 4000 4500

E
ff
e
c
ti

v
e
 F

ri
c
ti

o
n

 C
o
e
ff
ic

ie
n

t 

Cumulative Travel [mm]

Comparison (NV-60/NV-69-M1)

Average 5% Fractile 95% Fractile
NV-60 NV-61 NV-62
NV-63 NV-64 NV-65
NV-66 NV-67 NV-68
NV-69

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 500 1000 1500 2000 2500 3000 3500 4000 4500

E
ff

e
c
ti

v
e
 F

ri
c
ti

o
n

 C
o
e
ff

ic
ie

n
t 

Cumulative Travel [mm]

Comparison (NV-39/NV-47-M4)

Average 5% Fractile 95% Fractile
NV-39 NV-40 NV-41
NV-42 NV-43 NV-44
NV-45 NV-46 NV-47
NV-38



Chapter 3 145 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

              c) 

Fig. 3.36 – Influence of the disc spring configuration over the preload and 

effective friction coefficient 

This is reported for material M4: 
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Regression analysis – upper bound values vs cumulative travel: 

𝜇𝑒𝑓𝑓,95% = 7.93 ∙ 10−5𝛿𝑡
2 − 7.934 ∙ 10−3𝛿𝑡 + 0.84 

𝜇𝑒𝑓𝑓,𝑎𝑣𝑒 = 0.64    

𝜇𝑒𝑓𝑓,95% = −7.37 ∙ 10−5𝛿𝑡 + 0.669  

𝜇𝑒𝑓𝑓,95% = −3.09 ∙ 10−5𝛿𝑡 + 0.604 

𝑖𝑓 𝛿𝑡 < 50 𝑚𝑚 

𝑖𝑓 50 <  𝛿𝑡 < 400 𝑚𝑚 

𝑖𝑓 400 <  𝛿𝑡 < 1500 𝑚𝑚 

𝑖𝑓 1500 <  𝛿𝑡 < 4000 𝑚𝑚 
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3.2.2. Design procedure 

Starting from the results obtained in previous sections, the main 

parameters to be used for the design of FREEDAM connections with the 

three materials described in this work have been derived. As 

aforementioned, the design of a friction device requires mainly three 

different values of the friction coefficient. The value to be used for 

serviceability limit states check, the value to design the resistance of 

dissipative component of the structure, namely the friction damper, and 

the upper bound value of the friction coefficient to design the non-

dissipative elements of the structure. For SLS checks it has to be 

mainly guaranteed that the friction connections do not slip under the 

occurrence of static loading conditions or under the occurrence of 

moderate seismic events. In all these load combinations, the 

characteristic value of the static friction coefficient has to be used. For 

the energy dissipaters, in order to size the number of bolts required and 

their tightening torque, it is needed to consider the lowest expected 

value of the dynamic friction coefficient, namely the characteristic value 

of the dynamic friction coefficient. Additionally, for the non-dissipative 

parts of the structure, that in case of a FREEDAM frame are the beams, 

the columns and the connecting elements, the highest expected value of 

the static friction coefficient has to be considered, namely the 95% 

fractile of the static friction coefficient.  

In fact, this is the maximum possible value that, from a statistical point 

of view, the non-dissipative elements have to withstand before that 

sliding of the damping devices occurs. With this aim, for each material, 

for every set of 10 data, the effective and actual values of the static 
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friction coefficients have been evaluated, summarizing the results in 

Table 3.3. 

Table 3.3 - Static friction coefficients for every tests 

Material M1 Material M4 Material M6 

Test n° 𝜇0,𝑒𝑓𝑓 𝜇0,𝑎𝑐𝑡 Test n° 𝜇0,𝑒𝑓𝑓 𝜇0,𝑎𝑐𝑡 Test n° 𝜇0,𝑒𝑓𝑓 𝜇0,𝑎𝑐𝑡 

NV 60 0.82 0.84 NV 39 0.64 0.65 NV 49 0.64 0.65 

NV 61 0.72 0.73 NV 40 0.63 0.63 NV 50 0.63 0.63 

NV 62 0.66 0.67 NV 41 0.57 0.57 NV 51 0.57 0.57 

NV 63 0.75 0.77 NV 42 0.54 0.55 NV 52 0.54 0.55 

NV 64 0.73 0.75 NV 43 0.59 0.59 NV 53 0.59 0.59 

NV 65 0.75 0.77 NV 44 0.65 0.65 NV 54 0.65 0.65 

NV 66 0.62 0.62 NV 45 0.58 0.59 NV 55 0.58 0.59 

NV 67 0.69 0.70 NV 46 0.64 0.65 NV 56 0.64 0.65 

NV 68 0.72 0.74 NV 47 0.65 0.65 NV 57 0.65 0.65 

NV 69 0.67 0.69 NV 48 0.53 0.53 NV 58 0.53 0.53 

MEAN 0.71 0.73 MEAN 0.76 0.79 MEAN 0.60 0.61 

DEV ST 0.06 0.061 DEV ST 0.04 0.041 DEV ST 0.05 0.047 

CV 0.08 0.084 CV 0.05 0.052 CV 0.08 0.077 

Fractile 5% 0.62 0.61 Fractile 5% 0.69 0.72 Fractile 5% 0.52 0.52 

Fractile 95% 0.81 0.85 Fractile 95% 0.84 0.87 Fractile 95% 0.68 0.70 

As described previously, these values together with the 5% fractile of 

the dynamic friction coefficient evaluated in correspondence of the first 

stabilized cycle represent the value needed to design the friction 

connections. 
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              c) 

Fig. 3.37 – Design values of the friction coefficient (static or dynamic) for the 

three materials 

The meanings of these friction coefficients are represented in Fig.3.36, 

while for the sake of simplicity they are summarized in Table 3.4. 

Table 3.4 - Design values of the friction coefficients 

Material M1 Material M4 Material M6 

Design FC 𝜇0,𝑑 Design FC 𝜇0,𝑑 Design FC 𝜇0,𝑑 

Static 5% fractile 0.62 Static 5% fractile 0.69 Static 5% fractile 0.52 

Static 95% fractile  0.81 Static 95% fractile  0.84 Static 95% fractile  0.68 

Dynamic 5% fractile 0.43 Dynamic 5% fractile 0.53 Dynamic 5% fractile 0.49 

In the design procedure also the random variation of the bolts’ 

tightening and, as a consequence, the preload force has to be taken into 

account. In fact, the tightening of the bolts is a sensitive process that 

introduces uncertainties, both in the construction phase and during the 

life time of the structure (relaxation). According to the EN 1090-2 [33], 

the torque method is, basically, a force (torque) control method and it is 
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divided into two steps: during the first one the torque applied to the 

bolts is equal to 0.75 times the torque reference value (i.e. 𝑇𝑟 = 0.7 ∙ 𝐴𝑏 ∙

𝑓𝑢𝑏 ∙ 𝑘 ∙ 𝑑𝑏), during the second phase the torque applied is equal to 1.1 

times the torque reference value, which corresponds, implicitly, to a 

target mean value equal to (1 + 1.64𝑉𝑐𝑜𝑚𝑏)0.7 ∙ 𝐴𝑏 ∙ 𝑓𝑢𝑏 ∙ 𝑘 ∙ 𝑑𝑏 with a 

combined coefficient of variation including the variation of the tools 

used for testing and installation. This increase of the 10% of the 

nominal preload value is meant to consider the random variation of the 

bolts’ tightening in order to guarantee contemporarily that the 5% 

fractile of the pre-load (lower bound value) is higher than the nominal 

preload (0.7 ∙ 𝐴𝑏 ∙ 𝑓𝑢𝑏) and that the 95% fractile (upper bound value) is 

lower than the nominal bolt resistance (0.9 ∙ 𝐴𝑏 ∙ 𝑓𝑢𝑏) (this to prevent 

unexpected bolts’ failures). 

In particular, in Table 3.5 the coefficients of variation are reported: 

Table 3.5 – Coefficient of variation for the preload force 

Coefficient of variation k-factor (Vk) for bolt assemblies  
EN-14399-3 

A 0.06 

Coefficient of variation k-factor (Vk) for testing tools: 
EN-14399-2 

  

‐ the required accuracy of the bolt force measuring device B 0.02 

‐ the repetability of the bolt force measuring device C 0.01 

‐ the required accuracy of the torque D 0.01 

‐ the repeatability of the torque E 0.01 

Coefficient of variation k-factor (Vk) for installation tools: 
EN-1090-2 

  

‐ the required accuracy of the torque in the second step F 0.04 

The combined k-factor is defined as: 
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𝑉𝑐𝑜𝑚𝑏 = √(𝐴2 + 𝐵2 + 𝐶2 + 𝐷2 + 𝐸2 + 𝐹2)  

The difference between the static and the dynamic friction coefficient 

and the randomness of the two variables has to be accounted for, 

especially for the hierarchy of the elements. The simplest way to do this 

is to consider the overstrength coefficient 𝛾𝑜𝑣 that is given by the ratio 

between the 95% fractile of the static friction force and the 5% fractile of 

the dynamic friction force: 

𝛾𝑜𝑣 =
𝐹𝑠𝑡𝑎𝑡,95% ∙ 𝑛𝑏 ∙ 𝑛𝑠

𝜇𝑑.𝑘 ∙ 𝐹𝑝,𝑘 ∙ 𝑛𝑏 ∙ 𝑛𝑠

  

With reference to the three tested materials, the values of the 

overstrength factor are summarized in Table 3.6: 

Table 3.6 – Values of the overstrength factor 𝛾
𝑜𝑣

 

 M1 M4 M6 

𝛾𝑜𝑣 2.02 1.70 1.48 

Starting from the results of the preliminary tests on the joint 

component, the design of dissipative DST connections with friction pads 

has been performed. The two different joint details proposed provides to 

modify the classical detail of a double split Tee joint by substituting the 

lower T-stub with a friction damper composed by a stack of metallic 

plates in which, one or more layers of friction materials are interposed.  

In particular two different configurations of the friction device have been 

considered: an haunch composed by horizontal steel plates with normal 

holes except the inner plate realized in 1.4301 Stainless Steel equivalent 

to AISI 304 steel and bolted to the pre-stressed friction shims with M20 
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class 10.9 HV bolts (Fig. 3.37a). The second configuration of the device 

is characterized by a plate bolted to the bottom beam flange and welded 

to the vertical slotted Stainless Steel plate that, even in this case, has to 

be bolted to the friction shims with M20 class 10.9 HV bolts (Fig.3.37b).  

  a)   
b) 

Fig. 3.38 – FREEDAM joint configurations: a) horizontal friction device;  

b) vertical friction device 

In the former configuration, the friction shims and the angles have to 

present vertical slotted holes in order to accommodate the rotation of 

the beam. In this way, the energy dissipation supply of the beam-joint 

system is provided by the friction damper, while all the other elements 
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of the connection and the beam are designed in order to be completely 

free from damage. This strategy, as already demonstrated in some 

preliminary studies on different prototypes, allows the development of 

beam-to-column connections with high energy dissipation able to 

accommodate the required displacements without any damage. A 

significant advantage of these joint configurations is that, by controlling 

the tightening torque applied to the bolts, it is possible to calibrate the 

exact amount of force that is transmitted to the column obtaining a 

flexural capacity very close to the nominal bending resistance of the 

connected beam. In such a way, the beam section is fully exploited, but 

both the oversizing of the other joint components (usually requiring 

supplementary web plates, reinforcing ribs, cover plates, increased bolt 

diameter, etc.) and the column oversizing (because of beam-column 

hierarchy criterion) are significantly limited. 

With regards to the proposed connections the following components 

have to be designed: the shear panel, the column web panels in tension 

and compression, the T-stub/Angles and the friction damper. In order 

to obtain a joint where the only component providing energy dissipation 

is the friction damper, the steel parts have been oversized with respect 

to the maximum force that the friction damper is able to transmit. 

According to this hierarchy, the geometry of all the elements composing 

the joint has been defined by exploiting the formulations provided by 

literature models or by means of the formulations given in EC3 [8]. 

The connections have to be designed for a bending moment value 

greater to beam plastic resistance, given by the Eq. 2.12, because of the 

possibility to exploit the additional strengthening resulting from the 

haunched end. As the ratio between the bending moment that the joint 

is able to withstand before the slippage of the friction damper and the 
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beam plastic resistance is strongly dependent on the geometrical 

properties of the haunch, that are not known a priori, the design of the 

joint is performed by means of a very simple iterative procedure 

described in the following. 

 

Design of the friction damper 

In the FREEDAM connections, due to the high simplification of the 

structural detail (even with respect to some of the most common types 

of beam-to-column connections), the bending moment transferred from 

the beam to the column can be controlled only by calibrating the 

slippage force of the friction damper, which is the result of the product 

of the friction coefficient (arising between the friction pads and the steel 

composing the internal plate of the haunch), multiplied for the number 

of friction interfaces (two in case of a symmetrical damper) and for the 

sum of the pre-tightening forces applied with the bolts. 

Starting from the given value of the beam plastic resistance 𝑀𝑝.𝑏 and the 

lever arm ℎ, the device has to withstand to the design friction force 

evaluated as: 

 

𝐹𝑠𝑙𝑖𝑝,𝐸𝑑 =
𝑀𝑝,𝑏

ℎ
  

The lever arm is defined as the distance between the upper T-stub of 

the FREEDAM connection and the mid-centre of the friction damper, 

that in configuration n.1 (Fig. 3.38a) is given by: 

 

ℎ1 = ℎ𝑏 + ℎℎ  
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where ℎ𝑏 is the beam depth and ℎℎ is the height of the haunch.  

In the joint configuration n.2 (Fig. 3.38b), mid-centre of the friction 

damper results to be coincident with the axis of the bolts so that the 

lever arm is defined as: 

 

ℎ2 = ℎ𝑏 + 𝑡 +
ℎℎ

2
  

where 𝑡 is the distance between the upper bound of friction pads and 

the lower beam flange and ℎ𝑏 and ℎℎ are the parameters previously 

defined. 

                         a) 

                   b) 

Fig. 3.39 – Lever arm of friction joints: a) configuration n.1; b) configuration n.2  
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The sliding force 𝐹𝑠𝑙𝑖𝑑𝑖𝑛𝑔 could be determined by means of the 

relationship between the dynamic friction coefficient 𝜇𝑑 of the choosen 

friction material, the bolt preloading force 𝐹𝑝, the number of bolts 𝑛𝑏 and 

the number of surfaces in contact 𝑛𝑠: 

 

𝐹𝑠𝑙𝑖𝑑𝑖𝑛𝑔 = 𝜇𝑑 ∙ 𝐹𝑝 ∙ 𝑛𝑏 ∙ 𝑛𝑠  

Therefore, equating the design friction force and the sliding force, the 

minimum number of the bolts can be evaluated: 

 

𝑛𝑏,𝑚𝑖𝑛 =
𝑀𝑝.𝑏

ℎ ∙ 𝜇𝑑,5% ∙ 𝐹𝑝 ∙ 𝑛𝑠

  

In particular, in order to evaluate the minimum value of the force that 

allows the slippage of the friction damper, the 5% fractile of the 

dynamic friction coefficient 𝜇𝑑,5% has to be considered. 

The input data results to be the diameter of the preloaded bolts, the 

number of the surfaces in contact (equal to two in both joint 

configurations), and the value of the bolt preload that is evaluated 

according to [8]. Once evaluated the number of the bolts, it is possible 

to easly determine, applying the Coulomb equation, the design friction 

resistance: 

 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝜇𝑑.5% ∙ 𝐹𝑝 ∙ 𝑛𝑏 ∙ 𝑛𝑠  

and the correspondent value of the bending moment: 
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𝑀𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 ∙ ℎ  

The other parameter to be controlled in the design is the length of the 

slots made on the haunch which allows the movement of the beam on 

the friction material. In particular, this parameter governs the rotational 

capacity of the connection and, as a consequence, it can be selected 

starting from the knowledge of the minimum required value of the 

rotational capacity, by using the following equation: 

 

𝐿𝑠𝑙𝑜𝑡 = (𝑛𝑏 − 1)𝑝 + 𝑑𝑏 + 2𝜙ℎ  

where 𝑑𝑏 is the bolts diameter, 𝑛𝑏 is the number of bolt rows used to 

fasten the web of the L-stub to the haunch, 𝑝 is the bolt pitch, 𝜙 is the 

assumed value of the rotational capacity and ℎ is the lever arm of joints. 

 

Design of the non-dissipative components 

Starting from the evaluation of the minimum length of the slots, it is 

possible to determine the horizontal overall dimension of the haunch on 

the basis of technological considerations and, as a consequence, the 

distance a between the beam section where the plastic hinge could 

develop and the column flange (Fig. 3.39). 

As aforementioned, for the non-dissipative parts of the structure, the 

highest expected value of the static friction coefficient has to be 

considered. Starting from this concept, applying the basic principles of 

“capacity design”, the maximum bending moment at the column face 

𝑀𝑐𝑓.𝐶𝑑 can be determined as: 
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𝑀𝑐𝑓.𝐶𝑑 = 𝛾𝑜𝑣 ∙ 𝑀𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑   

As previously said, the bending moment 𝑀𝑐𝑓.𝐶𝑑 is greater then the 

plastic resistance of the beam because of the possibility to exploit the 

additional strengthning resulting from the haunch end. Therefore, is 

essential to evaluate the bending moment achievable in correspondance 

of the axis of the beam plastic hinge that has to be smaller than the 

plastic resistance of the beam: 

 

𝑀𝑏 = 𝑀𝑐𝑓.𝐶𝑑 ∙
𝐿𝑒 − 𝑎

𝐿𝑒

≤ 𝑀𝑏.𝑝  

where 𝐿𝑒 is the shear length of the beam, already defined in section 2.3. 

  a)  b) 
Fig. 3.40 – Distance between the axis of the beam plastic hinge and the column 

flange: a) configuration n.1; b) configuration n.2 

If the disequation given by the Eq.(3.16) is not satisfied, the bending 

moment of the connection 𝑀𝑐𝑓,𝐶𝑑 has to be reduced. It can be easily 

calibrated by controlling the tightening torque of the bolts of the friction 

damper in order to ensure that the beam remains in elastic range. How 
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reduce the tightening torque can be evaluated identifying a parameter 𝑚 

that is the ratio between the bending moment 𝑀𝑏 previously defined and 

the plastic resistance of the beam:  

 

𝑚 =
𝑀𝑏.𝑝

𝑀𝑏

  

The design friction resistance given by the Eq. 3.12 has to be 

recalculated as: 

 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝜇𝑑.5% ∙ (𝑚 ∙ 𝐹𝑝) ∙ 𝑛𝑏 ∙ 𝑛𝑠  

In this way, the force that the joint has to withstand before that the 

slippage of the friction damper occurs, results to be equal to: 

 

𝑚 ∙ 𝑀𝑐𝑓,𝐶𝑑

ℎ
= 𝐹𝑐𝑓,𝐶𝑑 =

𝑚 ∙ 𝑀𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 ∙ 𝛾𝑜𝑣

ℎ
  

According to the principles of the “capacity design”, the non dissipative 

components, namely the T-stub and angles in bending, the haunch, the 

column web in tension and compression, the column flange in bending, 

have to be designed in order to transmit the maximum force that the 

dissipative component is able to exhibit, i.e. the maximum static force 

evaluated by means of the Eq. 3.15.  

To this aim, a sequence of design operations or resistance check of the 

joint components has to be followed: 

Step 1: Evaluation, considering the lowest expected value of the 

dynamic friction coefficient, namely the characteristic value of 
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the dynamic friction coefficient, of the design friction 

resistance 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 of the dissipative component, i.e. the 

friction device, by means of Eq. (3.12). 

Step 2:  Design of the length of the slots made on the haunch in order 

to evaluate the overall dimension of the reinforced part of the 

joint. 

Step 3:  Calculation of bending moment 𝑀𝑐𝑓,𝐶𝑑 at the column flange, 

considering the maximum expected value of the static friction 

coefficient, namely 95% fractile of the static friction 

coefficient, and check of the resistance of the beam in 

bending; if not satisfied, the tightening torque of the bolts of 

the friction damper has to be reduced in order to reduce the 

force that the joint has to withstand before the slippage of the 

friction damper. 

Step 4:  Design of the bolt diameter. 

Step 5:  Design of the T-stub and L-stubs.  

Step 6:  Design of the bolts connecting the lower flange of the beam and 

the flange of the haunch. In order to avoid the slippage of the 

two surfaces in contact, the bolts have to be preloaded 

considering the proof value of the tightening torque. 

Step 7:   Check of the resistance of the column web in shear and design 

of supplementary web plates if needed. Eurocode 3 introduces 

a limitation about the thickness of the supplementary plates. 

In particular, the shear area Avc may be increased no more 

than bstwc. If a further supplementary web plate is added on 

the other side of the web, no further increase of the shear 
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area is allowed. The proposed method does not take into 

account such limitation. 

Step 8:  Check of the resistance of the column web in tension and in 

compression; if needed continuity plates are added and/or 

supplementary web plates are extended to cover also tension 

and compression zones. 

Step 9: Check of the resistance of the column flange in bending by 

modelling the tension zone by means of an equivalent T-stub. 
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4.1. Introduction 

The aim of the work presented in this chapter is the investigation of the 

behaviour of the FREEDAM joints described in the previous chapter, in 

terms of rotational response when subject to cyclic loads. In particular, 

it is pointed out how the typology of the hysteresis loops is mainly 

governed by the weakest joint component.  

The specimens have been designed by exploiting, for the components 

different from the friction pad, the already available models contained in 

Eurocode 3 part 1-8 and, for the new component, i.e. the friction damper, 

the results coming from the experimental activities described in the 

previous chapter. In particular, the tests on the friction materials at high 

velocities have demonstrated that the materials M1 and M6 can develop 

a slight stick-slip behaviour which may induce vibrations with 

consequent problems to the structure, therefore their use has been 

excluded while M4 material seems to perform adequately for FREEDAM 

joints so that its use has been considered. The experimental activity has 

been carried out with reference to external beam-to-column connections. 

The following joints have been experimentally analysed:  

 

‐ FREEDAM-CYC01 is a joint equipped with friction device (Fig.4.1a) 

realized by means of an haunch composed by horizontal steel plates 

with normal holes except the inner plate realized in 1.4301 Stainless 

Steel and bolted to the pre-stressed friction shims with M20 class 10.9 

HV bolts and 6 disc springs (2s+3p); 

‐ FREEDAM-CYC02 is a joint equipped with friction device (Fig.4.1b) 

characterized by a plate bolted to the bottom beam flange and welded 
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to the vertical slotted Stainless Steel plate that, even in this case, has 

to be bolted to the friction shims with M20 class 10.9 HV bolts and 6 

disc springs (2s+3p); 

‐ FREEDAM-CYC03 is the same configuration of test n°1, without disc 

springs; 

‐ FREEDAM-CYC04 is the same configuration of test n°2, without disc 

springs. 

a) b) 
Fig. 4.1 – Typologies of joints: a) FREEDAM-CYC01/03;  

b) FREEDAM-CYC02/04 

4.2. Description of the test setup 

All the experimental tests have been developed at the STRENGTH 

laboratory (STRuctural ENGineering Testing Hall) of the University of 

Salerno. The tests setup is constituted by instruments and machines that 

could be regroup in three macro categories: constraining devices, loading 

machines and measurement instruments.  

In fact, in order to counteract the actions due to the loading machines, 

constrains devices are used. These devices are used in order to obtain the 

desired structural scheme and to avoid the arise of undesired effects, as 
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the lateral torsional buckling of a steel member. In the STRENGTH 

laboratory, the main constrain devices is represented by the laboratory 

strong floor characterized by the presence of holes, with a diameter of 

80mm, spaced according to 1mx1m grid.  

 

Fig. 4.2 – Constraining devices used in the experimental campaign 

The holes allow to fix the structures by means of high strength dywidag 

bars. For the performed cyclic tests on the joints, an additional constrain 

structures have been used: a rigid and strong vertical frame and an 

horizontal base sleigh, both realized assembling fully welded steel plates 

and structural members (Fig. 4.2). 

In order to simulate the structural scheme, shown in the next section, 

two steel hinges, designed to resist shear actions of 2000kN and bolted 

to the base sleight, have been adopted. One of the two hinges has been 

detailed to absorb shear and axial actions by means of a pin and of 

Vertical frame

Horizontal contrast base

Strong floor Dywidag bar
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calibrated holes. The second one has been designed in order to allow the 

slippage in the horizontal direction and to resist displacements in the 

orthogonal direction by means of a pin and slotted holes. Finally, an 

horizontal counteract frame is in charge of avoid the development of 

lateral-torsional buckling phenomena of the steel members during the 

experimental tests.  

With regards to the loading machines, in the experimental campaign two 

different MTS 243 hydraulic actuators have been used. In order to 

simulate the axial load in the column, a MTS 243.60 actuator, operating 

under load control, has been utilised. Its maximum loading capacity is 

equal to 667kN in tension and compression with a piston stroke of +/- 

126mm. The other actuator, MTS 243.35, has a maximum load capacity 

equal to 245 kN in compression and 365 kN in tension with a piston 

stroke of +/- 508mm and is exploited to apply, under displacement 

control, the desired displacement history at the end of the beam. 

 

Fig. 4.3 – MTS hydraulic actuator 

As measurement instrumentations, displacements transducers LVDT 

have been used (Fig. 4.4). In these devices, a magnetic flux coupling 

between two coils is altered by movement of a ferromagnetic shaft within 

the flux path and subsequently converted into voltage. In this way, LVDTs 
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allow to acquire linear displacements by means of the movement of a 

metallic shaft. The advantages of the LVDTs are several: the sensor is a 

non-contact device with very little friction resistance, output impedance 

is very low, there is a low susceptibility to noise and interfaces and its 

construction is solid and robust. 

 

Fig. 4.4 – Displacement transducer LVDT 

These instruments have been used so as acquire during the tests the 

desired displacements and, as a consequence, the angles. In particular, 

during the experimental campaign, the displacements of beam and 

column and of the element composing the connection, especially the 

friction damper, has been monitored. 

As aforementioned, the experimental tests have been executed using two 

hydraulic actuators, the bottom actuator have been governed under force 

control in order to impose a constant axial compression load equal to 650 

kN which corresponds to 12.5% of the column squash load. The top 

actuator has been connected to the top of the beam in order to apply the 

displacement history (Fig. 4.4).  
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a) 

  
 
 
 

b) 

Fig. 4.5 – Structural scheme: a) action in a frame due to the seismic loads;  
b) reproduced scheme in the laboratory 

According to AISC provision [1], in terms of drift angle, the loading history 

is given in Fig. 4.5. 

 

Fig. 4.6 – AISC loading history for beam-to-column joints 

2700

1
5
6
0

Axial load

Cyclic load

Column

B
e
a
m

In
te

rs
o
ry

 d
ri

ft
 a

n
g
le

Number of cycles

Loading history

0.040

0.030

0.020

0.015

0.010
0.0075

0.0050
0.00375

0.050

n°6 n°6 n°6 n°4 n°2 n°2 n°2 n°2 n°2

0.00



Chapter 4 173 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

 6 cycles at θ = 0.00375 rad 

 6 cycles at θ = 0.0050 rad 

 6 cycles at θ = 0.0075 rad 

 4 cycles at θ = 0.0100 rad 

 2 cycles at θ = 0.0150 rad 

 2 cycles at θ = 0.0200 rad 

 2 cycles at θ = 0.0300 rad 

 2 cycles at θ = 0.0400 rad 

 2 cycles at θ = 0.0500 rad 

 

Therefore, starting from the knowledge of code requirement, is possible 

to obtain the displacement history at the top of the beam (Tab.4.1). 

Table 4.1 – Loading displacement history 

v [mm/s]  step θ [rad] # cycles δ [mm] tr [s] tc [s] tstep [s] 

0.5 

1 0.00375 6 5.835 11.67 46.68 280.08 

2 0.0050 6 7.780 15.56 62.24 373.44 

1 

3 0.0075 6 11.67 11.67 46.68 280.08 

4 0.010 4 15.56 11.67 62.24 248.96 

2 

5 0.015 2 23.34 11.67 46.68 93.36 

6 0.020 2 31.12 15.56 62.24 124.48 

7 0.030 2 46.68 23.34 93.36 186.72 

4 

8 0.040 2 62.24 15.56 62.24 124.48 

9 0.050 2 77.80 19.45 77.80 155.60 
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During the tests many parameters have been monitored and acquired, in 

order to get the test machine history imposed by the top actuator and the 

displacements of the different joint components. 

In particular, in FREEDAM CYC-01 joint (Fig.4.6a): 

 LVDTs n.02, 03 and 07 measure the relative displacement between the 

T-stub/angles flanges and the column flange; 

 LVDT n. 05 measure the eventual displacements between the haunch 

and the beam;  

 LVDTs n. 06 measure the displacement of the friction device; 

 LVDT n. 01 provide eventual slips of the web of the T-stub with respect 

to the beam flange. 

in FREEDAM CYC-02 joint (Fig.4.6b): 

 LVDTs n.01, 03 and 05 are able to measure the relative displacement 

between the T-stub/angles flanges and the column flange; 

 LVDT n. 02 measure the eventual displacements between the haunch 

and the beam;  

 LVDTs n. 04 and 06 measure the displacement of the two bolt rows of 

the friction device; 

 LVDT n. 07 provide eventual slips of the web of the T-stub with respect 

to the beam flange. 

in FREEDAM CYC-03 joint (Fig.4.6c): 

 LVDTs n.02, 03 and 04 are able to measure the relative displacement 

between the T-stub/angles flanges and the column flange; 

 LVDT n. 05 measure the eventual displacements between the haunch 

and the beam;  

 LVDTs n. 07 measure the displacement of the friction device; 
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 LVDT n. 01 provide eventual slips of the web of the T-stub with respect 

to the beam flange. 

and in FREEDAM CYC-04 joint (Fig.4.6d): 

 LVDTs n.03, 04 and 05 are able to measure the relative displacement 

between the T-stub/angles flanges and the column flange; 

 LVDTs n. 02 and 07 measure the displacement of the two bolt rows of 

the friction device; 

 LVDT n. 01 provide eventual slips of the web of the T-stub with respect 

to the beam flange. 
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      c) 

     d) 

Fig. 4.7 – Position of the LVDTs: a) FREEDAM-CYC01; b) FREEDAM-CYC02; 
c) FREEDAM-CYC03; d) FREEDAM-CYC04 
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In addition, the pre-tension applied to two of the four bolts of the friction 

device has been monitored before and during the test by means of donut 

load cells Futek LTH500 labelled RC-03 and RC-04. 

With the aim of evaluation of the beam-to-column joint rotational 

behaviour only 𝜹𝒋, the displacements measured at the top of the beam, in 

correspondance of the load application, have been corrected by 

subtracting the elastic part due to the beam and to the column flexural 

deformability. 

 

 

Fig. 4.8 – Experimental layout 

 

 

 

 

Actuator 250kN

Actuator 677kN
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4.3. Description of the specimens  

As described in the previous chapters, the overall behaviour of the joints 

is strictly affected by the basic behaviour of the single components so 

that, in case of the FREEDAM joints, the flexural resistance and the 

dissipative capacity is governed by the behaviour of the friction damper 

and then by the chosen friction material. In the following, the design of 

the tested joints will be reported. In particular, reference is made to the 

friction material M4 while for the design of joint components the concepts 

introduced by EC3 [2] have been applied. Since the employment of disc 

springs not influence the design procedure of the joint, in the following 

the design of only the specimens FREEDAM-CYC01 and FREEDAM-

CYC02 has been detailed. All the tested specimens are constituted by an 

IPE 270 beam and an HE 220 M column made both of S355 steel so as 

the plates and the bolts are class 10.9 HV.  

4.3.1. Design of the specimen FREEDAM-CYC01 

The FREEDAM joint labelled with the ID tags CYC01 is characterized by 

the presence of an haunch composed by horizontal steel plates with 

normal holes except the inner plate realized in 1.4301 Stainless Steel 

equivalent to AISI 304 steel and bolted to the pre-stressed friction shims 

with M20 class 10.9 HV bolts (Fig. 4.7). 

With reference to the design of the joint, the sequence of operations or 

resistance check of the joints components listed in the previous chapter 

has been followed.  
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Fig. 4.9 – FREEDAM-CYC01 joint configuration 

Step 1: Evaluation of the design friction resistance 𝑭𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏,𝑹𝒅 of the 

dissipative component, i.e. the friction device. 

Starting from the given value of the beam plastic resistance 𝑀𝑝.𝑏 and the 

lever arm ℎ, the device has to withstand to the design friction force 

evaluated as: 

 

𝐹𝑠𝑙𝑖𝑝.𝐸𝑑 =
𝑀𝑏.𝑝

ℎ
=

171.82

0.47
= 365.57𝑘𝑁  

taking into account the height of the haunch equal to 220mm.  

Equating the slip force and the sliding force 𝐹𝑠𝑙𝑖𝑑𝑖𝑛𝑔 given by: 

 

𝐹𝑠𝑙𝑖𝑑𝑖𝑛𝑔 = 𝜇𝑑 ∙ 𝐹𝑝 ∙ 𝑛𝑏 ∙ 𝑛𝑠  

the minimum number of friction device bolts can be evaluated: 
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𝑛𝑏,𝑚𝑖𝑛 =
𝐹𝑠𝑙𝑖𝑝.𝐸𝑑

𝜇𝑑,5% ∙ 𝐹𝑝 ∙ 𝑛𝑠

=
365.57

0.53 ∙ 171.50 ∙ 2
= 2.01       → 𝑛𝑏 = 4   

Once evaluated the number of the bolts, it is possible to easily determine, 

in order to obtain the sliding force evaluated by means of the Eq. (4.3), 

the reduced value of the bolts preload: 

 

𝐹𝑝.𝑟𝑒𝑑 =
𝐹𝑠𝑙𝑖𝑝.𝐸𝑑

𝜇𝑑,5% ∙ 𝑛𝑏 ∙ 𝑛𝑠

=
365.57

0.53 ∙ 4 ∙ 2
≅ 86.21𝑘𝑁 ≅ 50% 𝐹𝑝         

Once evaluated the number of the bolts and the reduced preload force, 

the design friction resistance, whose value results to be equal to 𝐹𝑠𝑙𝑖𝑝.𝐸𝑑, 

is easily determined as: 

 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝜇𝑑.5% ∙ 𝐹𝑝,𝑟𝑒𝑑 ∙ 𝑛𝑏 ∙ 𝑛𝑠 = 0.53 ∙ 86.21 ∙ 4 ∙ 2 = 365.57 𝑘𝑁  

 

and the correspondent value of the bending moment: 

𝑀𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 ∙ ℎ = 365.57𝑘𝑁 ∙ 0.47𝑚 = 171.82𝑘𝑁𝑚  

Step 2:  Design of the length of the slots made on the haunch in 

order to evaluate the overall dimension of the reinforced part of the 

joint. 

The other parameter to be controlled in the design is the length of the 

slots made on the haunch which allows the movement of the beam on the 

friction material. In particular, this parameter governs the rotational 

capacity of the connection and, consequently, it can be selected starting 
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from the knowledge of the minimum required value of the rotational 

capacity, by using the following equation: 

 

𝐿𝑠𝑙𝑜𝑡 = (
𝑛𝑏

2
− 1) ∙ 𝑝 + 𝑑𝑏 + 2𝜙ℎ = 

 

= (2 − 1)70 + 20 + 2 ∙ 0.06 ∙ 470 = 146.50𝑚𝑚  → 𝐿𝑠𝑙𝑜𝑡 = 150𝑚𝑚  

 

Starting from the evaluation of the minimum length of the slots, the 

horizontal overall dimension of the haunch based on technological 

considerations and, as a consequence, the distance a between the beam 

section where the plastic hinge could develop and the column flange have 

been determined. 

 

Step 3:  Calculation of bending moment 𝑴𝒄𝒇,𝑪𝒅 at the column flange 

and check of the resistance of the beam in bending. 

As mentioned in the chapter 3, for the non-dissipative parts of the 

structure, the highest expected value of the static friction coefficient has 

to be considered. Starting from this concept, applying the basic principles 

of "capacity design", the maximum bending moment at the column face 

𝑀𝑐𝑓,𝐶𝑑 can be determined as: 

 

𝑀𝑐𝑓,𝐶𝑑 = 𝑀𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 ∙ 𝛾𝑜𝑣 = 171.82𝑘𝑁𝑚 ∙ 1.70 = 292.09𝑘𝑁𝑚  

As previously said, the bending moment at the column flange 𝑀𝑐𝑓,𝐶𝑑 is 

greater than the plastic bending resistance of the beam because of the 

possibility to exploit the additional strengthening resulting from the 

haunched end. Therefore, is essential to evaluate the bending moment 
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achievable in correspondance of the axis of beam plastic hinge 𝑀𝑏 that 

has to be smaller than the plastic resistance of the beam: 

 

𝑀𝑏 = 𝑀𝑐𝑓,𝐶𝑑 ∙
𝐿𝑒 − 𝑎

𝐿𝑒

= 292.09𝑘𝑁𝑚 ∙
2890 − 615

2890
= 229.86𝑘𝑁𝑚 

 

> 𝑀𝑏.𝑝 = 171.82𝑘𝑁𝑚 

 

where 𝐿𝑒 is the shear length of the beam equal to 2.89m. Reference is 

made to the length of the spans, equal to 6.00m, of the reference frames 

analysed in the following sections.  

Resulting the bending moment 𝑀𝑏 greater than the plastic beam 

resistance, the bending moment of the connection 𝑀𝑐𝑓,𝐶𝑑 has to be 

reduced by calibrating the tightening torque of the bolts of the friction 

damper. The m parameter results to be equal to: 

 

𝑚 =
𝑀𝑏.𝑝

𝑀𝑏

=
171.82

229.86
= 0.75  

and the reduced design friction resistance is given by: 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝜇𝑑.5% ∙ (𝑚 ∙ 𝐹𝑝,𝑟𝑒𝑑) ∙ 𝑛𝑏 ∙ 𝑛𝑠 

 

= 0.53 ∙ (0.75 ∙ 86.21) ∙ 4 ∙ 2 = 273.25𝑘𝑁 
 

 

In this way, the force that the joint has to withstand before that the 

slippage of the friction damper occurs, result to be equal to: 

 

𝐹𝑐𝑓,𝐶𝑑 =
0.75 ∙ 171.82 ∙ 1.70

0.47
= 464.53𝑘𝑁  
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According to the principles of the “capacity design”, the non dissipative 

components, namely the T-stub and angles in bending, the haunch, the 

column web in tension and compression, the column flange in bending, 

have to be designed in order to transmit the maximum force that the 

dissipative component is able to exhibit, i.e. the maximum static force 

evaluated by means of the Eq. (4.12).  

 

Step 4:  Design of the diameter of bolts connecting the Tee element 

and the angles to the column. 

For the design of the diameter of the bolts in tensile side the following 

actions have to be considered: 

 

𝐹𝑡,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑

𝑛𝑏,𝑡

=
464.53

4
≅ 116.13𝑘𝑁      

 𝐹𝑣,𝐸𝑑 =
𝐹𝑣

2 𝑛𝑏

=
250

2 ∙ 4
= 31.25 𝑘𝑁 

 

where 𝐹𝑣 is the maximum shear action transmitted by the adopted 

actuator. 

Therefore, according to Eurocode 3, the check under combined shear and 

tension lead to determine a first minimum value of the resistant area of 

the bolts. In particular, for 10.9 class: 

𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2

𝑓𝑡𝑏 

(
𝐹𝑣,𝐸𝑑

𝛼𝑣 

+
𝐹𝑡,𝐸𝑑

1.26
) 

 

𝐴𝑟𝑒𝑠 ≥
1.25

1000
(

31250

0.5
+

116130

1.26
) ≅ 193.33 𝑚𝑚2 
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According to Eurocode 3, in any case, the resistant area of the bolts has 

to be greater than the value determined considering only the tension 

action: 

 

𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2𝐹𝑡,𝐸𝑑

0.9𝑓𝑡𝑏 

=
1.25 ∙ 116130

0.9 ∙ 1000
≅ 161.30 𝑚𝑚2  

Consequently, bolts M20 have been chosen. 

 

Step 5: Design of the T-stub and L-stubs. 

Considering the design criteria already adopted for the bolts, failure 

mechanism type 3 can be excluded. Therefore, only the resistance 

formulations for mechanism type 1 and mechanism type 2 have to be 

considered to check the T-stub and the L-stubs in bending.  

 

Design of the T-stub  

It is assumed that the distance m between the bolt axis and the plastic 

hinge located close to the beam flange is equal to 43mm so as the distance 

n between the bolt line and the end of the plate. 

The horizontal distance between the bolts w has to satisfy the following 

limitations: 

 

wmin ≅  tcw + 2 rc + 1.8 = 26 + 2 ∙ 18 + 1.8 ∙ 21.5 = 100.7 mm 

wmax =  bcf −  2.4 d0 = 226 − 2.4 ∙ 21.5 = 174.4 mm 
 

where tcw is the thickness of the column web, rc the root radious, d0 the 

diameter of the hole and bcf the column width. According to the above 

limitations, the T-stub bolt spacing is taken equal to 𝑤0 = 103.4 𝑚𝑚. 
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Regarding the width of the T-stub, it should be greater than: 

 

bT−stub = 𝑚𝑎𝑥{w + 2.4 d0; bbf} = 

 

= 𝑚𝑎𝑥{103.4 + 2.4 ∙ 21.5; 135} = 155 mm 
 

and, anyway, smaller than the width of the column that is equal to 226 

mm, consequently the width of the end plate is taken equal to 200mm. 

For the evaluation of the effective length of the T-stub 𝑏𝑒𝑓𝑓, it is considered 

the half part of the geometrical length, i.e. equal to 100mm. 

The thickness of the T-stub 𝑡𝑇𝑠𝑡𝑢𝑏.1 required to avoid the collapse of the 

equivalent T-stub according to type-1 mechanism is: 

 

𝐹1,𝑅𝑑 = 2
𝑏𝑒𝑓𝑓𝑡𝑇𝑠𝑡𝑢𝑏

2

𝑚

𝑓𝑦.𝑇𝑠𝑡𝑢𝑏

𝛾𝑀0

= 𝐹𝑐𝑓,𝐶𝑑   →   

 𝑡𝑇𝑠𝑡𝑢𝑏.1 = √
𝑚 𝐹𝑐𝑓,𝐶𝑑  𝛾𝑀0

2 ∙  𝑏𝑒𝑓𝑓.𝑇𝑠𝑡𝑢𝑏 ∙ 𝑓𝑦,𝑇𝑠𝑡𝑢𝑏

= √
43 ∙ 464530 ∙  1.05

2 ∙  100 ∙ 355
≅ 16.77 𝑚𝑚 

 

where 𝑓𝑦.𝑇𝑠𝑡𝑢𝑏 is the yielding resistance of the plate. 

Similarly, to avoid the collapse of the T-stub according to type-2 

mechanism  the required thickness 𝑡𝑇𝑠𝑡𝑢𝑏.2 is: 

 

𝐹2.𝑅𝑑 = 2
 
𝑓𝑦.𝑇𝑠𝑡𝑢𝑏

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝑇𝑠𝑡𝑢𝑏
2

2
+ 2 𝐹𝑡.𝑅𝑑  𝑛 

𝑚 + 𝑛
=  𝐹𝑐𝑓,𝐶𝑑         →       

𝑡𝑇𝑠𝑡𝑢𝑏.2 = √
2 𝛾𝑀0

𝑏𝑒𝑓𝑓.𝑒𝑝 𝑓𝑦.𝑇𝑠𝑡𝑢𝑏

[
𝐹𝑐𝑓,𝐶𝑑(𝑚 + 𝑛)

2
− 2 𝐹𝑡.𝑅𝑑𝑛] = 

 

= √
2 ∙ 1.05

100 ∙ 355
[
464530 (43 + 43)

2
− 2 ∙ 176400 ∙ 43] ≅  16.45 𝑚𝑚 
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Therefore, the thickness of the T-stub flange has been assumed equal to 

20mm. With regards to the T-stub web, taking into account that its 

thickness has to be greater than the that of the beam flange (equal to 

10.2 mm) it is assumed equal to 15mm.  

Subsequently, the 𝑛𝑏,𝑠 bolts connecting the T-stub web and the beam 

flange have to absorb the shear force trasmitted by the upper beam flange 

that is equal to 𝐹𝑐𝑓,𝐶𝑑. According to Eurocode 3, the shear resistance of 

the bolts can be evaluated as: 

 

𝐹𝑉,𝑅𝑑 = 𝑛𝑏,𝑠

𝛼𝑣 ∙ 𝐴𝑟𝑒𝑠 ∙ 𝑓𝑡𝑏 

𝛾𝑀2

= 𝐹𝑐𝑓,𝐶𝑑         →       𝑛𝑏,𝑠 =
𝐹𝑐𝑓,𝐶𝑑 ∙ 𝛾𝑀2

𝛼𝑣 ∙ 𝐴𝑟𝑒𝑠 ∙ 𝑓𝑡𝑏 

             

where 𝐴𝑟𝑒𝑠 is the nut area, 𝑓𝑡𝑏 the utimate resistance, 𝛼𝑣  a coefficient 

depending on the bolt class and 𝛾𝑀2 a partial factor. 

Consistent with the beam size, the maximum diameter of the holes on 

the flange is equal to 19mm therefore, M18 bolts have been considered 

and the minimum number is evaluated: 

 

𝑛𝑏,𝑠 =
464530 ∙ 1.25

0.5 ∙ 193 ∙ 1000
= 6.02     →        𝑛𝑏,𝑠 =  8       

Anyway, aiming to avoid any slippage between the surfaces in contact, 

namely the T-stub web and the beam flange, the bolts will be pre- 

tightened in order to obtain a friction resistance greater than the action 

𝐹𝑐𝑓,𝐶𝑑: 

 

𝐹𝑓𝑟𝑖𝑐,𝑇𝑠𝑡𝑢𝑏,𝑤 = 𝜇 ∙ 𝐹𝑝 ∙ 𝑛𝑠 ∙ 𝑛𝑏 = 0.5 ∙ 135.10 ∙ 1 ∙ 8 = 540.40𝑘𝑁 > 𝐹𝑐𝑓,𝐶𝑑  
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Design of the L-stubs  

In FREEDAM joints the internal angles are different from the external one 

because of the different width. For sake of simplicity, and because on safe 

side, the resistance of the lower L-stubs has been evaluated as double of 

that of the inner angles. It is assumed that the distance m between the 

bolt axis and the plastic hinge located close to the beam flange is equal 

to 35mm and the distance n between the bolt line and the end of the plate 

is equal to 43mm. The horizontal distance between the bolts w has to 

satisfy the following limitations: 

 

wmin ≅  tcw + 2 rc + 1.8 d0 = 26 + 2 ∙ 18 + 1.8 ∙ 21.5 + 15

= 100.7 mm 

wmax =  bcf −  2.4 d0 = 226 − 2.4 ∙ 21.5 = 174.4 mm 

 

According to the above limitations, the L-stub bolt spacing is taken equal 

to 𝑤0 = 115 𝑚𝑚. 

Regarding the width of the L-stub, it should be greater than: 

 

bL−stub = 𝑚𝑎𝑥 {
w + 2.4 d0 − 𝑡ℎ𝑤

2
;
bbf

2
} = 

 

= 𝑚𝑎𝑥 {
115 + 2.4 ∙ 21.5 + 10

2
;
135

2
} = 67.5 mm 

 

and, anyway, smaller than: 

 

bL−stub =
𝑏𝑐−𝑡ℎ𝑤

2
=

226 − 10

2
= 108𝑚𝑚  

consequently the width of the L-stub, that is coincident with the effective 

length,  is taken equal to 85mm. 
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The thickness of the L-stab flange required to avoid the collapse of the 

equivalent T-stub according to type-1 mechanism is: 

 

𝐹1,𝑅𝑑 =
𝑏𝑒𝑓𝑓𝑡𝐿𝑠𝑡𝑢𝑏

2

2 ∙ 𝑚

𝑓𝑦.𝐿𝑠𝑡𝑢𝑏

𝛾𝑀0

=
𝐹𝑐𝑓,𝐶𝑑

4
  →   

 𝑡𝐿𝑠𝑡𝑢𝑏.1 = √
𝑚 𝐹𝑐𝑓,𝐶𝑑  𝛾𝑀0

2 ∙  𝑏𝑒𝑓𝑓.𝐿𝑠𝑡𝑢𝑏 ∙ 𝑓𝑦,𝐿𝑠𝑡𝑢𝑏

= √
35 ∙ 464530 ∙  1.05

2 ∙  85 ∙ 355
≅ 16.82 𝑚𝑚 

 

Similarly, to avoid the collapse of the L-stub according to type-2 

mechanism the required thickness is: 

 

𝐹2.𝑅𝑑 =
 
𝑓𝑦.𝐿𝑠𝑡𝑢𝑏

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝐿𝑠𝑡𝑢𝑏
2

4
+  𝐹𝑡.𝑅𝑑 𝑛 

𝑚 + 𝑛
=  

𝐹𝑐𝑓,𝐶𝑑

4
        →       

𝑡𝐿𝑠𝑡𝑢𝑏.2 = √
4 𝛾𝑀0

𝑏𝑒𝑓𝑓.𝑒𝑝 𝑓𝑦.𝐿𝑠𝑡𝑢𝑏

[
𝐹𝑐𝑓,𝐶𝑑(𝑚 + 𝑛)

4
−  𝐹𝑡.𝑅𝑑𝑛] = 

 

= √
4 ∙ 1.05

85 ∙ 355
[
464530 (35 + 43)

4
− 176400 ∙ 43] ≅  14.32 𝑚𝑚 

 

Therefore, the thickness of the L-stub flange/web has been assumed 

equal to 20mm. 

 

Step 7:  Design of the bolts connecting the lower flange of the beam 

and the flange of the haunch.  

For the design of the bolts connecting the upper flange of the haunch to 

the lower flange of the beam, the following actions have to be considered: 
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𝐹𝑡,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑 ∙ ℎℎ

∑ 𝑑𝑖
2

𝑖

∙ 𝑑𝑖                 𝐹𝑣,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑

𝑛𝑏.ℎ

  

where 𝑑𝑖 is the distance of the 𝑖𝑡ℎ bolt from the centre of rotation.  

The position of the bolts is defined on the basis of the code requirements 

for bolt spacing and of technological conditions. The most stressed bolt, 

whose diameter is equal to 18mm, is the one further from the column 

face and is subjected to the following actions values: 

 

𝐹𝑡,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑 ∙ ℎℎ

∑ 𝑑𝑖
2

𝑖

∙ 𝑑𝑖 =
464530 ∙ 200

324595
∙ 370 = 52950𝑁 

 

𝐹𝑣,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑

 𝑛𝑏.ℎ

=
464530

2 ∙ 6
= 37710𝑁 

 

Therefore, according to Eurocode 3, the check under combined shear and 

tension lead to determine a first minimum value of the resistant area of 

the bolts. In particular: 

 

𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2

𝑓𝑡𝑏 

(
𝐹𝑣,𝐸𝑑

𝛼𝑣 

+
𝐹𝑡,𝐸𝑑

1.26
) 

 

𝐴𝑟𝑒𝑠 ≥
1.25

1000
(

37710

0.5
+

52950

1.26
) ≅ 149.30 𝑚𝑚2  > 193𝑚𝑚2 = 𝐴𝑟𝑒𝑠,𝑀18 

 

 

Step 8:  Check of the resistance of the column web in shear and 

design of supplementary web plates if needed.  

The shear resistant area of the column section is given by: 
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𝐴𝑣𝑐 = 𝐴 − 2 𝑏𝑐𝑓  𝑡𝑐𝑓 + (𝑡𝑐𝑤 + 2𝑟𝑐)𝑡𝑐𝑓 = 

= 14940 − 2 ∙ 226 ∙ 26 + (15.5 + 2 ∙ 18) ∙ 26 = 4527 𝑚𝑚2 
 

The resistance of the column web panel, without continuity and/or 

supplementary plates, is: 

 

Vwp,Rd =
0.9 ∙ Avc ∙ fy,cw

√3 ∙ γM0

=
0.9 ∙ 4527 ∙ 355

√3 ∙ 1.05
≅ 835 kN  

whereas the shear resistance of the column web panel is greater than the 

action 𝐹𝑐𝑓,𝐶𝑑, supplementary web plates are not needed. 

 

Step 9:  Check of the resistance of the column web in tension and in 

compression. 

The resistance of the column web in compression can be determined as 

follows: 

𝐹𝑐𝑤𝑐.𝑅𝑑 = 𝜔 ∙ 𝑘𝑤𝑐 ∙ 𝑏𝑒𝑓𝑓.𝑐𝑤𝑐  ∙ tcw ∙
𝑓𝑦.𝑐𝑤

𝛾𝑀0

= 

=
0.67 ∙ 1 ∙ 280 ∙ 15.5 ∙  355

1.05
≅ 938 kN 

 

where 𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 is the effective length of the column web given by: 

 

𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 = 𝑡𝐿𝑠𝑡𝑢𝑏,𝑤 + 5(𝑡𝑓𝑐 + 𝑟𝑐) + 2 𝑡𝑇−𝐿𝑠𝑡𝑢𝑏 = 

= 20 + 5(26 + 18) + 2 ∙ 20 = 280 mm 
 

and the coefficients 𝜔, accounts for the possible effects of interaction with 

shear in the column web panel, and 𝑘𝑤𝑐, accounts for the effect of the 

longitudinal compressive stress 𝜎𝑐𝑜𝑚,𝐸𝑑 due to the axial force and the 
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bending moment on the column on the compression column web 

resistance, are given by: 

 

𝜔 =
1

√1 + 1.3 (
𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 ∙ tcw

𝐴𝑣𝑐
)

2

=
1

√1 + 1.3 (
280 ∙ 15.5

4527
)

2
= 0.67 

𝑘𝑤𝑐 = 1    when     𝜎𝑐𝑜𝑚,𝐸𝑑 ≤ 0.7𝑓𝑦,𝑤𝑐 

 

Since the resistance is greater than the action 𝐹𝑐𝑓,𝐶𝑑, continuity plates are 

not required. 

 

Step 10: Check of the resistance of the column flange in bending by 

modelling the tension zone by means of an equivalent T-stub. 

In bolted connections, an equivalent T-stub in tension may be used to 

model the design resistance of the column flange in bending. Excluding 

failure mode according to mechanism type-3 because of the design 

criterion adopted for the bolts, the design resistances for mechanism 

type-1 and type-2 have to be evaluated. In particular, the following 

equation has to be considered: 

 

𝐹1,𝑅𝑑 ≥ 𝐹𝑐𝑓,𝐶𝑑                      𝐹2,𝑅𝑑 ≥ 𝐹𝑐𝑓,𝐶𝑑  

where: 

𝐹1,𝑅𝑑 = 2
𝑏𝑒𝑓𝑓𝑡𝑐𝑓

2

𝑚

𝑓𝑦.𝑐𝑓

𝛾𝑀0

        and        𝐹2.𝑅𝑑 = 2
 
𝑓𝑦.𝑐𝑓

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝑐𝑓
2

2
+ 2 𝐹𝑡.𝑅𝑑  𝑛 

𝑚 + 𝑛
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According to Eurocode 3 the effective length, in absence of transverse 

stiffeners, is given by: 

 

𝑏𝑒𝑓𝑓 = 𝑚𝑖𝑛{2𝜋𝑚𝑐  ;  4𝑚𝑐 + 1.25𝑒; 𝑝} = 

= 𝑚𝑖𝑛  {2𝜋 ∙ 26 ; 4 ∙ 26 + 1.25 ∙ 61.3; 101} ≅ 101 𝑚𝑚 
 

Thereafter, the design resistances for mechanisms type-1 and type-2 are 

given by: 

F1,Rd = 2
fy.cf beff.cfb tcf

2

γM0 mc

= 2
355 ∙ 101 ∙ 202

1.05 ∙ 26
≅ 1051 kN ≥ Fcf,Cd 

F2.Rd = 2
 fy.cf

beff.cfbtcf
2

2
+ 2 Ft.Rd n 

𝛾𝑀0(mc + n)
= 

= 2
 355

101 ∙ 202

2
+ 2 ∙ 176400 ∙ 32.5 

1.05(26 + 32.5)
 ≅ 607 kN ≥ 𝐹𝑐𝑓,𝐶𝑑 

 

where 𝑛 = min{e; e𝐿𝑠𝑡𝑢𝑏; 1.25mc} = min{61.3;  48.3; 1.25 ∙ 26} = 32.5 𝑚𝑚. 

Since the both design resistances are greater than the action 𝐹𝑐𝑓,𝐶𝑑, 

derived by means of capacity design principles, the check of the column 

flange in bending is satisfied. Anyway, continuity plates have been 

insered in order to reduce the column deformation capacity. 
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Fig. 4.10 – Geometry of the specimen FREEDAM-CYC01 

 

4.3.2. Design of the specimen FREEDAM-CYC02 

The FREEDAM joint labelled with the ID tag CYC02 is characterized by a 

plate bolted to the bottom beam flange and welded to the vertical slotted 

Stainless Steel plate that, even in this case, has to be bolted to the friction 

shims with M20 class 10.9 HV bolts (Fig.4.11). In this configuration, the 

friction shims and the angles have to present vertical slotted holes in 

order to accommodate the rotation of the beam. 
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Fig. 4.11 – FREEDAM-CYC02 joint configuration 

The design procedure for the joints in the second configuration is exactly 

the same followed in the previous section. Nevertheless, with reference to 

the specimens FREEDAM-CYC02, the procedure will be reported because 

of the different value of the lever arm and, as a consequence, the static 

and dynamic values of the friction resistance. 

  

Step 1: Evaluation of the design friction resistance 𝑭𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏,𝑹𝒅 of the 

dissipative component, i.e. the friction device. 

The device has to withstand to the design friction force evaluated as: 

 

𝐹𝑠𝑙𝑖𝑝.𝐸𝑑 =
𝑀𝑏.𝑝

ℎ
=

171.82

0.45
= 381.82𝑘𝑁  

taking into account the height of the haunch equal to 200mm.  

Equating the slip force and the sliding force 𝐹𝑠𝑙𝑖𝑑𝑖𝑛𝑔 given by: 
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𝐹𝑠𝑙𝑖𝑑𝑖𝑛𝑔 = 𝜇𝑑 ∙ 𝐹𝑝 ∙ 𝑛𝑏 ∙ 𝑛𝑠  

the minimum number of friction device bolts can be evaluated: 

 

𝑛𝑏,𝑚𝑖𝑛 =
𝐹𝑠𝑙𝑖𝑝.𝐸𝑑

𝜇𝑑,5% ∙ 𝐹𝑝 ∙ 𝑛𝑠

=
381.82

0.53 ∙ 171.50 ∙ 2
= 2.10       → 𝑛𝑏 = 4   

Once evaluated the number of the bolts, it is possible to easily determine, 

in order to obtain the sliding force evaluated by means of the Eq. (4.40), 

the reduced value of the bolts preload: 

 

𝐹𝑝.𝑟𝑒𝑑 =
𝐹𝑠𝑙𝑖𝑝.𝐸𝑑

𝜇𝑑,5% ∙ 𝑛𝑏 ∙ 𝑛𝑠

=
381.82

0.53 ∙ 4 ∙ 2
≅ 90.05𝑘𝑁 ≅ 53% 𝐹𝑝         

Once evaluated the number of the bolts and the reduced preload force, 

the design friction resistance, whose value result to be equal to 𝐹𝑠𝑙𝑖𝑝.𝐸𝑑, is 

easily determined as: 

 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝜇𝑑.5% ∙ 𝐹𝑝,𝑟𝑒𝑑 ∙ 𝑛𝑏 ∙ 𝑛𝑠 = 0.53 ∙ 90.05 ∙ 4 ∙ 2 = 381.82 𝑘𝑁  

 

and the correspondent value of the bending moment: 

𝑀𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 ∙ ℎ = 381.82𝑘𝑁 ∙ 0.45𝑚 = 171.82𝑘𝑁𝑚  

Therefore, the two different configurations, even though the different 

dimension of the haunch and then of the lever arm, have the same design 

flexural resistance. 
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Step 2:  Design of the length of the slots made on the haunch in 

order to evaluate the overall dimension of the reinforced part of the 

joint. 

In this case, the other parameters to be controlled in the design is the 

length of the horizontal slots made on the haunch which allow the 

movement of the beam on the friction material but also the vertical slots 

made on the L-stubs. In particular, these parameters govern the 

rotational capacity of the connection and, as a consequence, they can be 

selected starting from the knowledge of the minimum required value of 

the rotational capacity, by using the following equations: 

 

𝐿𝑠𝑙𝑜𝑡,ℎ = (
𝑛𝑏

2
− 1) ∙ 𝑝 + 𝑑𝑏 + 2𝜙ℎℎ = 

 
= (2 − 1)70 + 20 + 2 ∙ 0.06 ∙ 500 = 150𝑚𝑚  → 𝐿𝑠𝑙𝑜𝑡 = 163𝑚𝑚  

 

𝐿𝑠𝑙𝑜𝑡,𝑣 = 𝑑𝑏 + 2𝜙ℎ𝑣 = 

 

= 20 + 2 ∙ 0.06 ∙ 210 = 45.2. 𝑚𝑚  → 𝐿𝑠𝑙𝑜𝑡 = 61.5𝑚𝑚 

 

where ℎℎ is the distance between the center of compression, namely the 

flange-to-web connection of the T-stub, and the bolts positioned in the 

bottom row in the friction device while ℎ𝑣 is defined as the vertical 

distance between the upper T-stub of the FREEDAM connection and the 

farthest bolt from it (Fig.4.9). 

Starting from the evaluation of the minimum length of the slots, the 

horizontal overall dimension of the haunch on the basis of technological 

considerations and, as a consequence, the distance a between the beam 

section where the plastic hinge could develop and the column flange have 

been determined. 
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Fig. 4.12 – Rigid deformation of the FREEDAM-CYC02 joint  

 

Step 3:  Calculation of bending moment 𝑴𝒄𝒇,𝑪𝒅 at the column flange 

and check of the resistance of the beam in bending. 

As mentioned in the chapter 3, for the non-dissipative parts of the 

structure, the highest expected value of the static friction coefficient has 

to be considered. Starting from this concept, applying the basic principles 

of "capacity design", the maximum bending moment at the column face 

𝑀𝑐𝑓,𝐶𝑑 can be determined as: 

 

𝑀𝑐𝑓,𝐶𝑑 = 𝑀𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 ∙ 𝛾𝑜𝑣 = 171.82𝑘𝑁𝑚 ∙ 1.70 = 291.38𝑘𝑁𝑚  

As previously said, the bending moment at the column flange 𝑀𝑐𝑓,𝐶𝑑 is 

greater than the plastic bending resistance of the beam because of the 

possibility to exploit the additional strengthening resulting from the 

haunched end. Therefore, is essential to evaluate the bending moment 

achievable in correspondance of the axis of beam plastic hinge 𝑀𝑏 that 

has to be smaller than the plastic resistance of the beam: 

h
v

hh
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𝑀𝑏 = 𝑀𝑐𝑓,𝐶𝑑 ∙
𝐿𝑒 − 𝑎

𝐿𝑒

= 291.38𝑘𝑁𝑚 ∙
2890 − 725

2890
= 218.21𝑘𝑁𝑚 

 

> 𝑀𝑏.𝑝 = 178.82 𝑘𝑁𝑚 

 

where 𝐿𝑒 is the shear length of the beam equal to 2.89m. Resulting the 

bending moment 𝑀𝑏 greater then the plastic beam resistance, the 

bending moment of the connection 𝑀𝑐𝑓,𝐶𝑑 has to be reduced by calibrating 

the tightening torque of the bolts of the friction damper. The m parameter 

results to be equal to: 

 

𝑚 =
𝑀𝑏.𝑝

𝑀𝑏

=
171.82

218.21
= 0.79  

and the reduced design friction resistance is given by: 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑅𝑑 = 𝜇𝑑.5% ∙ (𝑚 ∙ 𝐹𝑝,𝑟𝑒𝑑) ∙ 𝑛𝑏 ∙ 𝑛𝑠 

 

= 0.53 ∙ (0.79 ∙ 90.05) ∙ 4 ∙ 2 = 300.65𝑘𝑁 
 

 

In this way, the force that the joint has to withstand before that the 

slippage of the friction damper occurs, result to be equal to: 

 

𝐹𝑐𝑓,𝐶𝑑 =
0.79 ∙ 171.82 ∙ 1.70

0.47
= 509.86𝑘𝑁  

According to the principles of the “capacity design” ,the non dissipative 

components, namely the T-stub and angles in bending, the haunch, the 

column web in tension and compression, the column flange in bending, 

have to be designed in order to transmit the maximum force that the 



200 Cyclic behaviour of external beam-to-column joints with friction pads: 
experimental tests  

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

dissipative component is able to exhibit, i.e. the maximum static force 

evaluated by means of the Eq. (4.52).  

 

Step 4:  Design of the diameter of bolts connecting the Tee element 

and the angles to the column. 

For the design of the diameter of the bolts in tensile side the following 

actions have to be considered: 

 

𝐹𝑡,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑

𝑛𝑏,𝑡

=
509.86

4
≅ 127.46𝑘𝑁     

 𝐹𝑣,𝐸𝑑 =
𝐹𝑣

2 𝑛𝑏

=
250

2 ∙ 4
= 31.25 𝑘𝑁 

 

where 𝐹𝑣 is the maximum shear action transmitted by the adopted 

actuator. 

Therefore, according to Eurocode 3, the check under combined shear and 

tension lead to determine a first minimum value of the resistant area of 

the bolts. In particular, for 10.9 class: 

𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2

𝑓𝑡𝑏 

(
𝐹𝑣,𝐸𝑑

𝛼𝑣 

+
𝐹𝑡,𝐸𝑑

1.26
) 

 

𝐴𝑟𝑒𝑠 ≥
1.25

1000
(

31250

0.5
+

127460

1.26
) ≅ 204.57 𝑚𝑚2 

 

According to Eurocode 3, in any case, the resistant area of the bolts has 

to be greater than the value determined considering only the tension 

action: 

 

𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2𝐹𝑡,𝐸𝑑

0.9𝑓𝑡𝑏 

=
1.25 ∙ 127650

0.9 ∙ 1000
≅ 177.04 𝑚𝑚2  
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Consequently, bolts M20 have been chosen. 

 

Step 5: Design of the T-stub and L-stubs. 

Considering the design criteria already adopted for the bolts, failure 

mechanism type 3 can be excluded. Therefore, only the resistance 

formulations for mechanism type 1 and mechanism type 2 have to be 

considered to check the T-stub and the L-stubs in bending.  

 

Design of the T-stub  

It is assumed that the distance m between the bolt axis and the plastic 

hinge located close to the beam flange is equal to 45mm so as the distance 

n between the bolt line and the end of the plate. 

The horizontal distance between the bolts w has to satisfy the following 

limitations: 

 

wmin ≅  tcw + 2 rc + 1.8 d0 = 26 + 2 ∙ 18 + 1.8 ∙ 21.5 = 100.7 mm 

wmax =  bcf −  2.4 d0 = 226 − 2.4 ∙ 21.5 = 174.4 mm 
 

According to the above limitations, the T-stub bolt spacing is taken equal 

to 𝑤0 = 123.4 𝑚𝑚. 

Regarding the width of the T-stub, it should be greater than: 

 

bT−stub = 𝑚𝑎𝑥{w + 2.4 d0; bbf} = 
 

= 𝑚𝑎𝑥{123.4 + 2.4 ∙ 21.5; 135} = 175 mm 
 

and, anyway, smaller than the width of the column that is equal to 226 

mm, consequently the width of the end plate is taken equal to 200mm. 
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For the evaluation of the effective length of the T-stub, it is considered 

the half part of the geometrical length, i.e. equal to 100mm. 

The thickness of the T-stub required to avoid the collapse of the 

equivalent T-stub according to type-1 mechanism is: 

 

𝐹1,𝑅𝑑 = 2
𝑏𝑒𝑓𝑓𝑡𝑇𝑠𝑡𝑢𝑏

2

𝑚

𝑓𝑦.𝑇𝑠𝑡𝑢𝑏

𝛾𝑀0

= 𝐹𝑐𝑓,𝐶𝑑   →   

 𝑡𝑇𝑠𝑡𝑢𝑏.1 = √
𝑚 𝐹𝑐𝑓,𝐶𝑑  𝛾𝑀0

2 ∙  𝑏𝑒𝑓𝑓.𝑇𝑠𝑡𝑢𝑏 ∙ 𝑓𝑦,𝑇𝑠𝑡𝑢𝑏

= √
45 ∙ 509860 ∙  1.05

2 ∙  100 ∙ 355
≅ 17.98 𝑚𝑚 

 

Similarly, to avoid the collapse of the T-stub according to type-2 

mechanism the required thickness is: 

 

𝐹2.𝑅𝑑 = 2
 
𝑓𝑦.𝑇𝑠𝑡𝑢𝑏

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝑇𝑠𝑡𝑢𝑏
2

2
+ 2 𝐹𝑡.𝑅𝑑  𝑛 

𝑚 + 𝑛
=  𝐹𝑐𝑓,𝐶𝑑         →       

𝑡𝐿𝑠𝑡𝑢𝑏.2 = √
2 𝛾𝑀0

𝑏𝑒𝑓𝑓.𝑒𝑝 𝑓𝑦.𝑇𝑠𝑡𝑢𝑏

[
𝐹𝑐𝑓,𝐶𝑑(𝑚 + 𝑛)

2
− 2 𝐹𝑡.𝑅𝑑𝑛] = 

 

= √
2 ∙ 1.05

100 ∙ 355
[
509680 (45 + 45)

2
− 2 ∙ 176400 ∙ 45] ≅  19.95 𝑚𝑚 

 

Therefore, the thickness of the T-stub flange has been assumed equal to 

20mm. With regards to the T-stub web, taking into account that its 

thickness has to be greater than the that of the beam flange (equal to 

10.2 mm) it is assumed equal to 15mm.  

Subsequently, the 𝑛𝑏,𝑠 bolts connecting the T-stub web and the beam 

flange have to absorb the shear force transmitted by the upper beam 
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flange that is equal to 𝐹𝑐𝑓,𝐶𝑑. According to Eurocode 3, the shear 

resistance of the bolts can be evaluated as: 

 

𝐹𝑉,𝑅𝑑 = 𝑛𝑏,𝑠

𝛼𝑣 ∙ 𝐴𝑟𝑒𝑠 ∙ 𝑓𝑡𝑏 

𝛾𝑀2

= 𝐹𝑐𝑓,𝐶𝑑       →         𝑛𝑏,𝑠 =
𝐹𝑐𝑓,𝐶𝑑 ∙ 𝛾𝑀2

𝛼𝑣 ∙ 𝐴𝑟𝑒𝑠 ∙ 𝑓𝑡𝑏 

             

Consistent with the beam size, the maximum diameter of the holes on 

the flange is equal to 19mm therefore M18 bolts have been considered 

and the minimum number is evaluated: 

 

𝑛𝑏,𝑠 =
509680 ∙ 1.25

0.5 ∙ 193 ∙ 1000
= 6.60     →        𝑛𝑏,𝑠 =  8       

Anyway, aiming to avoid any slippage between the surfaces in contact, 

namely the T-stub web and the beam flange, the bolts will be pre- 

tightened in order to obtain a friction resistance greater than the action 

𝐹𝑐𝑓,𝐶𝑑: 

 

𝐹𝑓𝑟𝑖𝑐,𝑇𝑠𝑡𝑢𝑏,𝑤 = 𝜇 ∙ 𝐹𝑝 ∙ 𝑛𝑠 ∙ 𝑛𝑏 = 0.5 ∙ 135.10 ∙ 1 ∙ 8 = 540.40𝑘𝑁 > 𝐹𝑐𝑓,𝐶𝑑  

Design of the L-stubs  

In this FREEDAM joint configuration it is assumed that the distance m 

between the bolt axis and the plastic hinge located close to the beam 

flange is equal to 37mm and the distance n between the bolt line and the 

end of the plate is equal to 40.5mm. 

The horizontal distance between the bolts w has to satisfy the following 

limitations: 
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wmin ≅  tcw + 2 rc + 1.8 d0 = 26 + 2 ∙ 18 + 1.8 ∙ 21.5 + 15

= 100.7 mm 

wmax =  bcf −  2.4 d0 = 226 − 2.4 ∙ 21.5 = 174.4 mm 

 

According to the above limitations, the L-stub bolt spacing is taken equal 

to 𝑤0 = 145 𝑚𝑚. The width of the L-stub, that is coincident with the 

effective length, is taken equal to 110mm. 

The thickness of the L-stab flange required to avoid the collapse of the 

equivalent T-stub according to type-1 mechanism is: 

 

𝐹1,𝑅𝑑 =
𝑏𝑒𝑓𝑓𝑡𝐿𝑠𝑡𝑢𝑏

2

2 ∙ 𝑚

𝑓𝑦.𝐿𝑠𝑡𝑢𝑏

𝛾𝑀0

=
𝐹𝑐𝑓,𝐶𝑑

4
  →   

 𝑡𝐿𝑠𝑡𝑢𝑏.1 = √
𝑚 𝐹𝑐𝑓,𝐶𝑑  𝛾𝑀0

2 ∙  𝑏𝑒𝑓𝑓.𝐿𝑠𝑡𝑢𝑏 ∙ 𝑓𝑦,𝐿𝑠𝑡𝑢𝑏

= √
37 ∙ 509860 ∙  1.05

2 ∙  110 ∙ 355
≅ 15.54 𝑚𝑚 

 

Similarly, to avoid the collapse of the L-stub according to type-2 

mechanism the required thickness is: 

 

𝐹2.𝑅𝑑 =
 
𝑓𝑦.𝐿𝑠𝑡𝑢𝑏

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝐿𝑠𝑡𝑢𝑏
2

4
+  𝐹𝑡.𝑅𝑑  𝑛 

𝑚 + 𝑛
=  

𝐹𝑐𝑓,𝐶𝑑

4
        →       

𝑡𝐿𝑠𝑡𝑢𝑏.2 = √
4 𝛾𝑀0

𝑏𝑒𝑓𝑓.𝑒𝑝 𝑓𝑦.𝐿𝑠𝑡𝑢𝑏

[
𝐹𝑐𝑓,𝐶𝑑(𝑚 + 𝑛)

4
−  𝐹𝑡.𝑅𝑑𝑛] = 

 

= √
4 ∙ 1.05

110 ∙ 355
[
509680 (37 + 40.5)

4
− 176400 ∙ 40.5] ≅ 16.74𝑚𝑚 

 

Therefore, the thickness of the L-stub flange/web has been assumed 

equal to 20mm. 
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Step 7:  Design of the bolts connecting the lower flange of the beam 

and the flange of the haunch.  

For the design of the bolts connecting the upper flange of the haunch to 

the lower flange of the beam, the following actions have to be considered: 

𝐹𝑡,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑 ∙ ℎℎ

∑ 𝑑𝑖
2

𝑖

∙ 𝑑𝑖                 𝐹𝑣,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑

𝑛𝑏.ℎ

  

The position of the bolts is defined on the basis of the code requirements 

for bolt spacing and of technological conditions. The most stressed bolt, 

whose diameter is equal to 18mm, is the one further from the column 

face and is subjected to the following actions values: 

 

𝐹𝑡,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑 ∙ ℎℎ

∑ 𝑑𝑖
2

𝑖

∙ 𝑑𝑖 =
509680 ∙ 180

473055
∙ 432.6 = 41960𝑁 

 

𝐹𝑣,𝐸𝑑 =
𝐹𝑐𝑓,𝐶𝑑

 𝑛𝑏.ℎ

=
509680

2 ∙ 6
= 42490𝑁 

 

Therefore, according to Eurocode 3, the check under combined shear and 

tension lead to determine a first minimum value of the resistant area of 

the bolts. In particular: 

 

𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2

𝑓𝑡𝑏 

(
𝐹𝑣,𝐸𝑑

𝛼𝑣 

+
𝐹𝑡,𝐸𝑑

1.26
) 

 

𝐴𝑟𝑒𝑠 ≥
1.25

1000
(

42490

0.5
+

41960

1.26
) ≅ 147.90 𝑚𝑚2  > 193𝑚𝑚2 = 𝐴𝑟𝑒𝑠,𝑀18 
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Step 8:  Check of the resistance of the column web in shear and 

design of supplementary web plates if needed.  

The shear resistant area of the column section is given by: 

 

𝐴𝑣𝑐 = 𝐴 − 2 𝑏𝑐𝑓  𝑡𝑐𝑓 + (𝑡𝑐𝑤 + 2𝑟𝑐)𝑡𝑐𝑓 = 

= 14940 − 2 ∙ 226 ∙ 26 + (15.5 + 2 ∙ 18) ∙ 26 = 4527 𝑚𝑚2 
 

The resistance of the column web panel, without continuity and/or 

supplementary plates, is: 

 

Vwp,Rd =
0.9 ∙ Avc ∙ fy,cw

√3 ∙ γM0

=
0.9 ∙ 4527 ∙ 355

√3 ∙ 1.05
≅ 835 kN  

Whereas the shear resistance of the column web panel is greater than the 

action 𝐹𝑐𝑓,𝐶𝑑, supplementary web plates are not needed. 

 

Step 9:  Check of the resistance of the column web in tension and in 

compression. 

The resistance of the column web in compression can be determined as 

follows: 

 

𝐹𝑐𝑤𝑐.𝑅𝑑 = 𝜔 ∙ 𝑘𝑤𝑐 ∙ 𝑏𝑒𝑓𝑓.𝑐𝑤𝑐  ∙ tcw ∙
𝑓𝑦.𝑐𝑤

𝛾𝑀0

= 

=
0.68 ∙ 1 ∙ 275 ∙ 15.5 ∙  355

1.05
≅ 978 kN 

 

where 𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 is the effective length of the column web given by: 

 

𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 = 𝑡𝑇𝑠𝑡𝑢𝑏,𝑤 + 5(𝑡𝑓𝑐 + 𝑟𝑐) + 2 𝑡𝑇𝑠𝑡𝑢𝑏 = 

= 15 + 5(26 + 18) + 2 ∙ 20 = 275 mm 
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and the coefficients 𝜔, accounts for the possible effects of interaction with 

shear in the column web panel, and 𝑘𝑤𝑐, accounts for the effect of the 

longitudinal compressive stress 𝜎𝑐𝑜𝑚,𝐸𝑑 due to the axial force and the 

bending moment on the column on the compression column web 

resistance, are given by: 

 

𝜔 =
1

√1 + 1.3 (
𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 ∙ tcw

𝐴𝑣𝑐
)

2

=
1

√1 + 1.3 (
275 ∙ 15.5

4527
)

2
= 0.68 

𝑘𝑤𝑐 = 1    when     𝜎𝑐𝑜𝑚,𝐸𝑑 ≤ 0.7𝑓𝑦,𝑤𝑐 

 

Since the resistance is greater than the action 𝐹𝑐𝑓,𝐶𝑑, continuity plates are 

not required. 

 

Step 10: Check of the resistance of the column flange in bending by 

modelling the tension zone by means of an equivalent T-stub. 

In bolted connections, an equivalent T-stub in tension may be used to 

model the design resistance of the column flange in bending. Excluding 

failure mode according to mechanism type-3 because of the design 

criterion adopted for the bolts, the design resistances for mechanism 

type-1 and type-2 have to be evaluated. In particular, the following 

equation has to be considered: 

 

𝐹1,𝑅𝑑 ≥ 𝐹𝑐𝑓,𝐶𝑑                      𝐹2,𝑅𝑑 ≥ 𝐹𝑐𝑓,𝐶𝑑  

where: 
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𝐹1,𝑅𝑑 = 2
𝑏𝑒𝑓𝑓𝑡𝑐𝑓

2

𝑚

𝑓𝑦.𝑐𝑓

𝛾𝑀0

        and        𝐹2.𝑅𝑑 = 2
 
𝑓𝑦.𝑐𝑓

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝑐𝑓
2

2
+ 2 𝐹𝑡.𝑅𝑑  𝑛 

𝑚 + 𝑛
  

According to Eurocode 3 the effective length, in absence of transverse 

stiffeners, is given by: 

 

𝑏𝑒𝑓𝑓 = 𝑚𝑖𝑛{2𝜋𝑚𝑐  ;  4𝑚𝑐 + 1.25𝑒; 𝑝} = 

= 𝑚𝑖𝑛  {2𝜋 ∙ 36 ; 4 ∙ 36 + 1.25 ∙ 51.3; 105} ≅ 105 𝑚𝑚 
 

Thereafter, the design resistances for mechanisms type-1 and type-2 are 

given by: 

 

F1,Rd = 2
fy.cf beff.cfb tcf

2

γM0 mc

= 2
355 ∙ 105 ∙ 202

1.05 ∙ 36
≅ 789 kN ≥ Fcf,Cd 

F2.Rd = 2
 fy.cf

beff.cfbtcf
2

2
+ 2 Ft.Rd n 

𝛾𝑀0(mc + n)
= 

= 2
 355

105 ∙ 202

2
+ 2 ∙ 176400 ∙ 38.3 

1.05(36 + 38.3)
 ≅ 729 kN ≥ 𝐹𝑐𝑓,𝐶𝑑 

 

where 𝑛 = min{e; e𝑇𝑠𝑡𝑢𝑏; 1.25mc} = min{51.3; 38.3; 1.25 ∙ 36} = 38.3 𝑚𝑚. 

Since the both design resistances are greater than the action 𝐹𝑐𝑓,𝐶𝑑, 

derived by means of capacity design principles, the check of the column 

flange in bending is satisfied. Anyway, continuity plates have been 

inserted in order to reduce the column deformation capacity. 
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Fig. 4.13 – Geometry of the specimen FREEDAM-CYC02 
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4.4. Results of the experimental tests 

 Test FREEDAM-CYC01 

  

Fig. 4.14 – FREEDAM-CYC01 specimen 

The test FREEDAM-CYC01 has exhibited a global behaviour in line with 

the prevision. In fact, according to the adopted design criteria, the non 

dissipative components remained in elastic range. The joint behaviour is 

stable and without strength degradation but exhibits a hardening 

behaviour once the sliding has been activated (Fig.4.14). In addition, it 

could be possible to note that the maximum bending moment exhibited 

during the test is greater than the plastic resistance of the beam equal to 

171.82 kNm. It means that the bending moment corresponding to the 

slippage resistance results to be greater than the maximum nominal 

value of the plastic resistance of the connected beam. In other words, by 

using a friction device, an appropriate value of the tightening torque of 

the bolts and increasing the lever arm, it is possible to design a full 

strength joints that are, at the end, FREE from DAMage. 
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Fig. 4.15 – Hysteretic curve of the specimen FREEDAM-CYC01 

The static friction moment evaluated in correspondence of the column 

flange is equal to 145.73kNm in case of sagging moment and equal to 

227.80kNm when hogging moment occurs.  

 

Fig. 4.16 – Moment-rotation curve of the specimen FREEDAM-CYC01 
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In fact, the response of the joint is strongly asymmetric under the two 

loading conditions, reaching values up to 36% smaller under sagging 

moment. The asymmetry is due to a parasite bending of the plates of the 

friction damper and variation of the bolt forces under hogging/sagging 

moments. The dynamic friction moment, i.e. the moment corresponding 

to the slippage of the friction device, is equal to about 138.06kNm and 

196.64kNm in case of sagging and hogging moment respectively, 

reaching values up to 30% smaller under sagging moment (Fig. 4.16). 

 

Fig. 4.17 – Position of the instruments – FREEDAM-CYC01 

The value of the bolts preload, and its variation during the tests, has been 
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reported in Fig. 4.18. It is possible to observe that initially, at first sliding 

as already detected in the shear lap tests, there is a settlement of the 

bolts with a loosening that increases as far as the loading cycles increase. 

This loosening occurs up to the achievement of high displacement cycles 

in which the bending effects developing in the dampers’ bolt lines lead to 

a significant oscillation of the bolt forces which, at the peak, achieve, 

again, practically the initial force. 

 

Fig. 4.18 – Preload force in the bolts of the friction damper 

Assuming that the centre of compression is located at the centreline of 

the damper and that the tension force is located in correspondence of the 

T-stub, in the following, representations of the local measures obtained 

with the LVDTs are made reporting the measured displacement versus 

the local force acting in the joint components. In particular, positive 

values of the forces corresponds to tensile stress in the joint components. 
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Fig. 4.19 – Slip force vs displacement curve of the friction damper 

Using the displacements recorded by the LVDT 06 (Fig.4.17), the force 

versus displacement of the friction damper has been determined (Fig. 

4.19). It can be easily observed that the hysteretic loops in this case are 

practically rectangular with a significant energy dissipation capacity and 

almost no degradation both in terms of stiffness and resistance. 

As shown in Figs. 4.20 to 4.23, the other joint components almost remain 

in the elastic range. 

LVDT 01 measures the slip of the web of the T-stub with respect to the 

beam flange that are about 2.5mm (Fig.4.20). The holes of the bolts 

connecting the T-stub web and beam flange are greater than the 

minimum required by the code in order to accommodate the assembly of 

the all components. 
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Fig. 4.20 – Compression force vs displacement curve (T-stub web-beam 
flange) 

LVDT 02 provide the displacements of the edge of the L-stub flange with 

respect to the column flange that are close to zero (Fig.4.21). 

 

 

Fig. 4.21 – Force vs displacement curve (T-stub flange) 

LVDTs 03 and 07 provide the eventual deformations of the column web 

panel that are close to zero (Fig.4.22). 
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a) 

 

 
b) 

Fig. 4.22 – Force vs displacement curve: a) L-stub flange/column flange;  
b) T-stub flange/column flange 
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Fig. 4.23 – Force vs displacement curve (haunch) 

The relative displacements of the haunch and the flange of the beam are 

provided by LVDT 05. These displacements are quite small but it should 

be underlined that, in case of sagging moment, there is a detachment of 

the two surfaces in contact (Fig.4.23). 

  

Fig. 4.24 – FREEDAM-CYC01 specimen in the deformed configuration 

Fig. 4.24 shows the specimen when subjected to sagging and hogging 

moment. 

-500

-400

-300

-200

-100

0

100

200

300

400

500

-1,3 -0,8 -0,3 0,2 0,7 1,2

F
o
rc

e
 [

k
N

]

Displacement [mm]

Force vs Displacement L-05 (haunch)

L
-0

7

L
-0

3

L
-0

1

L
-0

6
L
-0

2

L
-0

5



218 Cyclic behaviour of external beam-to-column joints with friction pads: 
experimental tests  

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

 Test FREEDAM-CYC02  

Specimen FREEDAM-CYC02 (Fig. 4.25) has been designed in order to 

behave similarly to specimen FREEDAM-CYC01.  

  

Fig. 4.25 – FREEDAM-CYC02 specimen 

As described in the previous section, in order to reach the design goal, 

the preload force of the bolts connecting the friction shims to the stainless 

steel plate has to be greater than that applied in the first specimen. Also 

the second specimen has exhibited a global behaviour in line with the 

prevision. The joint behaviour is stable, without strength degradation and 

with a hardening behaviour once the sliding has been activated (Fig.4.26).  

Even in this case, it is possible to note that the obtained flexural strength 

is greater than the plastic resistance of the connected beam, so that 

practically full-strength connections are obtained without providing any 

damage to the beam ends (Fig.4.26). The value of the moment 

corresponding to the achievement of the maximum static slip force is 

equal to 185.45kNm and 210.41kNm in case of sagging and hogging 

moment respectively. 
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Fig. 4.26 – Hysteretic curve of the specimen FREEDAM-CYC02 

 

In fact, the response of the joint is still strongly asymmetric under the 

two loading conditions reaching a sagging moment 13% smaller than the 

hogging one. The experimental value of the moment corresponding to the 

slippage of the friction damper is equal to 170.71kN in case of sagging 

moment and equal to 182.26 in case of hogging moment therefore the 

difference is negligible being approximately equal to 6% (Fig.4.27). 

 

Fig. 4.27 – Moment-rotation curve of the specimen FREEDAM-CYC02 
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However, the value of the moment corresponding to the slippage of the 

friction damper is even greater if considering, especially in case of hogging 

moment, the increase of the rotation amplitude.  

The position of the LVDTs and the load cells used in the monitoring of 

the local deformation and forces is represented in Fig. 4.28. 

 

Fig. 4.28 – Position of the instruments – FREEDAM-CYC02 
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far as the loading cycles increase. Follows a significant oscillation of the 

bolt forces which, at the peak, achieve, again, practically the initial value. 

 

Fig. 4.29 – Preload force in the bolts of the friction damper 

The displacements recorded by the LVDTs 04 and 06 against the slip of 

the friction damper has been determined (Fig. 4.30).  

 

 

Fig. 4.30 – Slip force vs displacement curve of the friction damper 

0

10

20

30

40

50

60

70

80

90

0 500 1000 1500 2000 2500 3000

F
o
rc

e
 [

k
N

]

Time [sec]

Load cell vs Time

RC-03

RC-04

-300

-200

-100

0

100

200

300

-40 -30 -20 -10 0 10 20 30 40

S
li
p
 F

o
rc

e
 [

k
N

]

Displacement [mm]

Slip Force vs Displacement L-06/L-04 (Damper)

L-04

L-06

L
-0

7
L
-0

1

L
-0

4

L
-0

6
L
-0

3

L
-0

2

L
-0

5



222 Cyclic behaviour of external beam-to-column joints with friction pads: 
experimental tests  

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

Even in this case it can be easily observed that the behaviour of the 

friction damper strongly affects the whole behaviour of the joint. 

Figs. 4.31 to 4.34 show the behaviour of the other joint components, that 

essentially remain in the elastic range. 

 

 

Fig. 4.31 – Compression force vs displacement curve (T-stub web-beam 
flange) 
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force; that displacements results to be no more than 0.5 mm. The 
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Fig. 4.32 – Force vs displacement curve (L-stub flange) 

LVDT 02 provides the relative displacements between the haunch and 

the flange of the beam that are less that 1mm even though there is a 

detachment of the two surfaces in contact in case of sagging moment (Fig. 

4.33). 

 

 

Fig. 4.33 – Force vs displacement curve (haunch) 
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Finally, LVDTs 01 and 03 provide the eventual deformations of the 

column web panel that are close to zero (Fig. 4.34). 

 
a) 

 

 
b) 

Fig. 4.34 – Force vs displacement curve: a) L-stub flange/column flange; b) 
T-stub flange/column flange 
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The specimen FREEDAM-CYC 02 when subjected to sagging and hogging 

moment has been depicted in Fig.4.35. 

  

Fig. 4.35 – FREEDAM-CYC02 specimen in the deformed configuration 

 Test FREEDAM-CYC03  

  

Fig. 4.36 – FREEDAM-CYC03 specimen 
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The test FREEDAM-CYC03 is the same configuration of test n°1, without 

disc springs. The results, in terms of moment-rotation, evidence that the 

disc springs did not seem to provide a substantial benefit. In fact, even 

in this configuration, the specimen has exhibited a global behaviour in 

line with the prevision. The static friction moment evaluated in 

correspondence of the column flange is equal to 117.58kNm in case of 

sagging moment and equal to 161.78kNm when hogging moment occurs. 

As in case of the specimen FREEDAM-CYC01, the response of the joint 

is strongly asymmetric under the two loading conditions, reaching values 

up to 27% smaller under sagging moment. 

 

Fig. 4.37 – Moment-rotation curve of the specimen FREEDAM-CYC03 
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the joint components have been reported in Figs. 4.39 to 4.44. This 

figures show that, according to the design procedure, the non dissipative 

components remain in elastic range. 

 

Fig. 4.38 – Position of the instruments – FREEDAM-CYC03 
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Fig. 4.39 – Preload force in the bolts of the friction damper 

 

 

 

Fig. 4.40 – Slip force vs displacement curve of the friction damper 
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Fig. 4.41 – Compression force vs displacement curve (T-stub web-beam 
flange) 

 

 

 

Fig. 4.42 – Force vs displacement curve (L-stub flange) 
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a) 

 

 
b) 

Fig. 4.43 – Force vs displacement curve: a) L-stub flange/column flange;  
b) T-stub flange/column flange 
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Fig. 4.44 – Force vs displacement curve (haunch) 

Fig. 4.45 shows the specimen when in the deformed configuration. 

  

Fig. 4.45 – FREEDAM-CYC03 specimen in the deformed configuration 
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 Test FREEDAM-CYC04 

  

Fig. 4.46 – FREEDAM-CYC04 specimen 

Specimen FREEDAM-CYC04 (Fig. 4.46) differs from specimen 

FREEDAM-CYC 02 because of the absence of the Belleville disc springs. 

The hysteretic behaviour of the two specimen is quite similar evidencing 

that, even in the joint configuration n.2, the disc springs did not seem to 

provide a substantial benefit. The joint behaviour is stable, without 

strength degradation and with a hardening behaviour once the sliding 

has been activated (Fig.4.47).  
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Fig. 4.47 – Hysteretic curve of the specimen FREEDAM-CYC04 

The value of the moment corresponding to the achievement of the 

maximum static slip force is equal to 159.80kNm and 181.48kNm in case 

of sagging and hogging moment respectively. In fact, it is easily possible 

to note from Fig. 4.47 that the difference between the maximum bending 

moment due to hogging or sagging actions was equal to about the 13%. 

In the following, representations of the local measures obtained with the 

LVDTs and the load cells (Fig. 4.48) are made reporting the measured 

displacement versus the local force acting in the joint components (Figs. 

4.49 to 4.53). The acquired measurements evidence that the non 

dissipative components remain in elastic range accordingly to the design 

criteria. 

-300.00

-200.00

-100.00

0.00

100.00

200.00

300.00

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

M
o
m

e
n

t 
[k

N
m

]

Rotation [rad]

Hysteretic Curve - FREEDAM-CYC04

Mstat,95%

Mdyn,5%

Mstat,95%

Mdyn,5%



234 Cyclic behaviour of external beam-to-column joints with friction pads: 
experimental tests  

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

 

Fig. 4.48 – Position of the instruments – FREEDAM-CYC04 

 

 

Fig. 4.49 – Preload force in the bolts of the friction damper 
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Fig. 4.50 – Slip force vs displacement curve of the friction damper 

 

 

 

Fig. 4.51 – Compression force vs displacement curve (T-stub web-beam 
flange) 
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a) 

 

 
b) 

Fig. 4.52 – Force vs displacement curve: a) L-stub flange/column flange; b) 
T-stub flange/column flange 
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Fig. 4.53 – Force vs displacement curve (L-stub flange) 

The specimen FREEDAM-CYC 04 when subjected to sagging and hogging 

moment has been depicted in Fig.4.54. 

  

Fig. 4.54 – FREEDAM-CYC04 specimen in the deformed configuration 

 

-600

-400

-200

0

200

400

600

-1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5

F
o
rc

e
 [
k
N

]

Displacement [mm]

Force vs Displacement L-04 (Lstub)

L
-0

1
L
-0

3

L
-0

2

L
-0

7
L
-0

4

L
-0

5



238 Cyclic behaviour of external beam-to-column joints with friction pads: 
experimental tests  

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

4.5. Comparison among the tests 

The experimental results are in line with the outcomes of the tests on the 

friction interfaces pointing out that, as expected, the cyclic behaviour of 

the joint is mainly governed by the cyclic behaviour of the weakest joint 

component, i.e. the friction damper. In fact, in all the experimental tests 

the response has been very similar to that exhibited during the uniaxial 

tests on the interface. When the force applied at the end of the cantilever 

beam reached a value approximately equal to the design bending moment 

divided by the beam length, the slippage of the friction dampers started 

(Figs. 4.16, 4.27, 4.37, 4.47). Observing the hysteretic loops of the two 

configurations, different shapes can be noticed. While configuration n.1 

exhibits a more smooth nonlinear behaviour from the beginning up to the 

end of loading/reloading cycles, the second configuration has a more 

saw-teeth behaviour. From the comparison with the response of the tests 

on the simple friction dampers, it is worth noting that the shape of the 

hysteresis cycle of the friction DST joint differs from that observed during 

the uni-axial tension test. This difference is mainly due to the role played 

by the beam rotation in the kinematic mechanism. In fact, the beam 

rotation causes two effects that give rise to an increase of the bending 

moment as far as the beam rotation increases. On one hand, there is an 

increase of the local pressure on the friction pads due to the reaction 

force provided by the T-stub webs that behave in a way similar to a pocket 

foundation. On the other hand, minor yielding of the tee stems at the 

web-to-flange attachment contributes to the total bending resistance of 

the joint. Both of these effects lead to the hardening behaviour 

experimentally observed. Another thing that was pointed out in this 

experimental phase is that the Belleville disc springs did not seem to 
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provide a substantial benefit in terms of hysteretic behaviour. This result 

seems to confirm the observations already made in chapter 3.  

An important feature of the proposed connection is that, as confirmed by 

the experimental results, it is able to provide a high dissipative capacity 

also under values of the rotation significantly greater than the minimum 

value equal to 35 mrad required by EC3 for frames in High Ductility 

Class. Furthermore, it is possible to observe from Figs. 4.16, 4.27, 4.37 

and 4.47, that the resistances of the joints and of the dampers 

approximately correspond to the design ones, confirming the accuracy of 

the design procedure previously described. A comparison between the 

actual structural performance and the specimens design values is 

provided in Table 4.2. In particular, the experimental values of the 

bending moment reached during the loading process and the design 

values evaluated considering the nominal, the average and the 95% 

fractile of the friction coefficients are reported.  

Table 4.2 – Comparison between experimental and design values of friction 
moments 

 
FREEDAM-

CYC01 
FREEDAM-

CYC03 
FREEDAM-

CYC02 
FREEDAM-

CYC04 

Mstat,exp [kNm] 
+145.73 

-227.80 

+117.58 

-161.78 

+185.45 

-210.41 

+159.80 

-181.48 

Mstat,d [kNm] 

179.34 (𝜇𝑠𝑡𝑎𝑡,5%) 170.52 (𝜇𝑠𝑡𝑎𝑡,5%) 

197.54 (𝜇𝑠𝑡𝑎𝑡,𝑘) 207.59 (𝜇𝑠𝑡𝑎𝑡,𝑘) 

218.33 (𝜇𝑠𝑡𝑎𝑡,95%) 229.44 (𝜇𝑠𝑡𝑎𝑡,95%) 

Mdyn,exp [kNm] 
+130.06 
-196.64 

+112.57 
-158.35 

+170.71 
-182.26 

+145.82 
-171.97 

Mdyn,d [kNm] 

128.43 (𝜇𝑑𝑦𝑛,5%) 135.29 (𝜇𝑑𝑦𝑛,5%) 

140.54 (𝜇𝑑𝑦𝑛,𝑘) 148.06 (𝜇𝑑𝑦𝑛,𝑘) 

155.08 (𝜇𝑑𝑦𝑛,95%) 163.37 (𝜇𝑑𝑦𝑛,95%) 
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With reference to all the specimens, it is possible to note that the 

experimental values of the flexural resistance are in between the range of 

design values and in particular result to be quite similar to the average 

static and dynamic resistances. The differences between design and 

actual values of the static flexural resistances could be attributed to the 

random variability of the friction coefficient but also to the randomness 

of the bolt preload. Conversely, in terms of dynamic resistance, the 

forecast is more accurate. 
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5.1. Introduction 

With the aim to develop more accurate methods for evaluating the seismic 

response of the structures equipped with innovative connections, in this 

chapter, starting from the knowledge of the their cyclic rotational 

behaviour, the influence of the beam-to-column joints on the seismic 

response of the steel structures has been investigated. The performances 

of the MRF equipped with FREEDAM connections, and in particular with 

FREEDAM-CYC 01 joint (considering its more smooth nonlinear 

behaviour from the beginning up to the end of loading/reloading cycles), 

have been analysed. 

In particular, incremental dynamic analyses and pushdown analyses 

have been performed in order to evaluate the benefits on the global 

behaviour of the structures when equipped with innovative beam-to-

column connections. To this aim, the seismic response and the structural 

robustness of the frame where the friction connections have been 

adopted, have been compared to the performance of the same MRF 

equipped with a traditional double split tee connection (Fig.5.1a) TS-

CYC04 (partial strength joints) and with the dobgone connection 

(Fig.5.1b) EEP-DB-CYC03 (full strength joints) whose cyclic response 

have been experimentally analysed in the past years at the University of 

Salerno and herein reported in terms of Moment-rotation in Fig.5.2.   

The scope of that experimental campaign was the evaluation of the 

performances of different joint typologies under seismic loading 

conditions and the reliability of the available design approach to 

configure the joints’ details for obtaining a desired value of stiffness, 

strength and ductility [1-3]. 
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        a)   b) 

Fig. 5.1 – Typologies of joints: a) EEP-DB-CYC03; b) TS-CYC04 

In case of EEP-DB-CYC 03, the shape of the cycles of the whole joint is 

wide and stable guaranteeing a good energy dissipation capacity and 

significant plastic rotation supply (Fig.5.2a). The TS-CYC 04 joint has 

provided a very good plastic rotation supply and a good amount of energy 

dissipation. The hysteretic loops is obviously affected by pinching 

phenomena (Fig.5.2b). 
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            a) 

            b) 

Fig. 5.2 – Hysteretic curve: a)EEP-DB-CYC03; b) TS-CYC04 

The main advantage of this kind of connection, provided that the weakest 

component is constituted by the tee elements, is due to the fact that the 

beam end does not exhibit any yielding, so that after a seismic event only 

the tee elements have to be substituted. 
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5.2. Seismic design of the frame by Theory of 
Plastic Mechanism Control (TPMC) 

As it is known, a fundamental principle of capacity design of MR-Frames 

is that plastic hinge formation in columns during an earthquake should 

be avoided, in order to make sure that the seismic energy is dissipated 

by the beams only. Therefore, the optimisation of the energy dissipation 

capacity of structures is achieved when a collapse mechanism of global 

type develops [4-5].  In order to decrease the probability of plastic hinge 

formation in columns, MR-Frames must be designed to have strong 

columns and weak beams. To this scope, different simplified design 

criteria have been such as the so-called beam-column hierarchy criterion 

has been introduced in Eurocode 8 [6].  However, Eurocode 8 is only able 

to avoid soft storey mechanism but it does not assures the development 

of a collapse mechanism of global type. There are a number of reasons 

why the beam-column hierarchy criterion cannot achieve the above 

mentioned design goal but, probably the most important and difficult to 

be accounted for in a simplified design approach, is the shifting of the 

contraflexure point in columns during the seismic excitation. This 

considerable shifting leads to a bending moment distribution 

substantially different from that resulting from code-prescribed design 

rules. The shift of the contraflexure point is caused by the formation of 

hinges in beams adjacent to the column and even in part of the columns. 

All these factors alter the stiffness of beam-column subassemblage, 

hence the moment distribution. 

The main reason why the above issue cannot be accounted for by means 

of a simplified design rule, such as the beam-column hierarchy criterion, 

is that the second principle of capacity design cannot be easily applied in 
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case of multiple resisting mechanisms not located in series. In fact, 

according to the second principle of capacity design, non-dissipative 

zones (i.e. the columns in case of MR-Frames) need to be designed 

considering the maximum internal actions which the dissipative zones 

(i.e. the beam ends in case of MR-Frames) are able to transmit at their 

ultimate conditions. For this reason, a rigorous design procedure, based 

on the kinematic theorem of plastic collapse, has been presented in 1997 

[4], aiming to assure a collapse mechanism of global type where plastic 

hinges develop at the beam ends only, while all the columns remain in 

elastic range. Obviously, exception is made for base section of first storey 

columns, leading to a kinematic mechanism. Starting from this first 

work, the Theory of Plastic Mechanism Control has been outlined as a 

useful tool for the seismic design of steel structures. It consists on the 

extension of the kinematic theorem of plastic collapse to the concept of 

mechanism equilibrium curve. In fact, for any given structural typology, 

the design conditions to be applied in order to prevent undesired collapse 

mechanisms can be derived by imposing that the mechanism equilibrium 

curve corresponding to the global mechanism has to be located below 

those corresponding to all the other undesired mechanisms up to a top 

sway displacement level compatible with the local ductility supply of 

dissipative zones. The original TPMC [4] was based on an iterative 

procedure; thanks to new considerations regarding collapse mechanism 

typologies, a closed form solution has been recently provided [5]. Starting 

from the abovementioned background, in the following sections closed 

form solution of the TPMC is briefly summarized. According to [4-5] the 

collapse mechanisms can be considered as belonging to three main 

typologies (Fig. 5.3). They have to be considered undesired, because they 

do not involve all the dissipative zones. The global mechanism, 
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representing the design goal, is a particular case of type-2 mechanism 

involving all the storeys. However, the simple application of the kinematic 

theorem of plastic collapse is not sufficient to assure the desired collapse 

mechanism, because high horizontal displacements occur before the 

complete development of the kinematic mechanism. These displacements 

give rise to significant second order effects that cannot be neglected in 

the seismic design of structures, particularly in case of moment-resisting 

steel frames.  

GLOBAL MECHANISM TYPE 1 - MECHANISM

TYPE 2 - MECHANISM TYPE 3 - MECHANISM  (SOFT STOREY)
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Fig. 5.3 – Collapse mechanism typologies for MRFs 

Therefore, the basic principle of TPMC is essentially constituted by the 

extension of the kinematic theorem of plastic collapse to the concept of 
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mechanism equilibrium curve. Within the framework of a kinematic 

approach, for any given collapse mechanism, the mechanism equilibrium 

curve can be easily derived by equating the external work to the internal 

work due to the plastic hinges involved in the collapse mechanism, 

provided that the external second-order work due to vertical loads is also 

evaluated [4].  

The linearized mechanism equilibrium curve is expressed as: 

𝛼 = 𝛼0 − 𝛾𝛿 (5.1) 

Being 𝛼0 the kinematically admissible multiplier of horizontal forces and 

𝛾 the slope of the curve, given by: 

 

𝛾(𝑔) =
𝑽𝑻𝑺

𝑭𝑻𝑺
∙

1

𝐻0

 (5.2) 

In the following, with reference to the notation given in the Table 5.1, both 

the kinematically admissible multiplier and the slope of the mechanism 

equilibrium curve are provided for the analysed collapse mechanism 

typologies. 

Table 5.1 – Notation 

b Beam; 

c Column; 

i Column index; 

im Mechanism index; 

j Bay index; 

k Storey index; 

s Storey; 

hk Storey height of the kth storey; 
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nc Number of columns for each storey; 

nb Number of beam for each storey; 

ns Number of storey; 

𝛿 Top sway displacement; 

𝜃 Rotation; 

H0 Sum of the interstorey heights of the storeys involved by the generic mechanism; 

Lj Bay length; 

Mc,ik 
Plastic moment reduced due to the interaction with axial force of ith column of the 
kth storey; 

Mb,jk 
Moment resistance of the beam-to-column connection of the jth beam of the kth 
storey; 

 𝑞𝑗𝑘 Uniform vertical load acting on the jth beam of the kth storey; 

𝑥𝑗𝑘 Abscissa of the second plastic hinge of the jth beam of the kth storey, given by: 

 

xjk = Lj − √(
2Mb,jk(m̅r,jk + 1)

qjk

) 

 
for 

 

qjk >
2Mb,jk

𝐿𝑗
2 {(2 + m̅r,jk + m̅l,jk) + 2√[(m̅r,jk + 1)(1 − m̅l,jk)]} 

 
while xjk = 0 in the opposite case; 

𝜶 Kinematically admissible multiplier of horizontal forces; 

𝜶(𝒈) 
Kinematically admissible multiplier of horizontal forces corresponding to the 
global mechanism; 

𝜶𝒊𝒎
(𝒕)

 
Kinematically admissible multiplier of horizontal forces corresponding to  
im
th mechanism of tth type; 

𝒊(𝒈) 
Slope of the mechanism equilibrium curve corresponding to the global-type 

mechanism; 

𝜸𝒊𝒎
(𝒕)

 
Slope of the mechanism equilibrium curve corresponding to the im

th mechanism of 
tth type; 

𝑭𝑻 
Vector of the design horizontal forces equal to {𝐹1, 𝐹2, … , 𝐹𝑘 , … , 𝐹𝑛𝑠} where 𝐹𝑘 is the 

horizontal force applied to the kth storey; 

𝒉𝑻 
Vector of the storey heights equal to {ℎ1, ℎ2, … , ℎ𝑘 , … , ℎ𝑛𝑠} where ℎ𝑘 is the height of 

the kth storey; 

𝒔𝑻 
Shape vector of the storey horizontal virtual displacements equal to 
{𝑠1, 𝑠2, … , 𝑠𝑘 , … , 𝑠𝑛𝑠}; 
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𝑽𝑻 
Vector of the storey vertical loads equal to {𝑉1, 𝑉2, … , 𝑉𝑘 , … , 𝑉𝑛𝑠} where 𝑉𝑘 is total load 

acting at kth storey; 

𝑴𝒄𝒌
𝑻  

Vector of the plastic moments of the columns of kth storey, reduced due to the 
interaction with the axial force 

𝑰 Identity matrix 

𝑩 
Matrix of order nb x ns accounting for the location of the plastic hinges within the 

beams; 

𝑪 
Matrix of order nc x ns whose elements Cik are equal to the column plastic 

moments 

𝑹𝒃 Matrix of order nb x ns whose coefficient Rb,jk are related to the participation of the 

jth beam of the kth storey to the collapse mechanism; this coefficient represents 

the magnitude of the rotations of the beam plastic hinges for θ = 1: 
 

Rb,jk =  
𝐿𝑗

𝐿𝑗 − xjk

 

 
when the jth beam of the kth storey participates to the collapse mechanism while 
Rb,jk = 0 in the opposite case; 

𝑹𝒄 Matrix of order nc x ns whose coefficient Rc,jk account for the participation of the 

ith column of the kth storey to the collapse mechanism, where: 
Rc,jk = 2 when the column is yielded at both ends; 

Rc,jk = 1 when only one column end is yielded; 

Rc,jk = 0 when the column does not participate to the collapse mechanism; 

𝑫𝒗 Matrix of order nb x ns whose coefficient are related to the external work of the 

uniform load acting on the jth beam of the kth storey given by: 

 

Dv,jk =  
𝐿𝑗 ∙ xjk

2
 

 
when the jth beam of the kth storey participates in the collapse mechanism 
otherwise Dv,jk = 0; 

𝒒 Matrix of order nb x ns of the uniform loads acting on the beams. 

In the case of global type mechanism, as shown in Fig. 5.3, all the storeys 

participate to the collapse mechanism, therefore the shape vector of the 

horizontal displacements is given by 𝒔(𝒈) = 𝒉. The kinematically 

admissible multiplier of horizontal forces can be expressed as: 
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𝛼0
(𝑔)

=
[𝑴𝑪,𝟏

𝑻 𝑰 + 2𝑡𝑟(𝑩𝑻𝑹𝒃
(𝒈)

) − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗
(𝒈)

)]

𝑭𝑻𝒔(𝒈)
 (5.3) 

Furthermore, because all the storeys participate to the global 

mechanism, 𝐻0 is equal to ℎ𝑛𝑠, and the slope 𝛾(𝑔) is obtained from Eq. 

(5.2) for 𝒔 = 𝒔(𝒈) = 𝒉 and 𝐻0 = ℎ𝑛𝑠: 

 

𝛾(𝑔) =
𝑽𝑻𝒔(𝒈)

𝑭𝑻𝒔(𝒈)
∙

1

ℎ𝑛𝑠

 (5.4) 

With reference to the 𝑖𝑚
𝑡ℎ mechanism of type-1, the shape vector of the 

horizontal displacements can be written as: 

 

𝒔𝒊𝒎
(𝟏)𝑻 = {ℎ1, ℎ2, … , ℎ𝑖𝑚 , … , ℎ𝑖𝑚} (5.5) 

Where the first element equal to ℎ𝑖𝑚 correspond to the 𝑖𝑚
𝑡ℎ component. The 

kinematically admissible multiplier of horizontal forces corresponding to 

the 𝑖𝑚
𝑡ℎ mechanism of type-1 is given by: 

 

𝛼0.𝑖𝑚
(1)

=
[𝑴𝑪,𝟏

𝑻 𝑰 + 2𝑡𝑟(𝑩𝑻𝑹𝒃,𝒊𝒎
(𝟏)

) + 𝑴𝑪,𝒊𝒎
𝑻 𝑰 − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗,𝒊𝒎

(𝟏)
)]

𝑭𝑻𝒔𝒊𝒎

(𝟏)
 (5.6) 

In addition, only the first 𝑖𝑚 storeys participate to the collapse 

mechanism, so that 𝐻0 = ℎ𝑖𝑚. As a consequence, the slope of the 

mechanism equilibrium curve is still computed through Eq. (5.2), but 

assuming 𝒔 = 𝒔𝒊𝒎
(𝟏)

 and 𝐻0 = ℎ𝑖𝑚: 

 

𝛾𝑖𝑚
(1)

=
𝑽𝑻𝒔𝒊𝒎

(𝟏)

𝑭𝑻𝒔
𝒊𝒎

(𝟏)
∙

1

ℎ𝑖𝑚

 (5.7) 
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With reference to the 𝑖𝑚
𝑡ℎ mechanism of type-2, the shape vector of the 

horizontal displacements can be written as: 

 

𝒔𝒊𝒎
(𝟐)𝑻 = {0,0,0, … , ℎ𝑖𝑚 − ℎ𝑖𝑚−1, ℎ𝑖𝑚+1 − ℎ𝑖𝑚−1 … , ℎ𝑛𝑠 − ℎ𝑖𝑚−1} (5.8) 

Where the first element different from zero is the 𝑖𝑚
𝑡ℎ one. 

The kinematically admissible multiplier corresponding to the 𝑖𝑚
𝑡ℎ 

mechanism of type-2 is given by: 

𝛼0.𝑖𝑚
(2)

=
[𝑴𝑪,𝒊𝒎

𝑻 𝑰 + 2𝑡𝑟(𝑩𝑻𝑹𝒃,𝒊𝒎
(𝟐)

) − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗,𝒊𝒎
(𝟐)

)]

𝑭𝑻𝒔
𝒊𝒎

(𝟐)
 (5.9) 

Furthermore, since the imth storey and those above it participate to the 

collapse mechanism, the slope of the mechanism equilibrium curve is 

obtained by Eq. (5.2) with 𝒔 = 𝒔𝒊𝒎
(𝟐)

 and 𝐻0 = ℎ𝑛𝑠 − ℎ𝑖𝑚−1: 

 

𝛾𝑖𝑚
(2)

=
𝑽𝑻𝒔𝒊𝒎

(𝟐)

𝑭𝑻𝒔𝒊𝒎

(𝟐)
∙

1

ℎ𝑛𝑠 − ℎ𝑖𝑚−1

 (5.10) 

Finally, with reference to the 𝑖𝑚
𝑡ℎ mechanism of type-3 the shape vector of 

horizontal displacements can be written as: 

 

𝒔𝒊𝒎
(𝟐)𝑻 = {0,0,0, … , 1,1, 1}( ℎ𝑖𝑚 − ℎ𝑖𝑚−1) (5.11) 

where the first term different from zero is the 𝑖𝑚
𝑡ℎ one. The kinematically 

admissible multiplier of horizontal forces for the 𝑖𝑚
𝑡ℎ mechanism of type-3 

is given by: 
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𝛼0.𝑖𝑚
(3)

=
2𝑴𝑪,𝒊𝒎

𝑻 𝑰

𝑭𝑻𝒔
𝒊𝒎

(𝟑)
 (5.12) 

In addition, as the 𝑖𝑚
𝑡ℎ storey only is involved in the kinematic mechanism, 

the corresponding slope of the mechanism equilibrium curve can be 

obtained by substituting 𝐻0 = ℎ𝑖𝑚 − ℎ𝑖𝑚−1 in Eq. (5.2) where also 𝒔 = 𝒔𝒊𝒎
(𝟑)

 

has to be assumed: 

𝛾𝑖𝑚
(3)

=
𝑽𝑻𝒔𝒊𝒎

(𝟑)

𝑭𝑻𝒔𝒊𝒎

(𝟑)
∙

1

ℎ𝑖𝑚 − ℎ𝑖𝑚−1

 (5.13) 

According to the upper bound theorem of plastic design, cross-sections 

of columns have to be defined so that the kinematically admissible 

horizontal force multiplier corresponding to the global type mechanism is 

the minimum among all the kinematically admissible multipliers. This 

condition is sufficient to guarantee the desired global mechanism only in 

the case of rigid-plastic behaviour of the structural material, where no 

displacements are develop and until the collapse mechanism is 

completely developed. Conversely, the actual behaviour of structures is 

elastic-plastic, and it is characterized by significant displacements before 

a kinematic mechanisms completely developed. These displacements are 

responsible of second order effects, so that as far as the top sway 

displacement increases, the horizontal force multiplier decreases unless 

significant strain-hardening occurs. The design process cannot neglect 

this issue.  

It means that the upper bound theorem of plastic design has to be 

satisfied for each displacement level. Therefore, to account for second 

order effects, the design conditions have to be defined by imposing that 
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the mechanism equilibrium curve corresponding to the global-type 

mechanism equilibrium curve has to be located below those 

corresponding to all the other mechanisms up to the selected ultimate 

displacement 𝛿𝑢 compatible with the plastic rotation capacity of members 

(Fig. 5.4). 

 

Fig. 5.4 – Design requirement concerning mechanism equilibrium curves 

Consequently, the design conditions can be translated into the following 

relationships: 

 

𝛼0
(𝑔)

− 𝛾(𝑔)𝛿𝑢 ≤ 𝛼𝑖𝑚

(𝑡)
− 𝛾𝑖𝑚

(𝑡)
𝛿𝑢                  𝑖𝑚 = 1,2,3, … , 𝑛𝑠       𝑡 = 1,2,3 (5.14) 

that constitutes the statement of TPMC. This means that there are 3𝑛𝑠 

design condition to be satisfied in the case of a frame having 𝑛𝑠 storeys. 

Substituting the values of 𝛼0
(𝑔)

, 𝛾(𝑔), 𝛼0.𝑖𝑚
(1)

 and 𝛾𝑖𝑚
(1)

 in Eq. (5.14), the 

following 𝑛𝑠 conditions to avoid undesired mechanisms are obtained: 

 



Generic mechanismGlobal mechanism

u

 im
(t)

(g)

 im

(t)


(g)
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[𝑴𝑪,𝟏
𝑻 𝑰 + 2𝑡𝑟(𝑩𝑻𝑹𝒃

(𝒈)
) − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗

(𝒈)
)]

𝑭𝑻𝒔(𝒈)
−

𝑽𝑻𝒔(𝒈)

𝑭𝑻𝒔(𝒈)
∙

1

ℎ𝑛𝑠

𝛿𝑢 ≤ 

 

[𝑴𝑪,𝟏
𝑻 𝑰 + 2𝑡𝑟(𝑩𝑻𝑹𝒃,𝒊𝒎

(𝟏)
) + 𝑴𝑪,𝒊𝒎

(𝟏)𝑻
𝑰 − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗,𝒊𝒎

(𝟏)
)]

𝑭𝑻𝒔
𝒊𝒎

(𝟏)
−

𝑽𝑻𝒔𝒊𝒎
(𝟏)

𝑭𝑻𝒔
𝒊𝒎

(𝟏)
∙

1

ℎ𝑖𝑚

𝛿𝑢 

(5.15) 

needed to avoid type-1 mechanism 

 

[𝑴𝑪,𝟏
𝑻 𝑰 + 2𝑡𝑟 (𝑩𝑻𝑹𝒃

(𝒈)
) − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗

(𝒈)
)]

𝑭𝑻𝒔(𝒈)
−

𝑽𝑻𝒔(𝒈)

𝑭𝑻𝒔(𝒈)
∙

1

ℎ𝑛𝑠

𝛿𝑢 ≤ 

 

[𝑴𝑪,𝒊𝒎
(𝟐)𝑻

𝑰 + 2𝑡𝑟(𝑩𝑻𝑹𝒃,𝒊𝒎
(𝟐)

) − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗,𝒊𝒎
(𝟐)

)]

𝑭𝑻𝒔𝒊𝒎

(𝟐)
−

𝑽𝑻𝒔𝒊𝒎
(𝟐)

𝑭𝑻𝒔𝒊𝒎

(𝟐)
∙

1

ℎ𝑛𝑠 − ℎ𝑖𝑚−1

𝛿𝑢 

(5.16) 

needed to avoid type-2 mechanism 

 

[𝑴𝑪,𝟏
𝑻 𝑰 + 2𝑡𝑟 (𝑩𝑻𝑹𝒃

(𝒈)
) − 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗

(𝒈)
)]

𝑭𝑻𝒔(𝒈)
−

𝑽𝑻𝒔(𝒈)

𝑭𝑻𝒔(𝒈)
∙

1

ℎ𝑛𝑠

𝛿𝑢 ≤ 

 

2𝑴𝑪,𝒊𝒎
(3)𝑻

𝑰

𝑭𝑻𝒔𝒊𝒎

(𝟑)
−

𝑽𝑻𝒔𝒊𝒎
(𝟑)

𝑭𝑻𝒔𝒊𝒎

(𝟑)
∙

1

ℎ𝑖𝑚 − ℎ𝑖𝑚−1

𝛿𝑢 

(5.17) 

needed to avoid type3 mechanism. 

However, by observing that, type-1 mechanism at first storey (𝑖𝑚 = 1) and 

type-3 mechanism at first storey (𝑖𝑚 = 1) are perfectly coincident Eq. 

(5.15) and Eq. (5.17) for 𝑖𝑚 = 1 provide the same design condition. In fact, 

they both represent the condition to avoid the “soft storey” mechanism at 
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first storey. Eq. (5.15) and Eq. (5.17) can be easily rearranged in the 

following form: 

[2𝑡𝑟 (𝑩𝑻𝑹𝒃
(𝒈)

) + 𝒕𝒓 (𝒒𝑻𝑹𝑫𝒗,𝟏
(𝟏)

) ∆1
(1)

− 𝒕𝒓 (𝒒𝑻𝑹𝑫𝒗
(𝒈)

) + (
𝑽𝑻𝒔1

(𝟏)
∆1

(1)

ℎ1
−

𝑽𝑻𝒔(𝒈)

ℎ𝑛𝑠
) 𝛿𝑢]

2∆1
(1)

− 1

≤ 𝑴𝑪,𝟏
𝑻 𝑰 

(5.18) 

where the function ∆1
(1)

 is the ratio between the external work which the 

horizontal forces develop in the global mechanism and that developed in 

the 𝑖𝑚
𝑡ℎ type-1 mechanism. 

∆1
(1)

=
𝑭𝑻𝒔(𝒈)

𝑭𝑻𝒔𝟏
(𝟏)

 (5.19) 

In addition, type-2 mechanism at first storey (𝑖𝑚 = 1) is perfectly 

coincident with global mechanism, for this reason, the condition 

expressed in Eq. (5.16) does not make sense.  

 

Design algorithm 

The TPMC algorithm is developed according to the following steps:  

a) Selection of the design top sway displacement, i.e. the displacement 

up to which the equilibrium curve of the global mechanism has to be 

located below those corresponding to all the undesired mechanisms. 

The ultimate top sway displacement has to be compatible with the 

ultimate rotation 𝜃𝑝𝑢 which the beam-to-column connections and the 

column-base connections are able to accommodate. It can be 

evaluated as 𝛿𝑢 = 𝜃𝑝𝑢ℎ𝑛𝑠; 
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b) Computation of the axial load acting at collapse state in the columns 

starting from the shear action transmitted by the beams; 

c) Computation of the slopes γ𝑖𝑚
(𝑡)

 of the equilibrium curves of the 

considered mechanisms, given by Eqs. (5.7), (5.10) and (5.13); 

d) Computation of the required moment of columns at first storey by 

means of Eq. (5.18); 

e) Design of first storey columns accounting for axial load at the 

collapse state (step b)) and computation of the obtained moment of 

column at first storey namely 𝑴𝑪,𝟏
∗𝑻 𝑰 

f) Computation of the required moment of columns at each storey (𝑖𝑚 >

1) by rearranging Eq. (5.15), (5.16) and (5.17) in the following way: 

𝑴𝑪,𝟏
∗𝑻 𝑰 (

1

∆
𝑖𝑚

(1)
− 1) +

2𝑡𝑟(𝑩𝑻𝑹𝒃
(𝒈)

)

∆𝑖𝑚
(1)

− 2𝑡𝑟(𝑩𝑻𝑹𝒃,𝒊𝒎
(𝟏)

) + 𝑡𝑟(𝒒𝑻𝑹𝑫𝒗,𝒊𝒎
(𝟏)

)

−
𝑡𝑟(𝒒𝑻𝑹𝑫𝒗

(𝒈)
)

∆𝑖𝑚
(1)

+ (
𝑽𝑻𝒔𝒊𝒎

(𝟏)

ℎ𝑖𝑚

−
𝑽𝑻𝒔(𝒈)

ℎ𝑛𝑠∆𝑖𝑚
(1)

) 𝛿𝑢 ≤ 𝑴𝑪,𝒊𝒎
(𝟏)𝑻

𝑰 

(5.20) 

𝑴𝑪,𝟏
∗𝑻 𝑰

∆𝑖𝑚
(2)

+
2𝑡𝑟 (𝑩𝑻𝑹𝒃

(𝒈)
)

∆𝑖𝑚
(2)

− 2𝑡𝑟(𝑩𝑻𝑹𝒃,𝒊𝒎
(𝟐)

) + 𝒕𝒓(𝒒𝑻𝑹𝑫𝒗,𝒊𝒎
(𝟐)

)

−
𝒕𝒓 (𝒒𝑻𝑹𝑫𝒗

(𝒈)
)

∆𝑖𝑚
(2)

+ (
𝑽𝑻𝒔𝒊𝒎

(𝟐)

ℎ𝑛𝑠 − ℎ𝑖𝑚−1

−
𝑽𝑻𝒔(𝒈)

ℎ𝑛𝑠∆𝑖𝑚
(2)

) 𝛿𝑢

≤ 𝑴𝑪,𝒊𝒎
(𝟐)𝑻

𝑰 

(5.21) 

𝑴𝑪,𝟏
∗𝑻 𝑰

2 ∆𝑖𝑚
(3)

+
𝑡𝑟 (𝑩𝑻𝑹𝒃

(𝒈)
)

∆𝑖𝑚
(3)

−
𝒕𝒓 (𝒒𝑻𝑹𝑫𝒗

(𝒈)
)

2
+ (

𝑽𝑻𝒔𝒊𝒎
(𝟑)

ℎ𝑖𝑚 − ℎ𝑖𝑚−1

−
𝑽𝑻𝒔(𝒈)

ℎ𝑛𝑠∆𝑖𝑚
(3)

)
𝛿𝑢

2

≤ 𝑴𝑪,𝒊𝒎
(3)𝑻

𝑰 

(5.22) 
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where ∆𝑖𝑚
(1)

, ∆𝑖𝑚
(2)

 and ∆𝑖𝑚
(3)

 are the ratio between the external work which the 

horizontal forces develop in the global mechanism and that developed in 

the 𝑖𝑚
𝑡ℎ type-1, type-2 and type-3 mechanism, respectively. 

g) Computation of the required sum of the reduced plastic moments of 

columns at each storey as the maximum value among those coming 

from the above design conditions: 

𝑴𝑪,𝒊𝒎
𝑻 𝑰 = max{𝑴𝑪,𝒊𝒎

(𝟏)
𝑰, 𝑴𝑪,𝒊𝒎

(𝟐)
𝑰, 𝑴𝑪,𝒊𝒎

(𝟑)
𝑰}                 𝑖𝑚 > 1 (5.23) 

h) The sum of the required plastic moment of columns at each storey, 

reduced for the contemporary action of the axial force, is distributed 

among all the storey columns, proportionally to the axial force acting 

at collapse state.  

i) If necessary, a technological condition is imposed by requiring, 

starting from the base, that the column sections cannot increase 

along the building height. If this condition requires the change of 

column sections at first storey then the procedure needs to be 

repeated from point e).  

Column sections provided by TPMC are the one necessary to assure the 

development of a collapse mechanism of global type.  

 

Study case 

Applying the procedure described above, a four bays – six storeys frame 

have been designed. The interstorey heights are equal to 3.20m except for 

the first storey whose height is equal to 3.50m while the bay span L is 

equal to 6.00m. Regarding the design loads, a uniform dead load 𝑔𝑘 =

4.00 𝑘𝑁 𝑚2⁄  and a uniform live load 𝑞𝑘 = 2 𝑘𝑁 𝑚2⁄  (value given by the code 
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for residential buildings) have been considered. Since the analysed frame 

is the perimeter one and the transversal bay span Lt is equal to 6.00m, a 

uniform dead load 𝐺𝑘 = 𝑔𝑘 ∙
𝐿𝑡

2
= 12.00 𝑘𝑁 𝑚⁄  and a uniform live load 𝑄𝑘 =

𝑞𝑘 ∙
𝐿𝑡

2
= 6 𝑘𝑁 𝑚⁄  have been considered so that the design vertical load 

distribution has been determined, in accordance with EC8, i.e. 

𝑞 = 1.35𝐺𝑘 + 1.5𝑄𝑘 = 25.20 𝑘𝑁 𝑚⁄ . With reference to the seismic load 

combination, 𝑞 = 𝐺𝑘 + 𝜓2𝑄𝑘 + 𝐸𝑑  (where 𝜓2 is the coefficient for the quasi-

permanent value of the variable actions, equal to 0.3 for residential 

buildings), the applied vertical load is 𝑞 = 12 + 0.3 ∙ 6 = 13.8 𝑘𝑁 𝑚⁄  

(Fig.5.5). Finally, in the dynamic analyses, the considered seismic masses 

have been evaluated starting from the uniform distributed loads. 

In order to withstand vertical loads, a design value of the beam plastic 

moment approximately equal to 𝑞𝐿2 8⁄  has been chosen and IPE270 

profiles made of S275 steel grade have been adopted for the beams. The 

column sections has been selected by adopting the design procedure 

previously described assuring a global collapse mechanism. The whole 

procedure has been carried out with reference to S275 steel grade (fyk= 

275 MPa). The design horizontal forces have been determined according 

to Eurocode 8 [6], assuming a peak ground acceleration equal to 0.35 g, 

a seismic response factor equal to 2.5, a behaviour factor equal to 6. In 

addition, an horizontal force distribution according to the first vibration 

mode is assumed. 
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Fig. 5.5 – Analysed frame 

Aiming to assure a frame structural response consistent with the joint 

rotational behaviour obtained from experimental tests, the values of 

column and beam material mechanical properties adopted in IDA are 

assumed equal to the nominal values. For beam and column elements, a 

6.00 m

ANALYSED FRAME

6
.0

0
 m

IPE 270IPE 270 IPE 270 IPE 270

6.00 m6.00 m6.00 m

H
E

 2
2

0
 B

qd = 25.20 kN/m

6.00 m 6.00 m 6.00 m 6.00 m

3
.5

0
 m

3
.2

0
 m

3
.2

0
 m

3
.2

0
 m

3
.2

0
 m

3
.2

0
 m

IPE 270

H
E

 2
6

0
 B

H
E

 2
8

0
 B

H
E

 2
8

0
 B

H
E

 2
8

0
 B

H
E

 3
0

0
 B

IPE 270 IPE 270 IPE 270

IPE 270IPE 270 IPE 270 IPE 270

IPE 270IPE 270 IPE 270 IPE 270

IPE 270IPE 270 IPE 270 IPE 270

IPE 270IPE 270 IPE 270 IPE 270

IPE 270IPE 270 IPE 270 IPE 270



262 Influence of the beam-to-column joints on the seismic behaviour of steel MRFs 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

bilinear elastic-perfectly plastic model characterized by an hysteretic 

behaviour without any degradation have been adopted. Once defined the 

material constitutive laws, in the SeismoStruct 2016 computer program, 

the elements have been modelled as: 

‐ Beams and Columns: infrmDB elements. This is the displacement-

based 3D beam-column element type capable of modelling members 

of space frames with geometric and material nonlinearities. The 

sectional stress-strain state is obtained through the integration of the 

nonlinear uniaxial material response of the individual fibres in which 

the section has been subdivided, fully accounting for the spread of 

inelasticity along the member length and across the section depth. 

In order to approximate nonlinear element response, constant axial 

deformation and linear curvature distribution are enforced along the 

element length, which is exact only for prismatic linear elastic 

elements. Consequently, infrmDB should be employed with members 

of small length, leading to the need for a mesh refinement, in order to 

achieve good accuracy in the case of higher order distributions of 

deformations., In order to post-process nodal displacements/rotation 

and to estimate the members chord-rotations, 4 elements per 

structural member has been defined;  the number of section fibres 

used in equilibrium computations carried out at each of the element's 

integration sections is equal to 200; 

‐ Beam-to-column connections: link elements. These are the 3D link 

elements with uncoupled axial, shear and moment actions that can be 

used to model, for instance, pinned or flexible beam-column 

connections. The link elements connect two initially coincident 

structural nodes and require the definition of an independent force-



Chapter 5 263 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

displacement (or moment-rotation) response curve for each of its local 

six degrees of freedom (F1, F2, F3, M1, M2, M3). Several types of link 

are available in the used software such as the linear symmetric curve 

– lin_sym, linear asymmetric curve – lin_asm, bilinear symmetric curve 

– bl_sym, bilinear asymmetric curve – bi_asm, bilinear kinematic 

hardening curve – bl_kin and so on. In this work, the smooth curve – 

smooth whose parameters have been widely discussed in following 

section, has been adopted; 

‐ Seismic masses: lmass elements. The lumped mass element is a 

single-node mass element, characterised by three translational and 

three rotational inertia values. The latter are defined by means of the 

mass moment of inertia (not to be confused with the second moment 

of area, commonly named also as moment of inertia). The inertia mass 

values are to be defined with respect to the global reference system (X, 

Y and Z), and lead to a diagonal 6x6 element mass matrix. 

‐ Damping: Rayleigh damping. In nonlinear dynamic analysis, 

hysteretic damping, which usually is responsible for the dissipation of 

the majority of energy introduced by the earthquake action, is already 

implicitly included within the nonlinear fibre model formulation of the 

inelastic frame elements or within the nonlinear force displacement 

response curve formulation used to characterise the response of link 

elements. Traditionally, such modest energy dissipation sources have 

been considered through the use of Rayleigh damping [7,8] with 

equivalent viscous damping values ξ varying from 1% to 8%, 

depending on structural type, materials used, non-structural 

elements, period and magnitude of vibration, mode of vibration being 

considered, etc [9]. For Rayleigh damping definition is asked to enter 
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the period T1 and T2 and damping values ξ1 and ξ2 of the first and last 

mode of interest. The mass-proportional 𝛼𝑀 and the stiffness-

proportional 𝛼𝐾  matrices multiplying coefficients are then computed 

by the program, using the expressions given below, which ensure that 

true Rayleigh damping is obtained: 

𝛼𝑀 = 4𝜋 ∙
𝜉1𝑇1 − 𝜉2𝑇2

𝑇1
2 − 𝑇2

2        and         𝛼𝐾 =
𝑇1 ∙ 𝑇2

𝜋
∙

𝜉1𝑇1 − 𝜉2𝑇2

𝑇1
2 − 𝑇2

2  (5.24) 

In Table 5.2 the values of the period T1 and T2 and damping values ξ1 

and ξ2 of the first and second mode of the frame equipped with the 

three different beam-to-column connections have been reported. 

Table 5.2 – Parameters used for the definition of the Rayleigh damping  

Joint T1 T2 ξ1 = ξ2 

EEP-DB-CYC 03 1.59 0.48 

5% TS-CYC 04 1.79 0.52 

FREEDAM-CYC 01 1.53 0.46 

 

5.3. Cyclic modelling and calibration of the 
parameters: implementation of genetic 
algorithm 

The hysteretic joint behaviour has been modelled by adopting a Smooth 

Hysteretic Model (SHM) which allowed a better numerical convergence 

during the analyses with respect to the Polynomial Hysteretic Model. The 

parameters of the hysteretic moment-rotation low of the analysed joints 

have been experimentally calibrated performing the best curve fitting. In 
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order to calibrate the parameters, a simple portal frame has been 

implemented in SeismoStruct performing cyclic pushover analyses under 

displacement control with the same loading history of the experimental 

tests on joints described in chapter 4. The minimization of the scatter in 

terms of dissipated energy and bending moment between the spring 

moment-rotation curves provided by SeismoStruct and those obtained by 

experimental tests allowed to calibrate the joint model parameters.  

Calibration (or parameter identification) of a numerical model means 

finding the set of parameters �̃� such that the computed response given 

by a simulation of a test yc(p) is as close as possible to the experimental 

response yexp. This implies solving the optimisation problem: 

 

�̃� = arg min
𝒑

𝜔 (𝒚𝒆𝒙𝒑, 𝒚𝒄(𝒑)) (5.25) 

where 𝜔 (𝒚𝒆𝒙𝒑, 𝒚𝒄(𝒑)) = 𝜔(𝒑) is a suitable cost function measuring the 

inconsistency between the experimental and computed quantities. One 

of the simplest and most widespread formulation for the cost function, 

adopted in this work, is: 

 

𝜔(𝒑) =
1

ωref

‖𝒚𝒆𝒙𝒑 − 𝒚𝒄(𝒑)‖ (5.26) 

where the operator ‖∙‖ represents the Euclidean norm of a vector and 

ωref = ‖𝒚𝒆𝒙𝒑‖ is a scaling factor needed to make ω non-dimensional. The 

minimisation of ω may be accomplished by using gradient-based methods 

(Trust region [10], Sequential Quadratic Programming [11]), or zero-order 

methods (Nelder–Mead algorithm [12], Genetic Algorithms [13]). In the 
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context of parameter identification, it is useful to remark the difference 

between calibration and validation test [14,15]. The former is the test 

introduced in Eq. (5.25) to estimate the model parameters p. The a-

posteriori comparison between the experimental results and the best 

model simulation serves as a preliminary assessment of the result. If the 

comparison fails, i.e. the two responses are found too different, this may 

be due to a problem either in the optimisation procedure (the real 

optimum has not been reached) or in the choice of the numerical model 

(the optimum has been attained, but the model cannot properly simulate 

the experimental response). If this check is positively passed, the 

calibration result has to be verified as regards its predictive capability. 

This is the objective of a validation test. The reasoning under this 

additional test is twofold. Firstly, it is very unlikely that, from a 

mathematical viewpoint, the relationship between parameters and 

response is bijective. Most often, the inverse problem of estimating 

parameters from the response is ill-posed, meaning that more than one 

solution corresponds to the same response fitting. When applied to a 

different loading condition, these multiple solutions may give responses 

significantly different from each other. Secondly, the mathematical model 

is always imperfect, and it may be accurate in predicting the response of 

a structure under some conditions, yet give poor approximation of the 

response in a different case. A test with different loading conditions is 

thus useful to investigate the applicability of the previously calibrated 

model. The cost function defined in Eq. (5.26) is related to a single test. 

When N calibration tests are performed, the problem of how to collect 

information from different sources arises. The optimisation problem 

(5.25) becomes in this case: 
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�̃� = arg min
𝒑

{𝜔1(𝒑), … , 𝜔𝑁(𝒑)} (5.27) 

where 𝜔𝑖(𝒑) represents the cost function value of the ith test. 

In the context of multi-objective optimisation, the concept of Pareto 

optimality replaces the usual notion of optimality [16]. In a minimisation 

problem, a solution p1 is said to dominate a solution p2 if and only if: 

 

𝜔𝑖(𝒑𝟏) ≤  𝜔𝑖(𝒑𝟐) ∀𝑖 = 1, … , 𝑁 

 

𝜔𝑖(𝒑𝟏) <  𝜔𝑖(𝒑𝟐) ∃𝑖 = 1, … , 𝑁 

(5.28) 

A solution is referred to as Pareto optimal if it is not dominated by any 

other solution. The set of Pareto optimal solutions, called Pareto Front 

(PF), represents the general solution of the problem (5.27). Most methods 

for solving multi-objective optimisation problems, such as the Weighted 

Sum Method [17], convert them into simpler problems, in which a scalar 

function of the objectives is minimised or maximised.  

Under some assumptions, this gives a solution belonging to PF and is an 

acceptable compromise between all (possibly conflicting) objectives. 

However, the definition of “acceptable compromise” is left to the user, who 

must carefully define the objective weights a priori. On the contrary, in 

the context of Genetic Algorithms, it is possible to track the whole Pareto 

Front without deciding the weight to assign to each objective a priori and 

postponing instead the choice of a unique solution if needed by the user. 

Genetic Algorithms [13] are a zero-order, population-based meta-

heuristic widely used to solve difficult optimisation problems. They mimic 

the optimum search as observed in nature, where living species evolve 

through recombination of their genetic pool. The algorithm starts with a 
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population of randomly (or quasi-randomly) generated solutions, of which 

the fitness function is evaluated. The chromosome of a solution 

(individual) is represented by the vector p, while its fitness is the value 

ω(p). The individuals in a population are then ranked based on their 

fitness and an intermediate population is created by rearranging the 

previous one. High-fitness individuals may be duplicated, and poor-

performing individuals may disappear. Individuals in the intermediate 

population are selected to mate, and, by recombination (crossover) of the 

parents’ chromosomes, new individuals (offspring) are generated. These 

new individuals are the basis for the generation of a new population, 

which is evaluated after application of mutation with low probability 

(random changes in some genes, to increase exploration capability of the 

algorithm) and elitism (best individuals of the parent population may 

remain in the new population, to avoid losing promising solutions). The 

new population is in average better than the previous, and after 

evaluation undergoes the same operators described, i.e. ranking, 

selection, crossover, mutation, elitism. The iterative process is stopped 

when some condition is met. In the problems described in this paper, the 

termination condition consisted of a fixed number of generations. Thanks 

to population processing, multi-objective optimisation may be effectively 

handled by a GA without the need of defining a scalar measure of the 

objective vector ω=[ω1, …, ωN]T. The key concept of the Non-dominated 

Sorting Genetic Algorithm-II (NSGA-II, [18]) is that the evolution should 

be driven by two overall purposes: a) search for the PF and b) avoiding 

premature convergence. This is achieved by slight modification of the 

operators described above. Objective a) is obtained with ranking based 

on non-domination concepts instead of fitness values. Premature 

convergence is avoided adopting a selection algorithm based on crowding 
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fitness, meaning that isolated solutions are preferred to solutions 

surrounded by many individuals. This approach represents the state-of-

art in the field of multi-objective optimisation and is implemented in the 

software TOSCA [19], used in this case.  

           a) 

             b) 

Fig. 5.6 – EEP-DB-CYC03 joint: a) Hysteretic curve; b) energy dissipation  

In Figs.5.6-5.8, the good accuracy of the calibrated models is testified as 

evidenced by the overlap between the experimental and predicted curves. 

In particular, in Fig. 5.6a the moment-rotation curves for EEP-DB-CYC03 
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have been illustrated while in Fig. 5.6b the energy dissipation-time curves 

have been reported; it is possible to notice that the maximum difference 

between the experimental and calibrated values of the dissipated energy 

is equal to 0.2%. 

            a) 

               b) 

Fig. 5.7 – TS-CYC04 joint: a) hysteretic curve; b) energy dissipation 

For the TS-CYC 04 connection, the moment-rotation (Fig. 5.7a) curves 
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this case, the maximum difference between the experimental and 

calibrated values of the dissipated energy is equal to 5%.  

           a) 

            b) 

Fig. 5.8 – FREEDAM-CYC01 joint: a) hysteretic curve; b) energy dissipation 
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3%. The calibrated parameters have been summarized, for each joint 

typologies, in Table 5.3: 

Table 5.3 – Parameters of the smooth model 

  EEP-DB-CYC 03 TS-CYC 04 FREEDAM-CYC 01 

Initial rotational stiffness EI 41687.772 14662.215 73063.723 

First yielding 

moment 
PCP 

+108.518 

-108.518 

+114.050 

-114.050 

+70.163 

-95.335 

Plastic moment PYP 
+217.035 

-217.035 

+228.081 

-228.081 

+140.326 

-190.671 

Yield rotation UYP 
+0.096 

-0.096 

+0.106 

-0.106 

+0.074 

-0.074 

Ultimate rotation UUP 
+0.193 

-0.193 

+0.211 

-0.211 

+0.148 

-0.148 

Post Yield stiffness ratio as 

% of elastic 
 0.008 0.059 0.005 

Stiffness degradation 

parameter 
HC 9.700 10.700 20.000 

Strength degradation 

parameter based on 

ductility 

HBD 0.226 0.416 0.191 

Strength degradation 

parameter based on 

energy dissipation 

HBE 0.274 0.388 0.103 

Parameter controlling 

smoothness of 

elastic-plastic transition 

NTRANS 0.873 0.173 13.646 

Parameter controlling the 

shape of unloading curve 
ETA 0.567 0.977 0.809 

Parameter controlling the 

slip length 
HSR 0.070 2.000 0.190 

Parameter controlling the 

slip curve 
HSS 0.090 0.310 -0.080 

Parameter controlling the 

slip at mean moment 
HSM 1.360 1.360 1.920 

Gap closing spring 

exponent 
NGAP 1.000 2.089 1.000 

Parameter controlling the 

gap closing curve 
PHIGAP 1.000 0.100 1000.000 

Parameter controlling the 

gap closing stiffness 
STIFFGAP 1.000 1.731 1.000 
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5.4. Individuation of the earthquake record 

In order to evaluate the seismic performance of the structure equipped 

with traditional and innovative beam-to-column joints, dynamic analyses 

have been performed by means of the computer program SeismoStruct 

v.2016 (Fig. 5.9).  

 
Fig. 5.9 – Analysed structure modelled in SeismoStruct v.2016 computer 

program 

A set constituted by 8 ground motion records have been considered and 

the IDA have been performed increasing progressively the spectral 

acceleration up to achievement of the experimental value of the plastic 

rotation supply. The choice of the set of accelerograms is not accidental: 

only the seismic events whose average spectrum have a spectrum 

compatible with the design spectrum given by Eurocode 8 for the soil type 

C have been considered [6]. In Fig. 5.10 the elastic spectrum of the 
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analysed earthquakes, the design spectrum given by Eurocode 8 and the 

average spectrum have been reported.  

 

Fig. 5.10 – Spectrum 

If the structural response is governed by the first mode of vibration, its 

variability will be equal to zero because the structure, for each 

accelerogram, will be subjected exactly to the spectral acceleration 

corresponding to the first period of vibration. Conversely, since the 

response of the structure is influenced by the higher modes and for 

higher values of the spectral acceleration the structure is more deformed 

and less stiffened, the vibration period is great and the correspondent 

acceleration is different for each selected accelerogram. In terms of 

record-to-record variability, these are the main factors that influence the 

response of the structures. 

In Table 5.4 the earthquakes data have been summarized: 
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Table 5.4 – Basic data of the selected ground motions 

ID 
Earthquak

e name 
Date 

Station 

name 

Sation 

Country 
Magnitude 

Fault 

mechanism 
PGA [g] 

EQ_1 Alkion 24.02.1981 
Xylokastro-

O.T.E. 
Greece 6.6 Normal 1.066 

EQ_2 Montenegro 24.05.1979 

Bar-

Skupstina 
Opstine 

Montenegro 6.2 Reverse 0.492 

EQ_3 Izmit 13.09.1999 
Usgs Golden 
Station Kor 

Turkey 5.8 Strike-Slip 0.375 

EQ_4 Aigion 15.06.1995 Aigio-OTE Greece 6.5 Normal 0.313 

EQ_5 
Umbria-

Marche 
26.09.1997 

Castelnuovo-
Assisi 

Italy 6.0 Normal 0.369 

EQ_6 Izmit 17.08.1999 
Istanbul-

Zeytinburnu 
Turkey 7.4 Strike-Slip 0.480 

EQ_7 Olfus 29.05.2008 
Ljosafoss-

Hydroelectric 
Power 

Iceland 6.3 Strike-Slip 0.315 

EQ_8 Olfus 29.05.2008 
Selfoss-City 

Hall 
Iceland 6.3 Strike-Slip 0.309 

All accelerograms have been preliminarily scaled to the value of the 

spectral acceleration corresponding to the fundamental period of 

vibration of the structure, equal to T1=1.58 sec for frames with EEP-DB-

CYC03 connections, equal to T1=1.79 sec for frame with TS-CYC04 

connections and equal to T1=1.53 sec for frames with FREEDAM-CYC01 

connections. 

5.5. Seismic response of steel MRFs 

The IDA have been performed increasing progressively the spectral 

acceleration up to achievement of the ultimate condition corresponding 

to the attainment of the experimental ultimate value of the plastic 

rotation supply equal to 0.06 rad for EEP-DB-CYC03 and equal to 0.07 

rad for TS-CYC04, and by the target maximum interstorey drift, equal to 

0.10 according to FEMA [19], for frame with FREEDAM-CYC01 
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connections which practically don’t have any limitation in terms of 

rotational capacity if the length of the holes for the sliding of bolts is 

sufficiently great. In the following the IDA curves have been reported in 

terms of Maximum spring rotation and Maximum intersorey drift versus 

the spectral acceleration for the eight earthquakes. In addition, the 

average IDA curves have been reported. The results of the IDA, in terms 

of maximum spring rotation, are illustrated in Fig. 5.11, while the results 

of IDA in terms of maximum interstorey drift are illustrated in Fig. 5.12.  
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                  a) 

                  b) 

                          c) 

Fig. 5.11 – Results of IDA in terms of maximum spring rotation versus 

spectral acceleration: a) EEP-DB-CYC03; b) TS-CYC04; c) FREEDAM-CYC01 
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                  a) 

                  b) 

                  c) 

Fig. 5.12 – Results of IDA in terms of maximum interstorey drift versus 

spectral acceleration: a) EEP-DB-CYC03; b) TS-CYC04; c) FREEDAM-CYC01 
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The value of the spectral acceleration up to achievement of the ultimate 

conditions, i.e. the attainment of the experimental ultimate value of the 

plastic rotation supply for EEP-DB-CYC03 and TS-CYC04 joints, and of 

the target maximum interstorey drift for frame with FREEDAM-CYC01 

connections, are summarized in Table 5.5. It can be observed that the 

frame with TS-CYC-04 (double split Tee connections) and the EEP-DB-

CYC-03 (RBS connections) show the similar seismic performance. In 

particular, the frame with TS-CYC-04 joints, since the joints are 

characterized by cyclic behaviour with significant pinching, exhibits a 

maximum value of the PGA at collapse - equal to 1.43 - less than the 

frame with EEP-DB-CYC03 joints – equal to 1.59. The frame equipped 

with friction dampers shows the best performance testifying the good 

potentialities of the dissipative joints which could represents a more 

suitable solution for steel frames under destructive earthquake. 

Table 5.5 – Spectral acceleration up to achievement of the ultimate conditions 

Earthquakes 
EEP-DB-CYC 03 

[g] 

TS-CYC 04 

[g] 

FREEDAM-CYC 01 

[g] 

EQ_1 Alkion 1.64 0.91 2.60 

EQ_2 Montenegro 2.19 1.94 2.67 

EQ_3 Izmit 1.53 2.87 3.04 

EQ_4 Aigion 1.87 1.49 3.49 

EQ_5 Umbria-Marche 1.28 0.81 2.19 

EQ_6 Izmit 1.27 1.11 1.53 

EQ_7 Olfus 1.73 1.18 2.19 

EQ_8 Olfus 1.22 1.16 1.84 

𝑬[𝑺𝒂(𝑻𝟏)/𝒈]|𝒄𝒐𝒍𝒍𝒂𝒑𝒔𝒆 1.59 1.43 2.44 
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The Incremental Dynamic Analysis performed on a four bays-six storeys 

steel frames equipped with Full and Partial Strength Joints, evidenced 

that semirigid partial-strength connections, if well designed, can be 

considered to have adequate ductility and dissipation capacity in order 

to satisfy the seismic demand.  In particular, the Double Tee Joints, even 

though are characterized by cyclic behaviour with significant pinching, 

due to their greater plastic rotational capacity, provide a similar 

maximum value of the PGA at collapse with respect to Full Strength Joint. 

However, the Incremental Dynamic Analysis performed on a frame 

equipped with FREEDAM joints shows a very significant improvement of 

the PGA at collapse for both solutions, which are promising for the full 

development of innovative beam-to-column joints.
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6.1. Introduction 

Robustness of Moment Resistant Frames (MRFs) designed according to 

current seismic codes and subjected to a loss-of-column scenario is 

strictly linked to the deformation capacity of beam-to-column 

connections, which are usually subjected to combined axial and 

bending loads. In the seismic design of steel frames, once avoided the 

yielding of columns, a global dissipative collapse mechanism has to be 

ensured by imposing the formation of plastic hinges at the ends of the 

beams or in the connections and guarantying, provided that the 

elements involved in plastic range have an adequate energy dissipation 

capacity. To this scope, beam-to-column joints play a role of paramount 

importance. Therefore, in the field of the seismic applications in order to 

predict accurately the structural response up to failure, an accurate 

modelling of the ultimate behaviour of beam-to-column joints subjected 

to bending loads has been developed. Within this framework, in this 

chapter the influence of the response of the connections designed for 

seismic application on the global behaviour of MRFs under a loss-of-

column scenario providing an accurate modelling of connections 

subjected to combined axial and bending loads, has been analysed. To 

this scope the beam-to-column joints described in the previous 

chapters, have been modelled and introduced in the case-study 

structure - analysed in chapter 5 under seismic conditions - whose 

response has been assessed by means of push-down analyses. The 

pushdown analyses of the structures by varying the beam-to-column 

connections have been performed in SAP 2000 computer program [1]. 

To this scope, preliminarily the component method for predicting the 
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whole moment-rotation curve of the joint has been modified in order to 

account for the development of axial forces and to introduce the 

ultimate deformation of the single joint components. In particular, a 

refined model for the prediction of the ultimate behaviour, i.e. in terms 

of stiffness, resistance and ductility, of the T-stub has been considered 

[2]. In addition, this approach has been extended to the other joint 

components that could be modelled by means of an equivalent T-stub. 

The performances of the analysed frames have been analysed and are 

compared using the Residual Reserve Strength Ratio (RRSR) index 

combined with the energy balance method. 

6.2. Robustness of the structures: general 
aspects 

After the recent events, as terrorist attacks, explosions, etc., the 

progressive collapse and the robustness of the structures designed 

according to the seismic codes [3] are considered as important aspects 

to investigate. It is well known that the resisting capacity to the 

progressive collapse of the structures is strictly linked to their ductility 

supply and, consequently, to their dissipation capacity. Generally, steel 

Moment Resisting Frames (MRFs) are considered to be highly ductile 

and thus more suitable to resist to the collapse caused by the local 

failure of the major loading resisting elements. However, during severe 

earthquakes like Northridge and Kobe earthquakes, several brittle 

failure occurred in the beam-to-column joints. This testify the rule of 

paramount importance assumed by the joints in the seismic design 

both in case in which they are designed as Full Strength (FS) so that the 

seismic input energy is absorbed by means of cyclic excursions of the 
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beam ends in plastic range and in the case in which they are designed 

as Partial Strength (PS) so that the plastic engagement of ductile joint 

components supplies the required dissipation capacity. Therefore, in 

order to predict accurately the structural response up to failure, a 

modelling of the ultimate behaviour of beam-to-column joints is 

necessary. The current methodology for the prediction of behaviour of 

joints suggested by Eurocode 3 [4] is based on the so-called component 

method [5-7], which provides to break-up joints in single components 

that are first characterized in terms of stiffness and resistance and then 

assembled in a mechanical model able to provide the response of the 

whole connection. Nevertheless, even though the component method is 

already very advanced, there are still some limitations related to the 

prediction of the ductility of each joint component and to the possibility 

to account for axial forces due to the development of catenary effects. 

These two aspects will be analysed and modelled in the following. 

Regarding the evaluation of the structural robustness, several approach 

can be followed: 

‐ Risk based robustness index [8]; 

‐ Energy based partial pushdown analysis [9]; 

‐ Deterministic robustness indexes [10]. 

In this thesis, the performance of the analysed frames is evaluated and 

compared using the Residual Reserve Strength Ratio (RRSR) index [10-

12], i.e. a quantitative index  to assess the robustness of damaged 

structures, and to quantify the progressive collapse resistance of real 

complex structures. This approach has been combined with the energy 

balance method [13] that adopts a simplify approach evaluating the 

maximum dynamic response from nonlinear static response. 
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6.3. Modelling of the connections in order to 
evaluate the structural robustness  

Starting from the analysed joint typologies, the attention is focused on 

their performances when adopted in Steel Moment Resisting frames 

subjected to a loss of a column scenario. The joint typologies considered 

even in the development of the Robustness analyses are: the dog-bone 

connection (EEP-DB-CYC03), the partial strength Double Split Tee 

(DST) joint (TS-CYC04) and the partial strength FREE from DAMage 

connection with friction dampers (FREEDAM-CYC01).  

      a)      b)   c) 

Fig. 6.1 – Notation for the geometrical properties: a) EEP-DB-CYC03;  

b) TS-CYC014; c) FREEDAM-CYC01 
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The main geometrical parameters of the connecting elements of the 

beam-to-column joints are reported in Table 6.1 with reference to the 

notation of Fig. 6.1. 

Table 6.1 – Measured geometrical properties of the joints 

Joint EEP-DB-CYC 03 TS-CYC 04 FREEDAM-CYC 01 

Bolts 8 M24 (10.9) 8 M20 (10.9) 8 M20 (10.9) 

Pre-loading 550 Nm 550 Nm 445 Nm 

bep 427.0 154.0 200.0 

hep 161.0 2x257 
187 – (T-stub) 

2x98 – (L-stub) 

tep 25.3 25.2 20 

e1 36.0 30.2 
48.3 – (T-stub) 
42.5 – (L-stub) 

e2 33.0 39.0 43 

p1 89.0 94.3 
103.4 – (T-stub) 
115.0 – (L-stub) 

p2 99.0 177 101 

p3 163.0 - - 

In addition, the mechanical properties of the dissipative elements of the 

joints represented by the endplate for EEP-DB-CYC 03 and by the 

flange of the tee elements for the TS-CYC 04, are given in Table 6.2. For 

the FREEDAM-CYC 01 joint typology, the nominal values of the 

mechanical properties of all the joint components have been considered. 
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Table 6.2 – Endplate mechanical properties 

Joint EEP-DB-CYC 03 TS-CYC 04 

fy [N/mm2] 290 295 

fu [N/mm2] 493.7 520 

E [N/mm2] 207288 210000 

εh/εy 11.3 12.2 

εu/εy 589 486 

E/Eh 86.5 103.4 

E/Eu 632.8 486.0 

Finally, in Table 6.3, the mechanical properties of the column and beam 

are summarized. In EEP-DB-CYC 03 and TS-CYC 04 joints 

configuration, the column size is HE 200 B while the beam size is IPE 

270 while in FREEDAM-CYC 01 the column size is HE 220M and the 

beam size is still IPE 270. 

Table 6.3 – Column and beam mechanical properties 

Joint 
EEP-DB-CYC 03 TS-CYC 04 FREEDAM-CYC 01 

beam column beam column beam column 

fy,f [N/mm2] 405 430 405 430 355 

fu,f [N/mm2] 546 523 546 523 510 

fy,w [N/mm2] 387 382.5 387 382.5 355 

fu,w [N/mm2] 534 522 534 522 510 
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6.3.1. Extension of the component approach to joint 

subjected to axial and bending loads 

In the component approach, the flexural capacity of the whole joint is 

related to those of the single components. As aforementioned in the 

chapter 2, starting from the definition of the joint as the assembling of 

connection and panel zone of the column web, the concept of beam-

joint system has been taken up so that the joint and the beam are 

considered as two macro-elements in series whose contribution to the 

plastic deformation capacity is given by means of an accurate balance of 

the thresholds of the first plasticization and ultimate strength [5,17]. 

These two macro-elements has been properly modelled. Specifically, the 

dissipative capacity of the beam could be taken into account by means 

of a plastic hinge characterized by a constitutive law obtained by means 

of FEM analyses performed using ABAQUS 6.13 software.  

In detail, the moment-rotation curves characterizing the behaviour of 

the members when subjected to combined tensile force and bending 

moment, have been obtained for five fixed values of the axial force and 

by increasing progressively the value of the bending moment (Fig.6.1). 

Defined 𝜌 as the ratio between the applied axial force 𝑁 and the plastic 

resistance of the cross section 𝑁𝑝𝑙, the analyses have been performed 

considering: 

 𝜌 = 0         →       𝑁 = 0𝑘𝑁 

 𝜌 = 0.2      →       𝑁 ≅ 372𝑘𝑁 

 𝜌 = 0.4      →       𝑁 ≅ 744𝑘𝑁 

 𝜌 = 0.6      →       𝑁 ≅ 1117𝑘𝑁 

 𝜌 = 0.8      →       𝑁 ≅ 1489𝑘𝑁 
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Fig. 6.2 – Moment - rotation curves for the IPE 270 profile 

The results illustrated in Fig.6.2 evidence that for low values of the axial 

force, i.e. when 𝜌 = 0 and 𝜌 = 0.2, the ultimate condition is represented 

by the achievement of the ultimate material deformation while for 

greater values of 𝑁 the tensile resistance of the member is reached. 

Similarly, the analyses have been performed with reference to the 

reduced section of the beam of the EEP-DB-CYC 03 connection (Fig. 

6.3). The plastic resistance of the reduced cross section 𝑁𝑝𝑙.𝑅𝐵𝑆 is equal 

to 1497 kN so that the value of the applied axial force considered in the 

analyses are:  

 𝜌 = 0         →       𝑁 = 0𝑘𝑁 

 𝜌 = 0.2      →       𝑁 ≅ 299𝑘𝑁 

 𝜌 = 0.4      →       𝑁 ≅ 599𝑁 

 𝜌 = 0.6      →       𝑁 ≅ 898𝑘𝑁 

 𝜌 = 0.8      →       𝑁 ≅ 1198𝑘𝑁 
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Fig. 6.3 – Moment - rotation curves for the reduced beam section  

Generally, in case of column loss, the joints are subjected to combined 

bending moments and axial forces; nevertheless, also in these cases, as 

the components behaviour is independent from the load typologies 

applied on the joints, the component method is still valid. In particular, 

in order to take into account for both bending and axial actions, each 

component has been characterized by an extensional spring represented 

by a F-δ curve, where F is the force action in the component and δ is 

the related displacement. With reference to the all considered joints 

typologies, the following components have been modelled in terms of 

stiffness, resistance and ductility: column web in shear (cws), column 

web in compression (cwc), column web in tension (cwt), beam flange and 

web in compression (bfc), beam web in tension (bwt), column flange in 

bending (cfb), bolt in tension (bt), endplate in bending (epb), beam flange 

in tension (bft). In addition, for the bolted tee-stub connections other 

components have been considered: T-stub web in compression (Twc), t-

stub web in bearing (Twb), beam flange in bearing (bfb), bolts in shear 
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(bs); T-stub web in tension (Twt). In particular, three of the previous 

components are considered as rigid-plastic, i.e. the beam flange and 

web in compression, beam web in tension, plate in tension. In Table 

6.4, the adopted formulations provided by Eurocode 3 for the rigid-

plastic component, are summarized. 

Table 6.4 – Resistance of the rigid-plastic components 

Component Stiffness Resistance 

Beam flange and web in 
compression 

∞ 𝐹𝑏𝑓𝑏 =
𝑀𝑏,𝑅𝑑

(ℎ𝑡 − 𝑡𝑏𝑓)
 

Beam web in tension ∞ 𝐹𝑏𝑤𝑡 =
𝑏𝑒𝑓𝑓,𝑤𝑏 ∙ 𝑡𝑏𝑓 ∙ 𝑓𝑦,𝑤𝑏

𝛾𝑀0

 

Plate in tension ∞ 𝐹𝑝𝑡;𝑅𝑑 = 𝑚𝑖𝑛 {
𝐴 𝑓𝑦𝑑

𝛾𝑀0

;  
𝐴𝑛𝑒𝑡  𝑓𝑢𝑑

𝛾𝑀2

} 

𝑀𝑏,𝑅𝑑 is the design moment resistance of the beam cross-section, ℎ𝑡 is 

the depth of the connected beam, 𝑡𝑏𝑓 is the flange thickness of the 

connected beam, 𝑏𝑒𝑓𝑓,𝑤𝑏 is the effective width of the beam web, 𝑓𝑦,𝑤𝑏 is 

the yielding resistance of the beam web, 𝜇 is the slip factor, 𝑛 is the 

number of bolts, 𝑛𝑠 is the number of the friction surfaces, 𝐴𝑠 is the 

resistant area of the bolt, 𝑓𝑢𝑏 is the ultimate resistance of the bolt, 𝐴 is 

the gross area of the plate, 𝑓𝑦𝑑 is the yielding resistance of the plate, 𝐴𝑛𝑒𝑡 

is the net section of the plate, 𝑓𝑢𝑑 is the ultimate resistance of the plate 

and 𝛾𝑀0, 𝛾𝑀2 and 𝛾𝑀3  are partial safety factors given by EC3 Part 1-1. 
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Table 6.5 – Resistance of the elasto-plastic components 

Component Stiffness Resistance 

Column web in 
shear 

𝑘𝑐𝑤𝑠 =
0.38 ∙ 𝐴𝑣𝑐

𝛽 ∙ 𝑧
 

𝐹𝑐𝑤𝑐,𝑅𝑑 = 0.9
𝑓𝑦,𝑐𝑤 ∙ 𝐴𝑣𝑐

√3 ∙ 𝛾𝑀0

+ 𝐹𝑐𝑤𝑐,𝑅𝑑,𝑎𝑑𝑑 

  
with 
  

𝐹𝑐𝑤𝑐,𝑅𝑑,𝑎𝑑𝑑 =
4𝑀𝑝𝑙,𝑓𝑐,𝑅𝑑

𝑑𝑠
 

 
but 

𝐹𝑐𝑤𝑐,𝑅𝑑,𝑎𝑑𝑑 ≤
2𝑀𝑝𝑙,𝑓𝑐,𝑅𝑑 + 2𝑀𝑝𝑙,𝑠𝑡,𝑅𝑑

𝑑𝑠
 

Column web in 
compression 

𝑘𝑐𝑤𝑐 =
0.7 ∙ 𝑏𝑒𝑓𝑓,𝑐𝑤𝑐 ∙ 𝑡𝑤𝑐

𝑑𝑐
 

𝐹𝑐𝑤𝑐.𝑅𝑑 = 𝜔 ∙ [𝑏𝑒𝑓𝑓.𝑐𝑤𝑐  (𝑡𝑐𝑤 + 2 ∙ 𝑡𝑐𝑤)]

∙
𝑓𝑦.𝑐𝑤

𝛾𝑀0
 

Column web in 
tension 

𝑘𝑐𝑤𝑐 =
0.7 ∙ 𝑏𝑒𝑓𝑓,𝑐𝑤𝑡 ∙ 𝑡𝑤𝑐

𝑑𝑐
 𝐹𝑐𝑤𝑡,𝑅𝑑 =

𝜔 ∙ 𝑏𝑒𝑓𝑓.𝑐𝑤𝑡 ∙ 𝑡𝑤𝑐 ∙ 𝑓𝑦.𝑐𝑤

𝛾𝑀0
 

Bolt in shear 𝑘𝑏𝑠 =
16 ∙ 𝑛𝑏 ∙ 𝑑2 ∙ 𝑓𝑢𝑏

𝐸 ∙ 𝑑𝑀16
 𝐹𝑣,𝑅𝑑 =

𝛼𝑣 ∙ 𝐴𝑠 ∙ 𝑓𝑢𝑏

𝛾𝑀2
 

Plate and beam 
in bearing 

𝑘𝑏𝑒 =
24 ∙ 𝑛𝑏 ∙ 𝑘𝑏 ∙ 𝑘𝑡 ∙ 𝑑 ∙ 𝑓𝑢

𝐸
 𝐹𝑝,𝑅𝑑 =

𝑘1 ∙ 𝛼𝑏 ∙ 𝑑 ∙ 𝑓𝑢 ∙ 𝑡𝑝

𝛾𝑀2
 

According to Eurocode 3 [2], in Table 6.5 the resistance values and the 

stiffness coefficient of the elastic perfectly plastic components, are 

summarized, where Avc is the shear area, fy,cw is the yielding resistance 

of the column web, Mpl,fc,Rd is the design plastic moment resistance of a 

column flange, Mpl,st,Rd is the design plastic moment resistance of a 

stiffener, ds is the distance between the centrelines of the stiffeners, β is 

a transformation parameter, z is the lever arm; ω is a reduction factor to 
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allow for the possible effects of interaction with shear in the column web 

panel, beff.cwc is the effective width of the column web in compression, 

tcw is the thickness of the column web, bcp is the width of the continuity 

plate, tcp is the thickness of the continuity plate, dc is the clear depth of 

the column web, beff.cwt is the effective width of the column web in 

tension, αv is a coefficient depending on the bolt class, d is the bolt 

diameter, nbis the number of the bolt-rows in shear, dM16 is the nominal 

diameter of an M16 bolt, E is the young modulus, k1, αb, kb, kt are 

parameters depending on the position of the bolts, tp is the thickness of 

the element(plate or beam) and fu is the corresponding ultimate 

resistance. 

Regarding the joint components modelled by means of an equivalent T-

stub, i.e. the column flange in bending, endplate in bending and tee 

elements in bending, a theoretical model has been developed [2] and 

detailed in the ANNEX B. This model allows to the definition of the T-

stub response up to failure, starting from the definition of the geometry 

of the elements, the boundary conditions and the non-linear behaviour 

of its subcomponents, i.e., the plate and the bolts. The behaviour of the 

plate is defined adopting a lumped plasticity approach by means of 

nonlinear plastic hinges located in the T-stub flange, according to EC3, 

in correspondence of the bolt axis and in the section close to the T-stub 

web [3]. The characteristics of the plastic hinges are derived starting 

from the moment-curvature diagram of the cross-section representing 

the plate, according to the approach already proposed by Piluso et al. 

[21]. In a similar way, also the non-linear spring modelling the bolt 

shank behaviour is characterized starting from the knowledge of the 

stress-strain law of the basic material according to the approach 
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detailed in the next section. The failures of the sub-components of the 

T-stub, i.e. the bolts and the plate, are modelled by checking the 

ultimate condition on the stress-strain laws of the materials. In 

particular, the failure of the plastic hinges of the plate is individuated as 

corresponding to the plastic rotation leading to the attainment the 

ultimate strain at the most external fibre, while the failure of the bolt is 

identified in correspondence to the uplift value leading to the fracture 

elongation of the material composing the bolt. The displacements of the 

T-stub are evaluated step-by-step as the sum of the elastic and plastic 

parts. Finally, starting from the force-displacement curve of the each 

joint component, the mechanical models of the whole joints have been 

obtained for the robustness analyses of steel frames. 

In the following an explanation of the behaviour of connections analysed 

will take place. 

 

EEP-DB-CYC 03 connection 

With reference to the prediction of the response of the connections, it 

should be highlighted that, in case of bolted extended endplate 

connections having two or more bolt rows in tension, a refined model 

(Fig.6.2a) has to be adopted in order to take into account the interaction 

between the different bolt rows. Nevertheless, in the case of two bolt 

rows in tension, with the aim of simplifying the modelling of the 

connection, the prediction of the response of the connections can be 

carried out by means of the simplified mechanical model proposed by 

the Eurocode 3 [2] and depicted in Fig. 6.2b. 
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a) 

b) 

Fig. 6.4  – Mechanical model for the bolted connections: a) refined model; 
 b) simplified model 

In particular, when subjected to both sagging and hogging moment, the 

following components have to be taken into account in order to evaluate 

the stiffness and the resistance of the whole joint (Fig 6.3): 

 column web in shear (cws); 

 column web in compression (cwc); 

 beam flange and web in compression (bfc); 

 column web in tension (cwt); 

 column flange in bending (cfb); 

 endplate in bending (epb); 

 bolt in tension (bt); 

 beam web in tension (bwt).  
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a) 

b) 

Fig. 6.5  – EEP-DB-CYC 03: Mechanical model  

Aiming to obtain the force – displacement curves characterising the 

equivalent springs both in tensile and compression zone, the individual 

stiffness of each component and their resistance has been evaluated 

according to the formulas provided in Tables 6.4 and 6.5. Subsequently, 

the total stiffness 𝑆 = 𝐸 ∙ 𝑘𝑒𝑞 of the connection has been derived by 

assembling the stiffness of the single components while the resistance 

of the connection 𝐹𝑅𝑑 has been determined considering the minimum 

resistance of the involved components. Finally, the relationship between 

the determined parameters and the corresponding displacements is: 

𝐹𝑅𝑑 = 𝑆 ∙ 𝛿         →           𝛿 =
𝐹𝑅𝑑

𝑆
 (6.1) 
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Since the analysed frame, designed according to the procedure 

illustrated in the previous chapter, is characterized by having the 

columns whose size decreases in height, the springs modelling the 

beam-to-column behaviour have to be properly detailed for each 

subassembly. In addition, both external and internal joints have been 

detailed. 

 

‐ HE 300 B – IPE 270 joint: 

Table 6.6 – EEP-DB-CYC 03: Stiffness coefficients (HE300B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

kcfb [mm] kepb [mm] kcwt [mm] keq.t [mm] St [kN/mm] 

35.63 20.18 

5.14 

3.68 772 

35.63 15.88 3.50 736 

35.63 12.98 3.34 701 

22.39 12.98 3.34 701 

22.39 7.82 2.85 599 

22.39 5.22 2.42 507 

22.39 3.72 2.04 427 

22.39 2.77 1.71 360 

22.39 2.17 1.46 307 

22.39 1.73 1.25 263 

22.39 1.44 1.09 229 

22.39 1.21 0.96 201 

22.39 1.04 0.84 177 

22.39 0.88 0.74 154 

22.39 0.74 0.63 133 

22.39 0.62 0.55 115 

COMPRESSIVE PART 

 kcws [mm] kcwc [mm]  keq.c [mm] Sc [kN/mm] 

EXTERNAL 
JOINTS 

12.77 10.59  5.79 1215 

INTERNAL 
JOINTS 

6.38 10.59  3.98 836 
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Table 6.7 – EEP-DB-CYC 03: Resistance parameters (HE300B – IPE 270) 

TENSILE PART 

 Fcfb [kN] Fepb [kN] Fcwt [kN]  FRd.t [kN] 

EXTERNAL 
JOINTS 

1484 1100 1451  1100 

INTERNAL 
JOINTS 

1504 1100 1389  1100 

COMPRESSIVE PART 

 Fcws [kN] Fcwc [kN]   FRd.c [kN] 

EXTERNAL 
JOINTS 

1921 2358   1921 

INTERNAL 
JOINTS 

1921 2043   1921 

The force - displacement curves obtained for the connection HE300B 

and IPE270, for both internal and external joints, are reported in 

Fig.6.4. 

 

Fig. 6.6  – EEP-DB-CYC 03: Force – displacement curve (HE300B – IPE 270)  
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‐ HE 280 B – IPE 270 joint: 

Table 6.8 – EEP-DB-CYC 03: Stiffness coefficients (HE280B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

kcfb [mm] kepb [mm] kcwt [mm] keq.t [mm] St [kN/mm] 

31.74 20.18 

5.98 

4.03 845 

31.74 15.88 3.82 802 

31.74 12.98 3.62 761 

21.31 12.98 3.62 761 

21.31 7.82 3.06 643 

21.31 5.22 2.56 538 

21.31 3.72 2.14 449 

21.31 2.77 1.79 375 

21.31 2.17 1.51 318 

21.31 1.73 1.29 271 

21.31 1.44 1.12 235 

21.31 1.21 0.98 205 

21.31 1.04 0.86 181 

21.31 0.88 0.75 157 

21.31 0.74 0.64 135 

21.31 0.62 0.56 117 

COMPRESSIVE PART 

 kcws [mm] kcwc [mm]  keq.c [mm] Sc [kN/mm] 

EXTERNAL 
JOINTS 

11.52 10.25  5.42 1139 

INTERNAL 
JOINTS 

5.76 10.25  3.39 774 

 

Table 6.9 – EEP-DB-CYC 03: Resistance parameters (HE280B – IPE 270) 

TENSILE PART 

 Fcfb [kN] Fepb [kN] Fcwt [kN]  FRd.t [kN] 

EXTERNAL 
JOINTS 

1358 1100 1559  1100 

INTERNAL 
JOINTS 

1358 1100 1468  1100 

COMPRESSIVE PART 

 Fcws [kN] Fcwc [kN]   FRd.c [kN] 

EXTERNAL 
JOINTS 

1723 2143   1723 

INTERNAL 
JOINTS 

1723 1863   1723 
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The curves obtained for the connection HE280B and IPE270, for both 

internal and external joints, are illustrated in Fig.6.5. 

 

Fig. 6.7  – EEP-DB-CYC 03: Force – displacement curve (HE280B – IPE 270)  
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

‐ HE 260 B – IPE 270 joint: 

Table 6.10 – EEP-DB-CYC 03: Stiffness coefficients (HE260B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

kcfb [mm] kepb [mm] kcwt [mm] keq.t [mm] St [kN/mm] 

31.74 20.18 

6.24 

4.14 870 

31.74 15.88 3.93 824 

31.74 12.98 3.72 781 

21.31 12.98 3.72 781 

21.31 7.82 3.13 657 

21.31 5.22 2.61 548 

21.31 3.72 2.17 456 

21.31 2.77 1.81 380 

21.31 2.17 1.53 322 

21.31 1.73 1.30 273 

21.31 1.44 1.13 237 

21.31 1.21 0.98 207 

21.31 1.04 0.87 182 

21.31 0.88 0.75 158 

21.31 0.74 0.65 136 

21.31 0.62 0.56 117 

COMPRESSIVE PART 

 kcws [mm] kcwc [mm]  keq.c [mm] Sc [kN/mm] 

EXTERNAL 
JOINTS 

10.46 10.51  5.24 1101 

INTERNAL 
JOINTS 

5.23 10.51  3.49 733 

 

Table 6.11 – EEP-DB-CYC 03: Resistance parameters (HE260B – IPE 270) 

TENSILE PART 

 Fcfb [kN] Fepb [kN] Fcwt [kN]  FRd.t [kN] 

EXTERNAL 
JOINTS 

1358 1100 1559  1100 

INTERNAL 
JOINTS 

1358 1100 1468  1100 

COMPRESSIVE PART 

 Fcws [kN] Fcwc [kN]   FRd.c [kN] 

EXTERNAL 
JOINTS 

1561 1994   1561 

INTERNAL 
JOINTS 

1561 1719   1561 
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The curves obtained for the connection HE260B and IPE270 are 

reported in Fig.6.6. 

 

Fig. 6.8 – EEP-DB-CYC 03: Force – displacement curve (HE260B – IPE 270)  
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

‐ HE 220 B – IPE 270 joint: 

Table 6.12 – EEP-DB-CYC 03: Stiffness coefficients (HE220B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

kcfb [mm] kepb [mm] kcwt [mm] keq.t [mm] St [kN/mm] 

23.80 20.18 

8.67 

4.83 1015 

23.80 15.88 4.54 953 

18.86 15.88 4.54 953 

18.86 12.98 4.27 896 

18.86 7.82 3.50 736 

11.22 7.82 3.50 736 

11.22 5.22 2.87 602 

11.22 3.72 2.35 493 

6.76 3.72 2.35 493 

6.76 2.77 1.93 405 

6.76 2.17 1.62 339 

4.77 2.17 1.62 339 

4.77 1.73 1.36 286 

4.77 1.44 1.17 247 

4.77 1.21 1.02 214 

3.67 1.21 1.02 214 

3.67 1.04 0.89 188 

2.93 1.04 0.89 188 

2.93 0.88 0.77 162 

2.93 0.74 0.66 139 

2.22 0.74 0.66 139 

2.22 0.62 0.57 119 

1.66 0.62 0.57 119 

COMPRESSIVE PART 

 kcws [mm] kcwc [mm]  keq.c [mm] Sc [kN/mm] 

EXTERNAL 
JOINTS 

8.36 10.62  5.42 1139 

INTERNAL 

JOINTS 
4.18 10.62  3.39 774 
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Table 6.13 – EEP-DB-CYC 03: Resistance parameters (HE220B – IPE 270) 

TENSILE PART 

 Fcfb [kN] Fepb [kN] Fcwt [kN]  FRd.t [kN] 

EXTERNAL 
JOINTS 

1160 1100 1693  1100 

INTERNAL 
JOINTS 

1160 1100 1493  1100 

COMPRESSIVE PART 

 Fcws [kN] Fcwc [kN]   FRd.c [kN] 

EXTERNAL 
JOINTS 

1237 1665   1237 

INTERNAL 
JOINTS 

1237 1428   1237 

 

 

Fig. 6.9 – EEP-DB-CYC 03: Force – displacement curve (HE220B – IPE 270)  
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TS-CYC 04 connection 

In case of the double split tee connections, when subjected to both 

sagging and hogging moment, the following components have to be 

taken into account in order to evaluate the stiffness and the resistance 

of the whole joint (Fig 6.8): 

 

 column web in shear (cws); 

 column web in compression (cwc); 

 beam flange and web in compression (bfc); 

 column web in tension (cwt); 

 column flange in bending (cfb); 

 T-stub in bending (Tsb); 

 

 
a) 

b) 

Fig. 6.10 – TS-CYC 04: Mechanical model  
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Since the bolts connecting the T-stub webs and the beam flanges have 

been pre-loaded, at the beginning no sliding of the metallic interface 

occurs. However, after reaching the sliding resistance, three 

components must be added to the resistance of the connection (Fig. 

6.8):  

 

 the bolts in shear (bs); 

 the T-stub web in bearing (Tswbe); 

 the beam flange in bearing (bfbe).  

 

Those components will provoke a decrease of the initial stiffness. In the 

following procedure, the initial stiffness is calculated and after reaching 

the sliding resistance of the steel on steel interface, a modified value is 

obtained. In terms of resistance, it is important to underline that, on 

the basis of additional tests performed in FREEDAM Project, the 

contribution of these components has been added to the sliding 

resistance of the connection. 

Finally, before reaching the sliding resistance, the displacements have 

been determined according to Eq. (6.1) and according to Eq. (6.2) when 

the sliding occurs: 

 

𝛿|𝐹>𝐹𝑠𝑙𝑖𝑑
=

𝐹

𝑆1
+

𝐹 − 𝐹𝑠𝑙𝑖𝑑

𝑆2
 (6.2) 

Obviously, the springs modelling the beam-to-column behaviour for 

each subassembly - and both for external and internal joints - have 

been detailed. The resistance parameters and the stiffness coefficients 

have been reported in Tables 6.14-6.21 while the force – displacement 

curves are illustrated in Figs. 6.9-6.12. 
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‐ HE 300 B – IPE 270 joint: 

Table 6.14 – TS -CYC 04: Stiffness coefficients (HE300B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 

JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St 

[kN/mm] 
     

35.63 

4.41 3.68 772      

3.29 3.50 736      

2.62 3.34 701      

2.10 3.34 701      

1.36 2.85 599      

1.00 2.42 507      

AFTER THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.t 

[mm] 
St.2 

[kN/mm] 

35.65 

0.78 0.76 160 

11.14 4.67 7.62 2.30 483 

0.63 0.62 130 

0.50 0.49 103 

0.41 0.40 84 

0.34 0.34 71 

0.29 0.29 60 

0.25 0.25 53 

0.22 0.22 46 

0.20 0.20 41 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

11.28 

9.76 

5.53 1162      

INTERNAL 

JOINTS 
6.38 3.86 811      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

11.28 

9.76 

5.53 1162 

11.14 4.67 7.62 2.30 483 
INTERNAL 

JOINTS 
6.38 3.86 811 
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Table 6.15 – TS-CYC 04: Resistance parameters (HE300B – IPE 270) 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1463 516 

1451 

3217 2151 1439 

 515 

INTERNAL 
JOINTS 

1389  515 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

1921 

2251  

3217 2151 1439 

 1921 

INTERNAL 
JOINTS 

1983   1921 

 

 

Fig. 6.11  – TS-CYC 04: Force – displacement curve (HE300B – IPE 270)  
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

‐ HE 280 B – IPE 270 joint: 

Table 6.16 – TS -CYC 04: Stiffness coefficients (HE280B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 

JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St 

[kN/mm] 
     

31.74 

4.41 3.87 813      

3.29 2.98 626      

2.62 2.42 508      

2.10 1.97 413      

1.36 1.31 274      

1.00 0.97 203      

AFTER THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.t 

[mm] 
St.2 

[kN/mm] 

31.74 

0.78 0.76 160 

11.14 4.67 7.62 2.30 483 

0.63 0.62 129 

0.50 0.49 103 

0.41 0.40 84 

0.34 0.34 70 

0.29 0.29 60 

0.25 0.25 52 

0.22 0.22 46 

0.20 0.20 41 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

11.52 

9.37 

5.17 1085      

INTERNAL 

JOINTS 
5.76 3.57 749      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

11.52 

9.37 

5.17 1085 

11.14 4.67 7.62 2.30 483 
INTERNAL 

JOINTS 
5.76 3.57 749 
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Table 6.17 – TS-CYC 04: Resistance parameters (HE280B – IPE 270) 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1358 515 

1559 

3217 2151 1439 

 515 

INTERNAL 
JOINTS 

1468  515 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

1723 

2040  

3217 2151 1439 

 1723 

INTERNAL 
JOINTS 

1805   1723 

 

 

Fig. 6.12  – TS-CYC 04: Force – displacement curve (HE280B – IPE 270)  
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

‐ HE 260 B – IPE 270 joint: 

Table 6.18 – TS -CYC 04: Stiffness coefficients (HE260B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 

JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St 

[kN/mm] 
     

31.74 

4.41 3.87 813      

3.29 2.98 626      

2.62 2.42 508      

2.10 1.97 413      

1.36 1.31 274      

1.00 0.97 203      

AFTER THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.t 

[mm] 
St.2 

[kN/mm] 

31.74 

0.78 0.76 160 

11.14 4.67 7.62 2.30 483 

0.63 0.62 129 

0.50 0.49 103 

0.41 0.40 84 

0.34 0.34 70 

0.29 0.29 60 

0.25 0.25 52 

0.22 0.22 46 

0.20 0.20 41 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

10.46 

9.57 

5.00 1050      

INTERNAL 

JOINTS 
5.23 3.38 710      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

10.46 

9.57 

5.00 1050 

11.14 4.67 7.62 2.30 483 
INTERNAL 

JOINTS 
5.23 3.38 710 
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Table 6.19 – TS-CYC 04: Resistance parameters (HE260B – IPE 270) 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1358 516 

1497 

3217 2151 1439 

 516 

INTERNAL 
JOINTS 

1400  516 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

1561 

1898  

3217 2151 1439 

 1439 

INTERNAL 
JOINTS 

1666   1439 

 

 

Fig. 6.13 – TS-CYC 04: Force – displacement curve (HE260B – IPE 270)  
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and innovative beam-to-column connections 

 

‐ HE 220 B – IPE 270 joint: 

Table 6.20 – TS-CYC 04: Stiffness coefficients (HE220B – IPE 270) 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 

JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St 

[kN/mm] 
     

23.80 

4.41 3.87 813      

3.29 2.98 626      

2.62 2.42 508      

2.10 1.97 413      

1.36 1.31 274      

1.00 0.97 203      

AFTER THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.t 

[mm] 
St.2 

[kN/mm] 

23.80 0.78 0.75 158 

11.14 4.67 7.62 2.30 483 

23.80 0.63 0.61 129 

23.80 0.50 0.49 102 

23.80 0.41 0.40 84 

23.80 0.34 0.33 70 

18.86 0.29 0.29 60 

18.86 0.25 0.25 52 

18.86 0.22 0.22 46 

18.86 0.20 0.20 41 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

8.36 

9.52 

4.45 935      

INTERNAL 

JOINTS 
4.18 2.91 610      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

8.36 

9.52 

4.45 935 

11.14 4.67 7.62 2.30 483 
INTERNAL 

JOINTS 
4.18 2.91 610 
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Table 6.21 – TS-CYC 04: Resistance parameters (HE220B – IPE 270) 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1160 516 

1693 

3217 2151 1439 

 516 

INTERNAL 
JOINTS 

1493  516 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

1237 

1576  

3217 2151 1439 

 1237 

INTERNAL 
JOINTS 

1381   1237 

 

 

Fig. 6.14 – TS-CYC 04: Force – displacement curve (HE220B – IPE 270)  
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FREEDAM-CYC 01 connection 

The innovative connections are characterized for having a fixed T-stub 

at the upper level of the beam and a friction device bolted to the beam 

lower level. In the following procedure, the hogging and sagging 

moments are analysed separately due to asymmetries of the joints. So 

that with reference to the case in which the connection is subjected to 

hogging moment, the joint components involved are: 

 

 column web in shear (cws); 

 column web in compression (cwc); 

 beam flange and web in compression (bfc); 

 column web in tension (cwt); 

 column flange in bending (cfb); 

 T-stub in bending (Tsb). 

 

As in case of TS-CYC 04 connection, at the beginning no sliding occurs, 

neither for the friction damper neither for the metallic interface between 

the T-stub web and the upper beam flange. However, after reaching the 

sliding resistance of the upper interface, other three components are 

involved (Fig 6.13a):  

 

 the bolts in shear (bs); 

 the T-stub web in bearing (Twb); 

 the beam flange in bearing (bfb).  
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In addition, when the stroke end of the slotted holes in the L-stub web 

and haunch flange interface is reached other three components are 

involved (Fig 6.13a):  

 

 the bolts in shear (bs); 

 the L-stub web in bearing (Lwb); 

 the haunch flange in bearing (Hfb).  

 

a) 

b) 

Fig. 6.15 – Mechanical model of FREEDAM-CYC 01 joint: a) hogging moment; 
b) sagging moment  
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 column web in shear (cws); 

 column web in compression (cwc); 

 beam flange and web in compression (bfc); 

 column web in tension (cwt); 

 column flange in bending (cfb); 

 L-stub in bending (Lsb). 

 

Similarly, after reaching the sliding resistance of the upper interface, 

additional components are involved (Fig 6.13b):  

 

 the bolts in shear (bs); 

 the T-stub web in bearing (Twb); 

 the beam flange in bearing (bfb).  

 

and when the stroke end of the slotted holes in the L-stub web and 

haunch flange interface is reached the other components involved are 

(Fig 6.13a):  

 

 the bolts in shear (bs); 

 the L-stub web in bearing (Lwb); 

 the haunch flange in bearing (Hfb).  

 

Even in this case, the springs modelling the beam-to-column behaviour 

for each subassembly and both for external and internal joints have 

been detailed. The resistance parameters and the stiffness coefficients 

have been reported in Tables 6.22-6.28 while the force – displacement 

curves are illustrated in Figs. 6.14-6.17. 
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‐ HE 300 B – IPE 270 joint: 

Table 6.22 – FREEDAM-CYC 01: Stiffness coefficients (HE300B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St 

[kN/mm] 
     

24.39 

10.87 7.52 1579      

8.41 6.25 1313      

6.82 5.33 1119      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St.1 

[kN/mm] 

kTswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

St.2 

[kN/mm] 

24.39 6.82 5.33 1119 

7.21 4.51 6.17 1.92 402 

14.53 6.82 4.64 975 

14.53 3.58 2.87 603 

14.53 2.36 2.03 427 

14.53 1.71 1.53 321 

14.53 1.27 1.17 245 

14.53 0.99 0.93 194 

14.53 0.81 0.77 161 

14.53 0.67 0.64 134 

14.53 0.55 0.53 111 

14.53 0.46 0.44 93 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

6.80 

10.79 

4.17 876      

INTERNAL 
JOINTS 

3.40 2.59 543      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 

JOINTS 
6.80 

10.79 

4.17 876 

7.21 4.51 6.17 1.92 402 
INTERNAL 

JOINTS 
3.40 2.59 543 
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Table 6.23 – FREEDAM-CYC 01: Resistance parameters (HE300B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1163 721 

1565 

2130 1626 1350 

 721 

INTERNAL 
JOINTS 

1309  721 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

1016 

2079  

2130 1626 1350 

 1016 

INTERNAL 
JOINTS 

1696   1016 
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Table 6.24 – FREEDAM-CYC 01: Stiffness coefficients (HE300B – IPE 270) – 

LOWER SPRING 

TENSILE PART 

INTERNAL 

AND 
EXTERNAL 

JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.c 

[mm] 

Sc 

[kN/mm] 
     

24.39 
13.73 8.78 1845      

10.83 7.50 1575      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.c 

[mm] 

Sc.1 

[kN/mm] 

kLswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

Sc.2 

[kN/mm] 

24.39 10.83 7.50 1575 

4.06 1.33 1.90 0.66 138 

24.39 8.88 6.51 1367 

14.53 8.88 5.51 1157 

14.53 5.14 3.80 797 

14.53 3.32 2.70 568 

14.53 2.41 2.07 435 

14.53 1.79 1.59 334 

14.53 1.40 1.28 268 

14.53 1.13 1.05 220 

14.53 0.92 0.87 182 

14.53 0.77 0.73 153 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 

JOINTS 
6.80 

10.79 

4.17 876      

INTERNAL 
JOINTS 

3.40 2.59 543      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kLswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

6.80 

10.79 

4.17 876 

4.06 1.33 1.90 0.66 138 
INTERNAL 

JOINTS 
3.40 2.59 543 
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Table 6.25 – FREEDAM-CYC 01: Resistance parameters (HE300B – IPE 270) – 

LOWER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

Flsb 

[kN] 
Fcwt 

[kN] 
Flswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1163 765 

1565 

816 564 492 

 765 

INTERNAL 
JOINTS 

1309  765 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

1016 

2079  

816 564 492 

 1016 

INTERNAL 
JOINTS 

1696   1016 
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             a) 

             b) 

Fig. 6.16 – FREEDAM-CYC 01: Force – displacement curve (HE300B – IPE 

270); a) spring modelling the upper part; b) spring modelling the lower part  
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and innovative beam-to-column connections 

 

‐ HE 280 B – IPE 270 joint: 

Table 6.26 – FREEDAM-CYC 01: Stiffness coefficients (HE280B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St 

[kN/mm] 
     

22.23 

10.87 7.30 1533      

8.41 6.10 1281      

6.82 5.22 1096      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St.1 

[kN/mm] 

kTswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

St.2 

[kN/mm] 

22.23 6.82 5.22 1096 

7.21 4.51 6.17 1.92 402 

11.97 6.82 4.34 912 

11.97 3.58 2.75 578 

11.97 2.36 1.97 415 

11.97 1.71 1.49 314 

11.97 1.27 1.15 241 

11.97 0.99 0.91 192 

11.97 0.81 0.76 159 

11.97 0.67 0.63 132 

11.97 0.55 0.52 110 

11.97 0.46 0.44 92 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

5.90 

10.60 

3.79 796      

INTERNAL 
JOINTS 

2.95 2.31 485      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 

JOINTS 
5.90 

10.60 

3.79 796 

7.21 4.51 6.17 1.92 402 
INTERNAL 

JOINTS 
2.95 2.31 485 
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Table 6.27 – FREEDAM-CYC 01: Resistance parameters (HE280B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1064 721 

1599 

2130 1626 1350 

 721 

INTERNAL 
JOINTS 

1266  721 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

876 

1881  

2130 1626 1350 

 876 

INTERNAL 
JOINTS 

1539   876 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



326 Influence of the beam-to-column joints on the structural robustness 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
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Table 6.28 – FREEDAM-CYC 01: Stiffness coefficients (HE280B – IPE 270) – 

LOWER SPRING 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.c 

[mm] 

Sc 

[kN/mm] 
     

22.23 
13.73 8.49 1782      

10.83 7.28 1529      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.c 

[mm] 

Sc.1 

[kN/mm] 

kLswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

Sc.2 

[kN/mm] 

22.23 10.83 7.28 1529 

4.06 1.33 1.90 0.66 138 

22.23 8.88 6.34 1332 

11.97 5.14 5.10 1071 

11.97 5.14 3.60 755 

11.97 3.32 2.60 546 

11.97 2.41 2.01 422 

11.97 1.79 1.55 326 

11.97 1.40 1.25 263 

11.97 1.13 1.03 217 

11.97 0.92 0.86 180 

11.97 0.77 0.72 151 

11.97 0.63 0.60 126 

11.97 0.52 0.50 105 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 

[mm] 

kcwc 

[mm] 

keq.c 

[mm] 

Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

5.90 

7.98 

3.39 712      

INTERNAL 
JOINTS 

2.95 2.15 452      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kLswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

5.90 

7.98 

3.39 712 

4.06 1.33 1.90 0.66 138 
INTERNAL 

JOINTS 
2.95 2.15 452 
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Table 6.29 – FREEDAM-CYC 01: Resistance parameters (HE280B – IPE 270)  – 

LOWER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

Flsb 

[kN] 
Fcwt 

[kN] 
Flswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1147 876 

1599 

816 564 492 

 492 

INTERNAL 
JOINTS 

1266  492 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

876 

2069  

816 564 492 

 492 

INTERNAL 
JOINTS 

1592   492 
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

             a) 

             b) 

Fig. 6.17 – FREEDAM-CYC 01: Force – displacement curve (HE280B – IPE 

270); a) spring modelling the upper part; b) spring modelling the lower part  
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and innovative beam-to-column connections 

 

‐ HE 260 B – IPE 270 joint: 

Table 6.30 FREEDAM-CYC 01: Stiffness coefficients (HE260B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St 

[kN/mm] 
     

21.82 

10.87 7.25 1523      

8.41 6.07 1275      

6.82 5.20 1091      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St.1 

[kN/mm] 

kTswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

St.2 

[kN/mm] 

11.68 

6.82 4.31 904 

7.21 4.51 6.17 1.92 402 

3.58 2.74 575 

2.36 1.97 413 

1.71 1.49 313 

1.27 1.15 241 

0.99 0.91 192 

0.81 0.76 159 

0.67 0.63 132 

0.55 0.52 110 

0.46 0.44 92 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

5.38 

10.95 

3.61 758      

INTERNAL 

JOINTS 
2.69 2.16 454      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

5.38 

10.95 

3.61 758 

7.21 4.51 6.17 1.92 402 
INTERNAL 

JOINTS 
2.69 2.16 454 
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

Table 6.31 – FREEDAM-CYC 01: Resistance parameters (HE260B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1036 721 

1521 

2130 1626 1350 

 721 

INTERNAL 
JOINTS 

1185  721 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

795 

1737  

2130 1626 1350 

 795 

INTERNAL 
JOINTS 

1410   795 
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and innovative beam-to-column connections 

 

Table 6.32 – FREEDAM-CYC 01: Stiffness coefficients (HE260B – IPE 270) – 

LOWER SPRING 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.t 

[mm] 

St 

[kN/mm] 
     

21.82 
13.73 8.43 1770      

10.83 7.24 1520      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.t 

[mm] 

St.1 

[kN/mm] 

kLswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

St.2 

[kN/mm] 

21.82 10.83 7.24 1520 

4.06 1.33 1.90 0.66 138 

21.82 8.88 6.31 1325 

11.68 5.14 5.04 1059 

11.68 5.14 3.57 750 

11.68 3.32 2.59 543 

11.68 2.41 2.00 420 

11.68 1.79 1.55 325 

11.68 1.40 1.25 262 

11.68 1.13 1.03 216 

11.68 0.92 0.86 180 

11.68 0.77 0.72 151 

11.68 0.63 0.60 126 

11.68 0.52 0.50 104 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 

[mm] 

kcwc 

[mm] 

keq.c 

[mm] 

Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

5.38 

8.17 

3.25 681      

INTERNAL 
JOINTS 

2.69 2.02 425      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kLswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

5.38 

8.17 

3.25 681 

4.06 1.33 1.90 0.66 138 
INTERNAL 

JOINTS 
2.69 2.02 425 
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

Table 6.33 – FREEDAM-CYC 01: Resistance parameters (HE260B – IPE 270) – 

LOWER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

Flsb 

[kN] 
Fcwt 

[kN] 
Flswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

1036 765 

1521 

816 564 492 

 492 

INTERNAL 
JOINTS 

1185  492 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

795 

1912  

816 564 492 

 492 

INTERNAL 
JOINTS 

1458   492 
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and innovative beam-to-column connections 

 

             a) 

             b) 

Fig. 6.18 – FREEDAM-CYC 01: Force – displacement curve (HE260B – IPE 

270); a) spring modelling the upper part; b) spring modelling the lower part  
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Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

‐ HE 220 B – IPE 270 joint: 

Table 6.34 FREEDAM-CYC 01: Stiffness coefficients (HE220B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 
kTsb 

[mm] 
keq.t 

[mm] 
St 

[kN/mm] 
     

18.51 

10.87 6.85 1438      

8.41 5.78 1214      

6.82 4.98 1047      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kTsb 

[mm] 

keq.t 

[mm] 

St.1 

[kN/mm] 

kTswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

St.2 

[kN/mm] 

8.88 

6.82 3.86 810 

7.21 4.51 6.17 1.92 402 

3.58 2.55 535 

2.36 1.87 392 

1.71 1.43 301 

1.27 1.11 233 

0.99 0.89 187 

0.81 0.74 156 

0.67 0.62 130 

0.55 0.52 109 

0.46 0.43 91 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

4.00 

11.39 

2.96 622      

INTERNAL 

JOINTS 
2.00 1.70 358      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kTswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

4.00 

11.39 

2.96 622 

7.21 4.51 6.17 1.92 402 
INTERNAL 

JOINTS 
2.00 1.70 358 
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Table 6.35 – FREEDAM-CYC 01: Resistance parameters (HE220B – IPE 270) – 

UPPER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

FTsb 

[kN] 
Fcwt 

[kN] 
FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

934 721 

1513 

2130 1626 1350 

 721 

INTERNAL 
JOINTS 

1030  721 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

556 

1420  

2130 1626 1350 

 795 

INTERNAL 
JOINTS 

1147   795 
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Table 6.36 – FREEDAM-CYC 01: Stiffness coefficients (HE220B – IPE 270) – 

LOWER SPRING 

TENSILE PART 

INTERNAL 
AND 

EXTERNAL 
JOINTS 

BEFORE THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.t 

[mm] 

St 

[kN/mm] 
     

18.51 
13.73 7.88 1655      

10.83 6.83 1435      

AFTER THE SLIPPAGE 
kcfb 

[mm] 

kLsb 

[mm] 

keq.t 

[mm] 

St.1 

[kN/mm] 

kLswbe 

[mm] 

kbfbe 

[mm] 

kbs  

[mm] 

keq.t 

[mm] 

St.2 

[kN/mm] 

18.51 10.83 6.83 1435 

4.06 1.33 1.90 0.66 138 

18.51 8.88 6.00 1260 

8.95 5.14 4.46 936 

8.95 5.14 3.26 686 

8.95 3.32 2.42 509 

8.95 2.41 1.90 399 

8.95 1.79 1.49 313 

8.95 1.40 1.21 254 

8.95 1.13 1.00 210 

8.95 0.92 0.84 176 

8.95 0.77 0.71 148 

8.95 0.63 0.59 124 

8.95 0.52 0.49 103 

COMPRESSIVE PART 

 BEFORE THE SLIPPAGE 

 
kcws 

[mm] 

kcwc 

[mm] 

keq.c 

[mm] 

Sc 

[kN/mm] 
     

EXTERNAL 
JOINTS 

4.00 

7.96 

2.66 559      

INTERNAL 
JOINTS 

2.00 1.60 336      

 AFTER THE SLIPPAGE 

 
kcws 
[mm] 

kcwc 

[mm] 
keq.c 

[mm] 
Sc.1 

[kN/mm] 
kLswbe 
[mm] 

kbfbe 

[mm] 
kbs  

[mm] 
keq.c 

[mm] 
Sc.2 

[kN/mm] 

EXTERNAL 
JOINTS 

4.00 

7.96 

2.66 559 

4.06 1.33 1.90 0.66 138 
INTERNAL 

JOINTS 
2.00 1.60 336 
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Table 6.37 – FREEDAM-CYC 01: Resistance parameters (HE220B – IPE 270) ) – 

LOWER SPRING 

TENSILE PART 

 
Fcfb 
[kN] 

Flsb 

[kN] 
Fcwt 

[kN] 
Flswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Ft [kN] 

EXTERNAL 
JOINTS 

943 765 

1521 

816 564 492 

 492 

INTERNAL 
JOINTS 

1030  492 

COMPRESSIVE PART 

 
Fcws 
[kN] 

Fcwc 

[kN] 
 

FTswbe 
[kN] 

Fbfbe 

[kN] 
Fbs 

[kN] 
 Fc [kN] 

EXTERNAL 
JOINTS 

795 

1570  

816 564 492 

 492 

INTERNAL 
JOINTS 

1184   492 
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             a) 

             b) 

Fig. 6.19 – FREEDAM-CYC 01: Force – displacement curve (HE220B – IPE 

270); a) spring modelling the upper part; b) spring modelling the lower part  
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6.4. Analyses of frames under exceptional 
loads  

Generally, the robustness analyses of structures subjected to a loss-of-

column scenario are performed removing one or several primary 

elements and then analysing the capability of the structure to absorb 

the damage [22]. Different methods for analysing the progressive 

collapse are available [23]: linear-elastic static, nonlinear static, linear-

elastic dynamic and nonlinear dynamic procedures. In the former 

method, the structure is analysed in elastic range under amplified 

combination of loads and the structural response is evaluated in terms 

of ratios between demands capacities; however, this kind of analysis is 

limited to the structures whose dynamic and nonlinear behaviour is 

easily predictable. Although the linear-elastic dynamic analyses and 

even more the nonlinear ones are very accurate, they are usually 

avoided due to their complexity and  because the evaluation and the 

comparison of the results are very time-consuming. Therefore, the 

nonlinear static analyses represent the most approach for robustness 

analyses which are able to take into account the nonlinear effects and 

allow to the determination of the elastic and failure limits of the 

structure. The capacity of the damaged structure is evaluated in terms 

of overload factor λ corresponding to the occurrence of the first failure 

in the structure. This approach, often called pushdown analyses, has 

been followed in this paper in order to assess the robustness of study 

case frames. 

According to the seismic design, in MRFs the energy dissipation is 

concentrated in some zones of members that are engaged in plastic 

range so that they have been properly detailed. 
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Fig. 6.20  – Analysed structural scheme: initial conditions 

The structural typologies herein investigated is a MRF designed 

according to the theory of plastic mechanism control detailed in the 

previous chapter. This design procedure is based on rigid-plastic 

analysis and on the kinematic theorem of plastic collapse extended to 

the concept of mechanism equilibrium curve [24-27]. 

Regarding the design loads, as described in the previous chapter, a 

uniform dead load 𝐺𝑘 = 12.00 𝑘𝑁 𝑚⁄  and a uniform live load 𝑄𝑘 = 6 𝑘𝑁 𝑚⁄  

have been considered. In order to perform pushdown analyses, the 

design vertical load distribution has been determined in accordance 

with the accidental load combination, i.e. 𝑞 = 𝐺𝑘 + 𝑄𝑘 = 18.00 𝑘𝑁 𝑚⁄  

(Fig.6.18).  

The structure has been modelled and analysed in SAP 2000 analysis 

software [1] (Fig.6.19).  
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Fig. 6.21  – Analysed MRF: SAP2000 model 

The model is conceived to account for both material and geometrical 

nonlinearities. With reference to the members, they have been modelled 

by means of frame adopting a lumped plasticity approach: both for 

beams and columns a plastic hinges accounting for the M-N interaction 

[28], defined according to European code [3], have been considered.  

It should be underlined that an accurate model, such as a fibre plastic 

hinge, of the plastic hinges modelling the beam behaviour when 

subjected to combined large axial load and bending moment should be 

considered. However, aiming to the comparison among the robustness 

performances of MRFs, this limitation could be acceptable. 

Beam-to-column connections have been modelled by means of link 

elements connected by rigid frame accounting for the stiffening effect of 

the beam web and the distance between the axis of the beam flange in 
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tension and the centre of compression, i.e. the lever arm z (Fig.6.20) 

according to the simplified method proposed by the Eurocode 3 [4]. 

 
a) b) c) 

 

Fig. 6.22  – Bolted joint’ structural scheme: a) dogbone connection; b) tee-stub 
connections; c) FREEDAM connections 

In particular, in the analysed connections, this assumption is 

acceptable because the bolt-rows in tension are close enough and 

symmetric with respect to the beam flange or the T-stub web.  

6.5. Results of the Pushdown analyses  

For the pushdown analyses, the internal force distribution in the 

element to be removed, i.e. the central column at the first storey, has 

been initially determined and the column element has been replaced by 

the equivalent axial reaction 𝐹𝑠𝑡𝑎𝑡 (Fig. 6.21). Subsequently, the 

pushdown curve has been obtained by increasing vertical displacements 

of the node to which equivalent column reaction force has been applied. 
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Fig. 6.23  – Analysed structural scheme: pushdown configuration 

In detail, a force λF, acting in the opposite direction, has been applied in 

this node (Fig.6.21) to simulate the gradual loss of the column. A value 

of λ equal to 0 corresponds to the presence of the column while a value 

of λ equal or  greater than 1 points the total loss of the column. 

The typical curve representing the evolution of the vertical 

displacements according to the progressively remove of the column, is 

reported in Fig.6.22. 

In particular, 3 phases can be recognized [29,30]: the first phase 

corresponds the elastic behaviour; the second phase begins when the 

first plastic hinge axis; the third phase starts when  actions in the 

collapsed column reache the zero value. In the last phase high 

deformations and second order effect became very important factors to 
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be taken into account and catenary effects develop in the beams of the 

directly affected part. 

 

Fig. 6.24  – Push-down curve 

With the aim to compare the structural performance of the MRFs 

analysed by varying the bean-to-column detail, the Residual Resistance 

Strength Ratio has been determined. This parameter has been 

evaluated starting from the energy balance method proposed by Izzudin 

et al. [13]. Following this approach, the energy conservation has been 

used in order to estimate the maximum dynamic response starting from 

the static response obtained by means of nonlinear analyses as the 

pushdown ones. In particular, in order to take into account the inertial 

and nonlinear effects, a Dynamic Load Factor (DLF) can be expressed 

as: 

 

𝐷𝐿𝐹 =
𝐹𝑑𝑦𝑛,𝑑𝑎𝑚

𝐹𝑠𝑡𝑎𝑡

 (6.3) 

where 𝐹𝑑𝑦𝑛,𝑑𝑎𝑚 is the equivalent amplified force for which the system 

reaches equilibrium in the damage state and 𝐹𝑠𝑡𝑎𝑡 is the value of the 

static gravity loads on the resisting element before to notional removal 

(Fig. 6.23). 
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Fig. 6.25  – Nonlinear structural response 

It is necessary to evaluate the internal and the external work in order to 

determine the right value of the DLF for each structural configuration 

analysed. The internal work is given by: 

 

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙  𝑊𝑜𝑟𝑘 = 𝐹𝑠𝑡𝑎𝑡 ∙ 𝛿𝑖 (6.4) 

while the external work is computed as: 

 

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑊𝑜𝑟𝑘 = ∫ 𝐹(𝛿) ∙ 𝑑𝛿
𝛿𝑖

0

 (6.5) 

When the internal work is equal to the external one, the equilibrium in 

the damage state is achieved. Determined the dynamic load factor, the 

Residual Reserve Strength Ratio (RRSR) of the structure has been 

calculated as: 

 

𝑅𝑅𝑆𝑅 =
𝐹𝑢,𝑑𝑎𝑚

𝐹𝑑𝑦𝑛,𝑑𝑎𝑚

 (6.6) 
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Where 𝐹𝑢,𝑑𝑎𝑚 is the ultimate capacity of the structural system in the 

damaged configuration that has been evaluated in correspondence of 

achievement of the ultimate resistance of the weakest component, 

whether it is a nodal component or the end of the beam. 

 

Fig. 6.26  – Analysed beam-to-column connections of the directly affected 
structure 

With reference to the directly affected part of the structures (Fig. 6.24), 

the force-displacement curves of the most stressed beam-to-column 

joints have reported for each performed analysis. In particular, the 

monitored joint “A” is subjected to the hogging moment whose value 

increases when the column fails while the joint “B” is subjected to 

hogging moment when the vertical distributed load are applied and to 

sagging moment in the loss-of-column scenario. In order to evaluate the 

ultimate capacity of the structural system in the damaged 

JOINT "A"
JOINT "B"

DIRECTLY AFFECTED PART OF THE STRUCTURE
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configuration, the ultimate behaviour of the weakest component for 

each joint typology has been achieved. 

                      a) 

                    b) 

                    c) 

Fig. 6.27  – Achievement of the ultimate conditions: a) EEP-DB-CYC 03; b) TS-
CYC 04; c) FREEDAM-CYC 01 
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Actually, in case of EEP-DB-CYC 03 connection the ultimate rotation 

provided by the beam is not reached (Fig. 6.25a) because the analyses 

has been stopped when the non directly affected part of the structure 

has been interested by the development of plastic hinges in the beam 

ends but also in the first storey columns (Fig.26). In case of TS-CYC 04 

(Fig. 6.25b) and FREEDAM-CYC 01 (Fig. 6.25c) connections the 

ultimate conditions are represented by the achievement of the ultimate 

displacement of the upper T-stub. 

 

Fig. 6.28  – Analysed structural scheme equipped with EEP-DB-CYC 03 in the 

damaged configuration 

The obtained results in terms of F-δ curve are depicted in Fig. 6.27. The 

circular markers on the curves represent the static force while the 

square markets represent the equivalent dynamically amplified force. 
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Fig. 6.29  – Pushdown curves 

It can be observed that in case of TS-CYC 04 connection typology, the 

energy balance is not obtained, therefore the zero kinetic energy 

condition is not reached and global structural collapse occurs. It means 

that is not possible, in those cases, to determine the value of the 

dynamically amplified force and, as a consequence, the residual reserve 

strength ratio. Conversely, in case of EEP-DB-CYC 03 and FREEDAM-

CYC 01 the energy balance is obtained and the structures exhibit a 

residual strength reserve. In Table 6.38, the main results of the 

pushdown analyses have been reported. The values of the dynamic load 

factor are in between 1.35 and 1.61 while the residual reserve strength 

ratio value is equal to 1.18 in case of EEP-DB-CYC 03 connection and 

equal to 1.23 in case of FREEDAM-CYC 01 connection. 
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Table 6.38 – Main results of pushdown analysis 

Joint Fstat [kN] DLF RRSR Failure modes 

EEP-DB-CYC  03 512.40 1.35 1.18 Connecting beam 

TS-CYC 04 538.56 1.61 0.86 Upper T-stub 

FREEDAM-CYC 01 585.11 1.46 1.23 Upper T-stub 

In table 6.38, an additional information is related to the failure modes 

of the connection that determine the global collapse. In all the cases, in 

line to what is expected, the structural collapse is related to behaviour 

of the joint component designed as the weakest.  

Finally, even though MRFs equipped with both traditional and 

innovative connections result to exhibit a residual strength reserve, the 

employment of the FREEDAM connections guarantees significant 

benefits. In fact, the required plastic deformation capacity at the level of 

the joints is much smaller when using the FREEDAM joints. It is mainly 

due to the fact that the slip of some joint components during the 

column loss provides flexibility to the system and so allows activating 

an alternative load path for the load redistribution before reaching the 

plastic resistances in the system. 
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With reference to Moment Resisting Frames, in this PhD thesis a 

discussion on the main critical aspects in the design of Full and Partial 

Strength beam-to-column joint have been performed. In particular, with 

reference to bolted beam-to-column joints, both the case of Extended 

End Plate joint and the case of FREEDAM joints have been analysed.  

One of the main results of the developed analyses is represented by the 

set up of design procedures for these kind of connections both for 

traditional and innovative connections. The two procedures, even 

thought have been separately presented and applied to the case of Full 

and Partial Strength Joints, are based on the same approach consisting 

in the application of the principles of the capacity design at level of joint 

components. In particular, with reference to the full strength full 

ductility joints, the results obtained, on one hand, have confirmed the 

accuracy of the design approach and, on the other hand, have pointed 

out some criticisms of EC8 design criteria. In fact, EC8 provisions do 

not rationally account for the overstrength due to the beam strain-

hardening. In particular, in some cases, the underestimation of the 

overstrength due to strain hardening is not compensated by the partial 

safety factor commonly applied in bolt design, thus leading to the brittle 

failure of the bolts. For the same reason, some joint components are 

significantly engaged in plastic range when EC8 design criteria are 

applied so that the resulting behaviour is characterized by a significant 

sharing of yielding between the connected beam end and such joint 

components. The effectiveness of the design criteria herein proposed 

has been demonstrated comparing the damage level of the joints’ 

components. The results obtained shows that, in case of connections 
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designed according to the criteria proposed, the damage is 

conspicuously concentrated at the end of the beam which constitutes 

the main dissipative zone while all the connection’s elements practically 

remain elastic, or only with very limited yielding.  Conversely, in case of 

joints designed according to Eurocode 8, the joint components are 

significantly engaged in plastic range achieving high strain levels, 

certainly beyond the yield limit. The developed analyses have 

demonstrated that following EC8 design procedure, the welds may be 

engaged in plastic range with deformations up to 38.46 times the yield 

strain and, in a similar way, the bolts may fail or, in general, undergo 

severe damages. 

Regarding the innovative beam-to-column connections, several 

experimental tests on the dissipative joint component have been 

performed in order to evaluate the random friction material variability, 

the random variation of the bolts’ tightening and the influence of the 

Belleville disc springs.  

The tests on the friction materials at low and high velocities have 

demonstrated that the M4 material performs adequately for FREEDAM 

joints so that its use has been considered. Additionally, a statistical 

range of variation of the values of the friction coefficients to be used in 

design have been effectively evaluated. The experimental tests pointed 

out that, in order to reduce degradation of stick-slip, it is necessary to 

limit the preload to a maximum value of the 60% for all the analysed 

materials. Finally, the typology of bolted assembly does not seem 

influent on the friction damper behaviour. The use of disc springs helps 

to stabilize the bolts’ force, but this stabilization does not influence 

significantly the hysteretic loops.  
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Subsequently, the design procedure for FREEDAM joints have been 

detailed and applied in order to design the specimens tested under 

cyclic load conditions at the STRENGTH laboratory (STRuctural 

ENGineering Testing Hall) of the University of Salerno. In particular, the 

developed design procedure based on the application of the component 

method currently codified in EC3 properly integrated with the 

experimental information on the friction device behaviour seems to be 

accurate. In addition, the experimental analysis has evidenced that 

both the configuration with horizontal and vertical dampers are able to 

avoid, as wanted, damage in all the structural components, meeting 

therefore the design objectives and thus perform adequately in terms of 

energy dissipation capacity. Therefore, they can be considered as 

alternative configurations able to provide a sufficient hysteretic 

response. 

Aiming to evaluate the benefits on the global behaviour of the 

structures when equipped with innovative beam-to-column 

connections, incremental dynamic analyses and pushdown analyses 

have been performed. The obtained results allow to underline the 

following main aspects: 

a) The Incremental Dynamic Analysis performed on a four bays - six 

storeys steel frames equipped with full (EEP-DB-CYC 03) and partial 

(TS-CYC 04) Strength joints, evidenced that semirigid partial-

strength connections, if well designed, can be considered to have 

adequate ductility and dissipation capacity in order to satisfy the 

seismic demand. In particular, the Double Tee Joints, even though 

are characterized by cyclic behaviour with significant pinching, due 
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to their greater plastic rotational capacity, provide the same 

maximum value of the PGA at collapse with respect to full strength 

joint. 

b) The Incremental Dynamic Analysis performed on a four bays - six 

storeys steel frames equipped with FREEDAM connections shows a 

very significant improvement of the PGA at collapse which are 

promising for the full development of innovative beam-to-column 

joints; 

c) The Robustness analyses demonstrate that, even though MRFs 

equipped with both traditional and innovative connections result to 

exhibit a residual strength reserve, the employment of the FREEDAM 

connections guarantees significant benefits. In fact, the slippage of 

the friction dampers up to the stroke end, before the bolts engage in 

shear and the stem plate engage in bearing, allows to obtain an 

increase of the vertical component of the beam axial forces resulting 

from catenary behaviour after column loss. 

As said in the introduction of this PhD thesis, the last version of 

Eurocode 8, has explicitly opened the door to the use of partial strength 

joints underlining the possible location of the dissipative zones at the 

beam ends or in the connections of the beams to the columns. However, 

the code does not introduce a design procedure of these kind of 

connections slackening their diffusion in practice. A first answer is 

given in this work, proving a design procedure for both full and partial 

connections. Moreover, in order to overcome the drawbacks of the 

traditional and passive control design strategies, in this work the 

development of a new design strategy whose goal is the design of 
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connections able to withstand frequent and occasional seismic events 

but also destructive earthquakes has been dealt. The innovative beam-

to-column connection typology has been accurately analysed and the 

results obtained allow to the full development of these joints in MRFs. 

Nevertheless, additional analysis and experimental tests will be 

performed in the ongoing RFCS project “FREEDAM”, granted by the 

European Community. 
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Full strength beam-to-column connections and 

design criteria: worked design example 

Seismic design of beam–to–column joints needs the knowledge of the 

gravity loads acting on the beams in the seismic load combination, the 

beam and column sections and the material properties.  The design is 

aimed to the evaluation of the required bolt diameter, throat thickness 

of fillet welds, end-plate thickness, continuity plate thickness and, if 

needed, thickness of supplementary web plates. Many relationships are 

needed to develop all the design steps. Therefore, in order to clarify the 

proposed procedure, a worked design example is herein shown in detail, 

with reference to the external joint corresponding to study case A, 

whose input data are given in Table 2.3. 

 

Step 1 - Evaluation of the average ultimate moment which the fully 

yielded and strain hardened beam is able to transmit: 

The distance between the plastic hinge and the column flange is: 

 

sh =
db

2
=

600

2
 = 300 mm (A.1) 

The clear length of the beam is 𝐿𝑛 = 9000 − 359 = 8641 𝑚𝑚 and the 

distance between the plastic hinges is 𝐿ℎ = 𝐿𝑛 − 2𝑠ℎ = 8641 − 600 =

8041𝑚𝑚.  

The nominal plastic moment of the beam (steel grade S235) is equal to 

Mb.p = 786 kNm. Considering the beam flange thickness, the overstrength 

coefficient γ𝑜𝑣.𝑟𝑚 accounting for the random variability of the material is 

given by (see Table 2.2): 
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γov.rm =
fym.bf

fy.b

=
f0 − β tbf

fy.b

=
313.4 − 2.254 × 19

235
=

270.57

235
= 1.15 (A.2) 

The average value of the yield stress of the web is equal to: 

 

𝑓𝑦𝑚.𝑏𝑤 = 𝑓0 − 𝛽 𝑡𝑏𝑤 = 313.4 − 2.254 × 12 = 286.35 𝑀𝑃𝑎 (A.3) 

The normalized slenderness parameters of flange and web are equal to: 

 

𝜆�̅� =
𝑏𝑏𝑓

2 𝑡𝑏𝑓

√
𝑓𝑦𝑚.𝑏𝑓

𝐸
=

220

2 ∙ 19
√

270.57

210000
= 0.208 (A.4) 

𝜆̅
𝑤 =

𝑑𝑏𝑤

2 𝑡𝑏𝑤

√
𝑓𝑦𝑚.𝑤

𝐸
=

562

2 ∙ 12
√

286.35

210000
= 0.865 

(A.5) 

The beam shear length is equal to 𝐿𝑒 = 𝐿ℎ 2⁄ = 8041 2⁄ = 4020.5 𝑚𝑚. 

The overstrength coefficient accounting for the influence of strain 

hardening is: 

 

𝑀𝑏.𝑢 = 1.15 ∙ 1.28 ∙ 1.05 ∙ 786 ≅ 1214 𝑘𝑁𝑚 (A.6) 

With reference to the external joint, the value of the shear action at the 

plastic hinge axis in the ultimate condition is equal to: 

 

𝑉𝑏𝑢 =
𝑞 𝐿ℎ

2
+

𝑛𝐹  𝐹𝑑

2
+

2 𝑀𝑏𝑢

𝐿ℎ

=
1.25 ∙ 8.041

2
+

3 ∙  65.00

2
+

2 ∙ 1214

8.041

≅ 404.6 𝑘𝑁 

(A.7) 
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Step 2 - Calculation of bending moment and shear action at the 

column flange and evaluation of compression force and tensile 

force to be transmitted at the beam flanges’ levels: 

The flexural and shear action, respectively 𝑀𝑐𝑓 and 𝑉𝑐𝑓, at the column 

flange are given by:  

𝑀𝑐𝑓 = 𝑀𝑏𝑢 + 𝑉𝑏𝑢 ∙ 𝑠ℎ +
𝑞 𝑠ℎ

2

2
= 1214 + 404.6 ∙ 0.3 + 

1.25 ∙  0.32

2

≅ 1336  𝑘𝑁𝑚 

𝑉𝑐𝑓 = 404.6 + 1.25 ∙ 0.30 ≅ 405 𝑘𝑁 

(A.8) 

Consequently, the compression/tensile force to be transmitted at the 

beam flanges’ level is obtained as: 

 

𝑇𝑢 = 𝐶𝑢 =
𝑀𝑐𝑓

𝑑𝑏 − 𝑡𝑏𝑓

=
1336000

600 − 19
≅ 2299 𝑘𝑁 (A.9) 

 

Step 3 - Design of the bolt diameter: 

For the design of the diameter of the bolts in tension side the following 

actions have to be considered: 

 

𝐹𝑡,𝐸𝑑 =
𝑇𝑢

𝑛𝑏

=
2299

4
= 574.75 𝑘𝑁               𝐹𝑣,𝐸𝑑 =

𝑉𝑐𝑓

2 𝑛𝑏

=
405

2 ∙ 4
= 50.6 𝑘𝑁 (A.10) 

Therefore, according to Eurocode 3, the check under combined shear 

and tension lead to determine a first minimum value of the resistant 

area of the bolts. In particular, for 10.9 class: 
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𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2

𝑓𝑡𝑏 

(
𝐹𝑣,𝐸𝑑

𝛼𝑣 

+
𝐹𝑡,𝐸𝑑

1.26
) 

 

𝐴𝑟𝑒𝑠 ≥
1.25

1000
(

50600

0.5
+

574750

1.26
) ≅ 696.69 𝑚𝑚2 

(A.11) 

According to Eurocode 3, in any case, the resistant area of the bolts has 

to be greater than the value determined considering only the tension 

action: 

 

𝐴𝑟𝑒𝑠 ≥
𝛾𝑀2𝐹𝑡,𝐸𝑑

0.9𝑓𝑡𝑏 

=
1.25 ∙ 574750

0.9 ∙ 1000
≅ 798.26 𝑚𝑚2 (A.12) 

Consequently, bolts M36 have been chosen. 

 

Step 4 – Design of the welds: 

According to Eurocode 3, the design of the welds has been carried out 

considering the throat thickness of the fillet weld in its actual position. 

With reference to the welds connecting the flange beam to the end-plate, 

the length of the both internal and external fillets has been assumed as: 

 

𝑙𝑓 = 𝑏𝑏𝑓 − 2 ∙ 𝑟𝑏 − 𝑡𝑏𝑤 = 220 − 2 ∙ 24 − 12 = 160 𝑚𝑚 (A.13) 

Therefore the required throat thickness of the weld is: 

 

𝑎𝑓 ≥  
𝑇𝑢

√2 ∙ 𝑙𝑓

𝛽𝑤  𝛾𝑀2  

  𝑓𝑡𝑘   
=

2299

160√2

0.80 ∙ 1.25  

  0.360   
= 28.23 𝑚𝑚 → 𝑎𝑓 = 29𝑚𝑚 (A.14) 
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The welds connecting the web beam and the end-plate have to be able 

to transmit the shear action 𝑉𝑐𝑓 and the ultimate flexural action 𝑀𝑤.𝑢 

that the web flange transmits: 

 

𝑀𝑤.𝑢 = γ𝑜𝑣.𝑟𝑚 ∙ γ𝑜𝑣.𝑠ℎ ∙ γ𝑀0 ∙ 𝑀𝑤.𝑝 = 1.15 ∙ 1.28 ∙ 1.05 ∙ 212.07

≅ 327.77 kNm 
(A.15) 

The length of the fillets is: 

 

𝑙𝑤 = 𝑑𝑏𝑤 − 2 𝑟𝑏 = 562 − 2 ∙ 24 = 514 𝑚𝑚 (A.16) 

and the thickness results to be: 

 

𝑎𝑤 ≥
𝛽𝑤  𝛾𝑀2

𝑓𝑡𝑘

1

𝑙𝑤

√
8 𝑀𝑤.𝑢

2

𝑙𝑤
2

+
3

4
 𝑉𝑐𝑓

2

=
0.8 ∙ 1.25

360

1

514
√

8 (327.77 ∙ 106)2

5142
+

3

4
 (405 ∙ 103)2 ≅ 9.92 𝑚𝑚      

→ 𝑎𝑤 = 10 𝑚𝑚 

(A.17) 

Step 5 – Design of the end-plate: 

Considering the design criteria already adopted for the bolts, failure 

mechanism type 3 can be excluded. Therefore, only the resistance 

formulations for mechanism type 1 and mechanism type 2 have to be 

considered to check the equivalent T-stub modelling the end-plate in 

bending. It is assumed that the distance m between the bolt axis and 

the plastic hinge located close to the beam flange is equal to the 

minimum technologically compatible, m=1.2 d0 being d0 the diameter of 

the bolt hole. In addition, the width of the plate is defined on the basis 
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of the code requirements for bolt spacing and of technological 

conditions. 

The horizontal distance between the bolts w has to satisfy the following 

limitations: 

 

wmin ≅  tcw + 2 rc + 1.8 d0 = 21 + 2 ∙ 27 + 1.8 ∙ 37.5 = 142.5 mm 

wmax =  bcf −  2.4 d0 = 309 − 2.4 ∙ 37.5 = 219 mm 
(A.18) 

According to the above limitations, the bolt spacing is taken equal to 

𝑤0 = 170 𝑚𝑚. 

Regarding the width of the end-plate, it should be greater than: 

 

bep = 𝑚𝑎𝑥{w + 2.4 d0; bbf}   = 𝑚𝑎𝑥{170 + 2.4 ∗ 37.5; 220} = 260 mm (A.19) 

and, anyway, smaller than the width of the column that is equal to 309 

mm, consequently the width of the end plate is taken equal to 280mm.  
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Fig. A.1 – Determination of the effective length for a single bolt row on the basis 

of the possible collapse mechanisms 

As a consequence, the horizontal distance between the bolt axis and the 

edge of the plate eep.0 is: 

 

eep.0 =
bep − w0

2
=

280 − 170

2
=  55 mm (A.20) 
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For the evaluation of the effective length of the equivalent T-stub, 

taken m𝑥 = e𝑥 = 1.2d0 = 45 𝑚𝑚, it results: 

 

beff.ep,1 = 𝑚𝑖𝑛{2πmx; πmx + w;  πmx + 2eep}

= 𝑚𝑖𝑛{282.6;  311.3;  251.3}  =  251.3 mm 
(A.21) 

which accounts for the circular patterns and: 

 

beff.ep,2

= 𝑚𝑖𝑛  {4mx + 1.25ex;  eep + 2mx + 0.625ex;  0.5w + 2mx + 0.625ex} 

= min{4 ∙ 45 + 1.25 ∙ 45;  45 + 2 ∙ 45 + 0.625 ∙ 45;  0.5 ∙ 170 + 2 ∙ 45

+ 0.625 ∙ 45} = 𝑚𝑖𝑛 {236.25; 173.12; 203.12} = 203.12 mm 

(A.22) 

 

which accounts for non-circular patterns.  

Definitely, the effective length of the equivalent T-stub is: 

 

𝑏𝑒𝑓𝑓.𝑒𝑝

= 𝑚𝑖𝑛  {𝑏𝑒𝑓𝑓.1;  𝑏𝑒𝑓𝑓.2;  0.5 𝑏𝑒𝑝} = 𝑚𝑖𝑛{251.3; 203.12; 0.5 ∙ 280}

= 140 𝑚𝑚 

(A.23) 

The thickness of the end-plate required to avoid the collapse of the 

equivalent T-stub according to type-1 mechanism is: 

 

𝐹1,𝑅𝑑 = 2
𝑏𝑒𝑓𝑓𝑡𝑒𝑝

2

𝑚

𝑓𝑦.𝑒𝑝

𝛾𝑀0

=  𝑇𝑢  →   

 𝑡𝑒𝑝.1 = √
𝑚𝑥   𝑇𝑢  𝛾𝑀0

2 ∙  𝑏𝑒𝑓𝑓.𝑒𝑝 ∙ 𝑓𝑦,𝑒𝑝

= √
45 ∙ 2299000 ∙  1.05

2 ∙  140 ∙ 275
≅  37.56 𝑚𝑚 

(A.24) 



ANNEX A  369 

 

 

Robustness and seismic behaviour of structures equipped with traditional 
and innovative beam-to-column connections 

 

Similarly, to avoid the collapse of the equivalent T-stub according to 

type-2 mechanism the required end-plate thickness is: 

 

𝐹2.𝑅𝑑 = 2
 
𝑓𝑦.𝑒𝑝

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝑒𝑝
2

2
+ 2 𝐹𝑡.𝑅𝑑  𝑛 

𝑚 + 𝑛
=  𝑇𝑢         →       

 𝑡𝑒𝑝.2 = √
2 𝛾

𝑀0

𝑏𝑒𝑓𝑓.𝑒𝑝 𝑓𝑦.𝑒𝑝

[
𝑇𝑢(𝑚𝑥 + 𝑒𝑥)

2
− 2 𝐹𝑡.𝑅𝑑𝑒𝑥] =

= √
2 ∙ 1.05

140 ∙ 275
[
2299000 (45 + 45)

2
− 2 ∙ 588240 ∙ 45] ≅  52.50 𝑚𝑚 

(A.25) 

Therefore, the thickness of the end-plate has been assumed equal to 

55mm. 

 

Step 6 - Check of the resistance of the column web in shear and 

design of supplementary web plates if needed: 

The shear resistant area of the column section is given by: 

 

𝐴𝑣𝑐 = 𝐴 − 2 𝑏𝑐𝑓  𝑡𝑐𝑓 + (𝑡𝑐𝑤 + 2𝑟𝑐)𝑡𝑐𝑓

= 31200 − 2 ∙ 309 ∙ 40 + (21 + 2 ∙ 27) ∙ 40 = 9480 𝑚𝑚2 
(A.26) 

The resistance of the column web panel, without continuity and/or 

supplementary plates, is: 

 

Vwp,Rd =
0.9 ∙ Avc ∙ fy,cw

√3 ∙ γM0

=
0.9 ∙ 9480 ∙ 355

√3 ∙ 1.05
≅ 1665 kN (A.27) 

Since continuity plates in the both compression and tension zones have 

been considered, the plastic shear resistance of the column web panel is 
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incremented by the contribution due to the resistant mechanism 

activated by the continuity plates. 

The plastic moment of the column flange is given by: 

 

Mpl.cf.Rd =
bcftcf

2 fy,c

4

1

γM0

=
309 ∙ 402 ∙ 355

4

1

1.05
 ≅ 41.79 kNm (A.28) 

Therefore the contribution due to the additional resistant mechanism 

activated by the continuity plates results: 

 

Vwp.add.Rd =
4 ∙  Mpl.cf.Rd

ds

=
4 ∙  41.79

0.581
=  287.7 kN (A.29) 

where ds is the distance between the centrelines of the stiffeners.   

The total resistance of the column web panel is: 

Vwp.Rd.tot = Vwp.Rd +  Vwp,add,Rd = 1665 +  287.7 ≅  1953 kN (A.30) 

Whereas the shear resistance of the column web panel is lower than the 

action transmitted by the beam in its ultimate conditions, 

supplementary web plates are needed whose width is taken equal to: 

 

bs,max = dcw − 2rc =  279 − 2 ∙ 27 = 225 mm       (A.31) 

According to Eurocode 3, the resistance of the material constituting the 

supplementary plates has to be the same of the column; the thickness 

of the stiffeners results to be: 
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𝑡𝑠 ≥
√3 ∙ 𝛾𝑀0 (𝑇𝑢 − 𝑉𝑤𝑝,𝑎𝑑𝑑,𝑅𝑑)

0.9 ∙ 𝑏𝑠 ∙ 𝑓𝑦,𝑤𝑐

−
𝐴𝑣𝑐

𝑏𝑠

=
√3  ∙ 1.05 ∙ (2299000 − 287700)

0.9 ∙ 225 ∙ 355
−

9480

225
≅ 9.76 𝑚𝑚   

(A.32) 

Consequently, it is possible to use a couple of supplementary plates 

whose thickness is 5 mm or a single supplementary web plate whose 

thickness is equal to 10 mm. 

 

Step 7 - Check of the resistance of the column web in tension and 

in compression. 

Since continuity plates have been considered in the evaluation of the 

shear resistance of the column web panel, their design is required. The 

transverse stiffeners can be designed according to two possible 

approaches. The first approach requires that the action transmitted 

from the beam flanges in their ultimate conditions, equal to Tu, is 

absorbed relying exclusively on the tensile/compression resistance of 

continuity plates, neglecting the resistance of the column web. The 

second approach allows the reduction of the thickness of the continuity 

plates, taking advantage of the contribution due to the resistance of the 

column web. 

In accordance to the latter, the resistance of the column web in 

compression and the resistance of the continuity plates have to be 

determined; the former is given by: 

 

𝐹𝑐𝑤𝑐.𝑅𝑑 = 𝑏𝑒𝑓𝑓.𝑐𝑤𝑐  (tcw + ts.tot) ∙
𝑓𝑦.𝑐𝑤

𝛾𝑀0

=
546.02 (21 + 10) 355

1.05

≅ 5723 kN 

(A.33) 
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where 𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 is the effective length of the column web given by: 

 

𝑏𝑒𝑓𝑓.𝑐𝑤𝑐 = 𝑡𝑓𝑏 + 2√2 𝑎𝑓 + 5(𝑡𝑓𝑐 + 𝑟𝑐) + 2 𝑡𝑒𝑝

= 19 + 2√2 ∙ 29 + 5(40 + 27) + 2 ∙ 40 ≅ 546.02 mm 
(A.34) 

and ts.tot = 10 𝑚𝑚 is the thickness of the supplementary web plates.  

Obviously, if 𝐹𝑐𝑤𝑐.𝑅𝑑 ≥ 𝑇𝑢 it is possible to evaluate the possibility of 

omitting the continuity plates. In such a case, it is necessary to check 

again the resistance of column web in shear according to Step 6. 

Subsequently, the welds have been designed: 

 

𝑎𝑐𝑝 ≥
𝛽𝑤𝑡𝑐𝑝𝑓𝑦.𝑐𝑝

√2𝑓𝑡𝑘

=
0.85 ∙ 20 ∙ 275

√2 ∙ 430
≅ 7.68 𝑚𝑚       →    𝑎𝑐𝑝 = 8𝑚𝑚 (A.35) 

 

Step 8 - Check of the resistance of the column flange in bending: 

In bolted connections, an equivalent T-stub in tension may be used to 

model the design resistance of the column flange in bending. As 

highlighted for the end-plate in bending, failure mode according to 

mechanism type-3 can be excluded because of the design criterion 

adopted for the bolts. Therefore, the design resistances for mechanism 

type-1 and type-2 have to be evaluated. In particular, the following 

equation has to be considered: 

 

𝐹1,𝑅𝑑 ≥ 𝑇𝑢                     𝐹2,𝑅𝑑 ≥ 𝑇𝑢 (A.36) 

where: 
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𝐹1,𝑅𝑑 = 2
𝑏𝑒𝑓𝑓𝑡𝑐𝑓

2

𝑚

𝑓𝑦.𝑐𝑓

𝛾𝑀0

        and        𝐹2.𝑅𝑑 = 2
 
𝑓𝑦.𝑐𝑓

𝛾𝑀0

𝑏𝑒𝑓𝑓𝑡𝑐𝑓
2

2
+ 2 𝐹𝑡.𝑅𝑑  𝑛 

𝑚 + 𝑛
       (A.37) 

in which 𝑏𝑒𝑓𝑓 is the effective length of the equivalent T-stub 

corresponding to a single bolt row, 𝑡𝑐𝑓 is the thickness of the column 

flange, 𝑚 is the distance between the bolt line and the plastic hinge 

arising at the T-stub stem, 𝑛 is the distance between the bolt line and 

the end of the plate where the contact forces are concentrated and 𝑓𝑦.𝑐𝑓 

is the yield resistance of the column flange.  

 

Fig. A.2 – Geometrical properties of column flange 

With reference to Fig. A.2 it is possible to define: 

 

𝑚𝑐 =
𝑤 − 𝑡𝑤𝑐 − 1.6 𝑟𝑐

2
=

170 − 21 − 1.6 ∙ 27

2
= 52.9 𝑚𝑚 (A.38) 
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while the horizontal distance between the bolt axis and the edge of the 

column flange is: 

 

𝑒 =
𝑏𝑐 − 𝑤

2
=

309 − 170

2
= 69.5 𝑚𝑚 (A.39) 

The vertical distance between the first and second bolt rows is: 

 

𝑤𝑣 = 2 (𝑚 + 0.8 𝑎𝑓  √2 + 𝑡𝑓𝑏 2⁄ ) = 2 (45 + 0.8 ∙ 29 √2 + 19 2⁄ )

= 174.62 𝑚𝑚 
(A.40) 

 

 

 

Fig. A.3 – Abacus 
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According to Eurocode 3 the effective length, in presence of transverse 

stiffeners, is given by: 

 

𝑏𝑒𝑓𝑓 = 𝑚𝑖𝑛{2𝜋𝑚𝑐 ;  𝛼 ∙ 𝑚𝑐} = 𝑚𝑖𝑛  {2𝜋 ∙ 52.9 ;  5.93 ∙  52.9} ≅ 313.7 𝑚𝑚 (A.41) 

where the parameter α has been determined considering the geometrical 

parameters 𝜆1 and 𝜆2: 

 

𝜆1 =
𝑚𝑐

𝑚𝑐 + 𝑒
=

52.9

52.9 + 69.5
= 0.43           𝜆2 =

𝑚2

𝑚𝑐 + 𝑒

68.26

52.9 + 69.5
= 0.57 (A.42) 

by means the abacus in Fig. A.3. 

Thereafter, the design resistances for mechanisms type-1 and type-2 

are given by: 

 

F1,Rd = 2
fy.cf beff.cfb tcf

2

mc

1

γM0

= 2
355 ∙ 313.7 ∙ 402

52.9

1

1.05
≅ 6416 kN ≥ Tu 

F2.Rd = 2
 fy.cf

beff.cfbtcf
2

2
+ 2 Ft.Rd n 

mc + n

1

𝛾𝑀0

= 2
 355

313.7 ∙ 402

2
+ 2 ∙ 588240 ∙ 55 

52.9 + 55

1

1.05
 ≅ 2715 kN ≥ Tu 

(A.43) 

where 𝑛 = min{e; eep; 1.25mc} = min{69.5;  55; 1.25 ∙ 52.9} = 55 𝑚𝑚. 

Since the both design resistances are greater than the action Tu, derived 

by means of capacity design principles, the check of the column flange 

in bending is satisfied. 
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Bolted T-stubs: a refined model for flange and 

bolt fracture modes 

The mechanical modelling of a T-stub can be provided starting from the 

definition of the geometry of the elements, the boundary conditions and 

the non-linear behaviour of its sub-components, i.e. the plate and the 

bolts. 

                               a) 

                                     b) 

Fig. B.1 – T-stub model: a) Geometrical discretization of the T-stub; b) Non-
linear mechanical model 

The approach proposed in this paper aims to provide a modelling of the 

T-stub in line with the methodology already individuated by Eurocode 3. 

To this scope, the flange plate is modelled with a simplified beam, 

whose length is defined according to EC3 criteria, i.e. the distance 

between the bolt line and the plastic hinge arising at the T-stub stem is 
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equal to m=d-0.8r, while n is defined as the distance between the bolt 

line and the end of the plate (Fig. B.1a). In order to model the influence 

of the bolt head on the resistance of the T-stub, which can provide a 

significant contribution to the resistance, the bolt action is assumed 

uniformly spread under the bolt head, over a length equal to the washer 

diameter (dw) (Fig. B.1b). At the same time, the bolt shank is modelled 

with a translational spring. Such a spring is defined in order to check 

the resistance of the bolt and to evaluate the respect of the compatibility 

condition between the elongation of the bolt and the deformation of the 

plate. Always in line with the EC3 approach, it is assumed that the 

beam composing the T-stub flange is constrained in correspondence of 

the stem, due to symmetry condition, with a bi-pendulum. To model the 

contact zone, as an advance on with respect to the existing models, the 

prying forces, which are usually assumed concentrated at the end of the 

plate, are considered applied in a point in between the tip of the plate 

and the edge of the bolt head. The position of such a point is 

determined by evaluating the compatibility of the vertical displacements 

of the plate in order to respect the horizontal symmetry condition. 

The behaviour of the plate is defined adopting a lumped plasticity 

approach by means of non-linear plastic hinges located at the T-stub 

web and bolt line (Fig. B.1). The characteristics of the plastic hinges are 

derived starting from the moment-curvature diagram of the cross-

section representing the plate, according to the approach already 

presented by Piluso et al. (2001). In a similar way, also the non-linear 

spring modelling the bolt shank behaviour is characterized starting 

from the knowledge of the stress-strain law of the basic material 

according to the approach reported in the next section. The failure of 

the sub-components of the T-stub, i.e. the bolts and the plate, is 
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modelled by checking the ultimate condition on the stress-strain laws of 

the materials. In particular, the failure of the plastic hinges of the plate 

is individuated as corresponding to the plastic rotation leading to the 

attainment ultimate strain at the most external fibre, while the failure of 

the bolt is identified in correspondence to the uplift value leading to the 

fracture elongation of the material composing the bolt. 

In conclusion, still providing a simplified approach, the model proposed 

in this paper aims to define the response of the T-stub up to failure 

including the following advances: 

• The bolt forces are considered uniformly distributed under the bolt 

head; 

• The position of the contact forces is determined by evaluating the 

deformed configuration of the plate in the zone contained in between 

the bolt line and the tip of the plate; 

• Mechanical non-linearities of plate and bolt are accounted for by 

means of integration of the stress-strain laws of the materials by 

extending the approach proposed by Piluso et al. for determining the 

moment-rotation response of the plastic hinges arising on the plate 

to the bolt force-elongation response; 

• The failure of the T-stubs is modelled by checking the ultimate strain 

of the basic materials composing the plate and the bolts; 

• The compatibility condition between the displacements of the plate 

and the uplift of the bolt is taken into account; 

• The displacements of the T-stub are evaluated step-by-step as the 

sum of the elastic and plastic parts. 

Despite these improvements, the following assumptions are still made: 

 3-D effects are neglected; 
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 Secondary bending effects on bolts are neglected; 

 The effect of moment-shear interaction on resistance of the materials 

is neglected; 

 The effect of shear forces in the bolts are neglected; 

 Second order effects are neglected; 

 The compatibility of the deformed shape of the plate in the zone 

contained between the prying force and the tip of the plate is not 

considered. 

It is useful to note that, as far as 3-D effects are not considered, the 

model presented in this paper is mainly devoted to reproduce cases 

where the yield line pattern is the so-called beam pattern, which is, in 

practical cases, the pattern usually arising in T-stubs modelling the 

end-plates. In order to overcome this limitation, the model could be 

generalized also to other cases, at least for defining the resistance, by 

adopting the effective lengths already defined in (Zoetemeijer 1974). In 

addition, second order effects and shear forces in bolts are usually 

arising only at large displacements and therefore the model remains 

enough accurate in the range of sufficiently low displacements. In 

addition the effect of shear forces on the resistance of the materials are 

neglected and, therefore, in cases of T-stubs characterized by small 

values of the m/tf  ratio a slight overestimation of the resistance is 

expected. 

B.1. Materials’ constitutive laws 

The plastic deformation capacity of steel plates strongly depends on the 

inelastic properties of the material and, above all, on the value of the 

ultimate strain. For this reason, in order to predict the ductility supply 
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of T-stubs, an accurate modelling of the stress-strain relationships up 

to failure of the basic materials composing bolts and plate is necessary.  

Preliminarily, it is useful to note that a conventional stress-strain 

relationship measured in common tensile tests is not representative of 

the punctual behaviour of the material. In fact, as it is well known, 

during a tensile test, the engineering stress 𝜎𝑛, defined as the ratio 

between the force measured during the test (N) and the initial area of 

the specimen (A0), after necking, starts to decrease due to the reduction 

of the cross-sectional area of the specimen. Notwithstanding, after the 

beginning of necking, the true (natural) stress 𝜎𝑟 referred to the actual 

cross-sectional area A increases and the relationship between true 

stress and true strain of steel always follows an hardening behaviour up 

to failure. 

Therefore, normally, in order to get the true stress–true strain 

behaviour starting from the results of coupon tensile tests, in the range 

before the necking phenomenon starts, it is necessary to transform the 

engineering values of stress and strain in actual values by means of the 

following relationships (Malvern 1969; Pozzati 1980; Davids, et al. 

1982): 

 

𝜀𝑟 = ln(1 + 𝜀𝑛) ;  𝜎𝑟 = 𝜎𝑛(1 + 𝜀𝑛) (B.1) 

where 𝜀𝑟 is the actual (material) strain and 𝜀𝑛 is the nominal strain. In 

addition, in order to define the behaviour of the material in the range 

after necking up to failure, it is necessary to evaluate the ultimate 

natural stress 𝜎𝑓 at fracture and the corresponding natural deformation 

𝜀𝑢 (RILEM 1990) by means of the following expressions: 
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𝜎𝑓 =
𝐹𝑓

𝐴𝑓
       𝜀𝑢 = ln

𝐴0
𝐴𝑓
  (B.2) 

where 𝐹𝑓 is the force measured by the testing machine at fracture and 

𝐴𝑓 is the area in the necking zone at the end of the test. The 

relationships here reported can be applied to obtain the actual stress-

strain behaviour of steel provided that the results of coupon tensile 

tests are available. Such tests, are usually carried out only for the 

plates but not for the bolts some simplifying assumptions concerning 

the bolt material modelling have to be made. 

The material composing the flange plate, as far as the results on coupon 

tensile tests are available, can be modelled in terms of actual strain vs. 

actual stress by means of a quadri-linear approximation, which can be 

derived starting from the experimental results by simply equating the 

area under the experimental curve with the area under the simplified 

quadri-linear curve (Fig. B.2a). 

          

                a) 
 

b) 

Fig. B.2 – Stress-strain laws of the materials composing the T-stub:  
a) Flange plate; b) Bolts 
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Conversely, the material composing the bolts is not easy to accurately 

characterize as far as no experimental results are usually available. 

Nevertheless, bolt elongation is very important for the prediction of the 

ductility of joints. In fact, it may increase significantly the ultimate 

plastic deformation, allowing the uplift of the plate, in case of 

mechanisms type-2 or type-3. Also in EC3 no information is given with 

reference to the ultimate displacement of bolts and, since bolts are 

designed to remain in elastic range, in technical literature there are only 

few studies dealing with the characterization of the ultimate 

deformation of bolts. Within a wide experimental program dealing with 

the assessment of the behaviour of isolated T-stubs subjected to 

tension, four series of tests on high strength bolts axially loaded have 

been carried out (Girao Coelho, et al. 2004). The average ultimate 

deformation resulting from experimental tests indicated by the authors 

for short-threaded bolts of 8.8 and 10.9 class, is contained in the range 

0.11-0.13. Other research, in a work devoted to propose a model to 

predict the ductility supply of joints, the authors indicated a value of 

the ultimate bolt deformation capacity equal to 0.1 (Beg, et al. 2004). 

Considering that, in technical literature, there is a common approach 

and usually the tests on the material composing the bolts used in the T-

stub specimens are not available, in this work a simplified approach 

based on the application of an approximate tri-linear law is adopted 

(Fig. 2b). In particular, the proposed simplified tri-linear law is defined 

starting from the knowledge of the average values of the yield and 

ultimate stress of the material composing the bolt (i.e. for bolts class 8.8 

[CoV = 0.07]: fy,ave = 723 MPa, fu,ave = 904 MPa; bolts class 10.9 

[CoV=0.02]: fy,ave = 930 MPa,  fu,ave = 1034 MPa), the stiffness of the 

second branch, which is characterized by a value of the Young modulus 
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equal to 0.1E (Leon & Swanson 2000) and from the ultimate strain of 

the bolts. Such a strain value, since there are no specific indications in 

technical literature, is assumed equal to the elongation at fracture 

provided by the manufacturer of the bolts. This value, according to the 

manufacturer may vary in a minimum/maximum range according to 

prescribed values of the coefficient of variation. In particular, it is 

assumed that for bolt class 8.8, CoV = 0.1, Amin = 0.12, Amax = 0.18, 

while for bolt class 10.9, CoV = 0.1, Amin = 0.09, Amax = 0.14 (Fontana 

2004). 

B.1.1. Flexural behavior of the flange plate 

Classically, the failure mechanisms of a bolted T-stub is dependent on 

the resistance of the composing elements, i.e. the bolts and the plate. In 

particular, in failure mechanism type-1, which is the most ductile as it 

provides the formation of significant plastic deformations in the flange 

plate under bending, the collapse is due to the formation of four plastic 

hinges contemporarily arising in correspondence of the flange-to-web 

connection and bolt line. Conversely, in failure mechanism type-3, the 

failure mechanism is characterized only by the bolt collapse. Finally, 

failure mechanism type-2 is intermediate between mechanisms type-1 

and type-3, as it provides the collapse of the T-stub due to the failure of 

the bolt or of the flange plate due to the attainment of the ultimate 

rotation of the plastic hinges arising at the flange-to-web connection 

(Fig. B.3). 
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Fig. B.3 – Classical definition of the failure modes 

Considering the classical definition of failure modes and their kinematic 

mechanisms, it is clear that, in order to accurately predict the complete 

behaviour of a bolted T-stub, first of all, it is important to accurately 

define both the rotational capacity of the plastic hinges arising in the 

flange plate and the force-elongation relationship for the bolt. In fact, in 

case of mechanism type-1, as the collapse is due to the plate failure, the 

behaviour and the ductility capacity of the T-stub mainly depends on 

the ability of the plastic hinges to rotate and, in particular, on their 

moment-rotation response, while, in case of mechanism type-3, as 

failure is governed by bolts, it mainly depends on their force-elongation 

response. Obviously, in case of mechanism type-2, which is 

intermediate between mechanism type-1 and type-3, both the rotational 

response of the plastic hinges and the force-elongation response of bolts 

are of concern, because in this case the failure of the bolt or of the plate 

mainly depends on the relative resistance and ductility of the two 

components.  
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In particular, in the proposed model the plate behaviour is 

characterized by following an approach similar to that already provided 

in (Piluso, et al. 2001). Within this approach, the moment-rotation 

behaviour of the plastic hinges is derived passing from the true stress-

true strain response of the basic material composing the plate to the 

moment-curvature relationship of the plate and, afterwards, it is 

obtained by means of integration of the curvatures along the plate. 

 

Moment–Curvature relationship  

Following the same methodology provided by (Piluso, et al. 2001), the 

behaviour of the plastic hinges arising on the flange plate is defined 

starting from the moment-curvature 𝑀 − 𝜒 relationship of the 

rectangular cross-section representing the flange plate. Such a 

relationship assumes four different mathematical laws in 

correspondence of the boundary strains 𝜀𝑦, 𝜀ℎ, 𝜀𝑚, 𝜀𝑢 (Fig. B.2a). Under 

the hypothesis of pure bending, the significant values of the curvatures 

can be defined as: 

 

𝜒𝑦 =
2𝜀𝑦

𝑡𝑓
; 𝜒ℎ =

2𝜀ℎ
𝑡𝑓
; 𝜒𝑚 =

2𝜀𝑚
𝑡𝑓

; 𝜒𝑢 =
2𝜀𝑢
𝑡𝑓

 (B.3) 

where 𝑡𝑓 is the flange plate thickness. For each one of these curvature 

values, by writing the equilibrium equations the following branches, 

expressed in terms of non-dimensional bending moment vs non-

dimensional curvature 𝑀 𝑀𝑦⁄ − 𝜒 𝜒𝑦⁄ , can be obtained: 
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 Elastic branch  (𝜒 𝜒𝑦⁄ < 1): 

𝑀

𝑀𝑦

=
𝜒

𝜒𝑦
 (B.4) 

 Yield branch (1 < 𝜒 𝜒𝑦⁄ < 𝜒ℎ 𝜒𝑦⁄ ): 

 

𝑀

𝑀𝑦

=
1

2
[3 − (

𝜒𝑦

𝜒
)
2

] (B.5) 

 Hardening Branch (𝜒ℎ 𝜒𝑦⁄ < 𝜒 𝜒𝑦⁄ < 𝜒𝑚 𝜒𝑦⁄ ): 

 

𝑀

𝑀𝑦

=
1

2
[3 − (

𝜒𝑦

𝜒
)
2

] +
1

2

𝐸ℎ
𝐸
(
𝜒 − 𝜒ℎ
𝜒𝑦

) (1 −
𝜒ℎ
𝜒
) (2 +

𝜒ℎ
𝜒
) (B.6) 

 Post-necking (𝜒𝑚 𝜒𝑦⁄ < 𝜒 𝜒𝑦⁄ < 𝜒𝑢 𝜒𝑦⁄ ): 

 

𝑀

𝑀𝑦

=
1

2
[3 − (

𝜒𝑦

𝜒
)
2

] +
1

2

𝐸ℎ
𝐸
(
𝜒 − 𝜒ℎ
𝜒𝑦

) (1 −
𝜒ℎ
𝜒
) (2 +

𝜒ℎ
𝜒
) + 

 

−
1

2

𝐸ℎ − 𝐸𝑢
𝐸

𝜒 − 𝜒𝑚
𝜒𝑦

(1 −
𝜒𝑚
𝜒
) (2 +

𝜒𝑚
𝜒
) 

(B.7) 

where 𝑀𝑦 = 𝑏𝑒𝑓𝑓𝑡𝑓
2 6⁄ 𝑓𝑦 is the T-stub width and 𝑓𝑦 is the material yield 

stress. From the previous equations, it is useful to observe from 

previous equations that the Mh/My, Mm/My, Mu/My ratios depend only on 

the properties of the material composing the flange plate (Fig. B.4). 
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Fig. B.4 – Example of non-dimensional moment-curvature diagram 

Moment-rotation behaviour of the plastic hinges  

By exploiting the definition of the moment-curvature relationships, the 

moment-rotation curves of the plastic hinges modelling the non-linear 

behaviour of the T-stub flange plate can be determined. Following the 

same approach provided by Piluso et al. (2001) such plastic rotations 

can be evaluated by means of the following steps: 

 Evaluation of the bending moment diagram along the T-stub flange; 

 •Definition of the curvatures along the flange plate by inverting the 

moment-curvature relations previously defined; 

 Integration of the curvatures on single cantilever beams in order to 

obtain the rotations of the plastic hinges. 

The diagram of the bending moment arising on the T-stub flange plate 

is not known a priori and it depends on the system of equilibrium and 

compatibility equations to be solved according to the procedure reported 

in next section. Nevertheless, it is useful to note that the shape of such 

a diagram, in any point of the force-displacement T-stub curve, depends 

only on the applied loads and on the value of the bending moment 

arising in correspondence of the plastic hinges, whose ratio, 
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consistently with the kinematic collapse mechanism reported in Fig. B.5 

can be defined as ψMu. 

 

Fig. B.5 – Assumed kinematic collapse mechanism 

Therefore, it is linear in the zone in between the plastic hinge arising at 

the web and the tip of the bolt head, parabolic in the zone of the bolt 

head and again linear in the zone contained in between the bolt head 

and the prying force (Fig. B.6). 

Following Piluso et al. (2001) approach [1], starting from the moment 

distribution arising along the T-stub flange depicted in Fig. B.6, the 

mathematical laws defining the rotations of the plastic hinges can be 

obtained by considering, in a simplified way, the three simple cantilever 

schemes reported in Fig. B.6, which are characterized by a maximum 

value of the bending moment equal to M1=M, M2=M3=ψM and lengths L1, 

L2 and L3 equal to: 
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𝐿1 =
𝑚

1 + 𝜓
                   𝐿2 =

𝑚𝜓

1 + 𝜓
                         𝐿3 = 𝑛 (B.8) 

 

 

 

Fig. B.6 – Cantilever scheme for evaluating the plastic rotations 

Within this work, the parabolic part of the bending moment diagram is 

approximated with a linear segment internal to the actual diagram. This 

approximation is made in order to simplify the expressions of the 

mathematical laws providing the values of the rotations of the plastic 

hinges. It is worth observing that, this approximation leads to a slight 

overestimation of the rotation of the plastic hinge arising at the T-stub 

web 𝜗𝑝1 and a slight underestimation of the plastic rotation arising at 

the bolt line 𝜗𝑝2. 

Therefore, for each simple cantilever scheme, the value of the plastic 

rotation is obtained from the inversion of the moment-curvature 

diagram reported in previous paragraph and the integration of the 

curvatures along the cantilever. Such an integration provides the values 

of the following functions already defined by Piluso et al. (2001) [1]: 
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 Case 1: 𝜉 ≤ 𝜉1 =
𝑀𝑦

𝑀𝑢
 

𝜗𝑝 = 0 (B.9) 

 Case 2: 𝜉1 ≤ 𝜉 ≤ 𝜉2 =
𝑀ℎ

𝑀𝑢
 

 

𝜗𝑝 =
𝐿

𝑡𝑓
𝐷(𝜉) (B.10) 

 Case 3: 𝜉2 ≤ 𝜉 ≤ 𝜉3 =
𝑀𝑚

𝑀𝑢
 

 

𝜗𝑝 =
𝐿

𝑡𝑓
𝐹(𝜉) (B.11) 

 Case 4: 𝜉3 ≤ 𝜉 ≤ 1 

 

𝜗𝑝 =
𝐿

𝑡𝑓
𝐺(𝜉) (B.12) 

where 𝜉 is equal to the ratio between the bending moment and Mu and 

the functions 𝐷(𝜉), 𝐹(𝜉) and 𝐺(𝜉) depend only on the mechanical 

properties of the plate. For the sake of clarity, the complete expressions 

of the functions are reported in the Annex A of this paper. A typical 

non-dimensional moment-rotation behaviour of the plastic hinge is 

delivered in Fig. B.7. 
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Fig. B.7 – Typical moment-rotation behaviour of the plastic hinge 

With reference to the kinematic collapse mechanism reported in Fig. 

B.5, it is easy to verify by means of geometrical considerations, that the 

plastic displacement of the T-stub can be expressed as a function of the 

plastic hinges rotation by means of the following relationship: 

 

𝛿𝑝.𝑇−𝑠𝑡𝑢𝑏 = 𝜗𝑝1 ∙ 𝑚 + (𝜗𝑝1 − 𝜗𝑝2) ∙ 𝑛
∗ (B.13) 

where 𝜗𝑝1 is the plastic rotation of the first cantilever scheme 

characterized by the length L1 and the bending moment M1; 𝜗𝑝2 is equal 

to the sum of the plastic rotations of the other two cantilever schemes 

defined in Fig. B.6. In addition, due to compatibility requirements with 

the vertical displacement of the plate in the contact zone, 𝜗𝑝1 has to be 

greater than 𝜗𝑝2, otherwise 𝜗𝑝1 = 𝜗𝑝2. 
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B.1.2. Axial behavior of the bolt 

As aforesaid, analogously to the flange plate, the force-elongation 

behaviour of the bolt can be characterized starting from the definition of 

the stress-strain law of the basic material. It is easy to understand that, 

in this case, the translational spring representing the bolt behaviour 

can be defined by multiplying the strains and the stresses of the 

constitutive law by the length (Lb) and the net section area (Ares) of the 

shank respectively. Consistently with the Eurocode 3 approach, the 

conventional length of the bolt can be defined as: 

 

𝐿𝑏 = 2𝑡𝑓 +
𝑡𝑛 + 𝑡𝑏ℎ

2
+ 2𝑡𝑤 (B.14) 

where 𝑡𝑛 is the nut thickness, 𝑡𝑏ℎ is the thickness of the bolt head and 

𝑡𝑤 is the thickness of the washer. 

Therefore, the force-elongation behaviour of the bolt can be 

characterized by means of the following tri-linear behaviour: 

 

 1st Branch: Elastic (𝛿 ≤ 𝛿𝑦): 

 

𝐵 = 𝐾0 ∙ 𝛿 (B.15) 

 2nd Branch: Inelastic (𝛿𝑦 < 𝛿 ≤ 𝛿ℎ): 

 

𝐵 = 0.10 ∙ 𝐾0 ∙ 𝛿 (B.16) 
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 3rd Branch: Plateau (𝛿 > 𝛿ℎ): 

 

𝐵 = 𝐵𝑢 (B.17) 

where the contribution of the initial stiffness of the bolt, with reference 

to the single tee element, is equal to: 

 

𝐾0 =
2𝐸𝐴𝑟𝑒𝑠
𝐿𝑏

 (B.18) 

while the boundary displacements, dividing the different branches are: 

 

𝛿𝑦 =
𝑓𝑦 ∙ 𝐿𝑏

2𝐸
 

 

𝛿ℎ = 𝛿𝑦 +
(𝐵𝑢 − 𝐵𝑦)

0.10𝐾0
 

 

𝛿𝑢 = 𝜀𝑢𝐿𝑏 
 

(B.19) 

Finally, the yielding and ultimate bolt forces are given by: 

 

𝐵𝑦 = 𝐴𝑟𝑒𝑠 ∙ 𝑓𝑦 

 

𝐵𝑢 = 𝐴𝑟𝑒𝑠 ∙ 𝑓𝑢 
(B.20) 

B.2. Model assembling 

As far as the basic assumptions and the mathematical laws defining the 

non-linear behaviour of flange plate and bolt are defined, it is possible 
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to define the procedure to assembly the sub-components of the T-stub 

(i.e. the plate and the bolt) in order to get the whole force-displacement 

curve up to failure. According to the assumptions made and to the 

bending moment distribution depicted in Fig. B.6, for a fixed value of 

the bending moment Mj = M1 acting in correspondence of the T-stub 

web, there are five unknown parameters (Fig.B.1b). The force 

transmitted through the T-stub web (F), the prying force (Q), the value 

of the distributed load corresponding to the action provided by the bolt 

head (q), the ratio between the bending moment acting at the bolt line 

and that arising at the T-stub web (ψ) (Fig.B.6) and the location of the 

prying forces in the contact zone (n*). In order to solve the problem, five 

equations can be written: the translational equilibrium, the rotational 

equilibrium around the plastic hinge located in correspondence of the 

web, the rotational equilibrium of the left portion of the plate beam 

around the point of application of the bolt force, the compatibility 

equation between the T-stub flange and the elongation of the bolt at the 

bolt line and the compatibility equation of the vertical displacements in 

the contact zone. Therefore, the system of equations to be solved, in its 

general form, can be written as follows: 

{
 
 
 
 

 
 
 
 

𝐹𝑦

2
+ 𝑄 − 𝑞𝑑𝑤 = 0

𝑄(𝑚 + 𝑛∗) − 𝑞𝑑𝑤𝑚 +𝑀𝑦 = 0

𝑄𝑛∗ −
𝑞𝑑𝑤

2

8
− 𝜓𝑀𝑦 = 0

𝛿𝑏.𝑒𝑙 + [𝜗𝑝1(𝜓) − 𝜗𝑝2(𝜓)]𝑛
∗ =

𝑞𝑑𝑤
𝐾𝑠𝑒𝑐

𝑣1(𝑧1) + [𝜗𝑝1(𝜓) − 𝜗𝑝2(𝜓)𝑧1]|𝑚𝑖𝑛 > 0

 (B.21) 
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where 𝛿𝑏.𝑒𝑙 is the elastic part of the vertical displacement evaluated at 

the bolt line, 𝐾𝑠𝑒𝑐 is the value of the bolt secant stiffness determined on 

the force-elongation curve previously defined, 𝜗𝑝1(𝜓) and 𝜗𝑝2(𝜓) are the 

plastic rotations of the hinges to be evaluated according to the 

procedure previously reported, whose values depend on the parameter 

𝜓, 𝑣1(𝑧1) is the distribution of the plate elastic displacements in the 

contact zone and 𝑧1 is the value of the abscissa starting from the tip of 

the plate. 

 

a) Elastic 

 

a) Plastic 

 

a) Total 

Fig. B.8 – Deformed shape of the flange 
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It is worth noting that fourth and fifth equation of system (B.21) depend 

on the elastic part of the plate displacement (Fig. B.8a) and, due to this 

reason, it is necessary to define the mathematical laws of the vertical 

deflections of the plate in a closed form. To this scope, the static beam 

equations for the three portions 0 ≤ 𝑧1 ≤ 𝑛∗ − 𝑑𝑤 2⁄ , 0 ≤ 𝑧2 ≤ 𝑑𝑤 and 0 ≤ 

𝑧3≤ 𝑚 − 𝑑𝑤 2⁄  have been written imposing appropriate boundary 

conditions. For the sake of clarity, the solutions providing the 

deflections of the plate, are reported in [2]. 

Observing Eqs.(B.21), it is easy to understand that the solution of the 

system is untrivial in a closed form. In fact, the equations providing the 

expressions of the flange plate plastic rotation are quite complicated 

and, in addition, the point where the prying force is applied is not 

directly evaluable because it depends on the expression of the vertical 

deflection of the plate in the contact zone [2]. 
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Fig. B.9 – Flow-chart for solving the system of equation (B.21) 

Nevertheless, the system can be solved incrementally by means of the 

algorithm reported in Fig. B.9. In particular, following this algorithm, 
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for every assigned value of the bending moment Mj, the system of 

equations can be iteratively solved by preliminarily fixing n* and an 

attempt value of ψ in order to determine 𝜗𝑝1 and 𝜗𝑝2 and, from the first 

four equations of the system, the values of q, F, Q, and a new value ψ= 

ψ’ of the parameter, providing the bending moment of the bolt axis. In 

particular, q can be calculated from the following equations, whose 

application range depends on the deformation state of the bolt: 

 

Case 1 – Bolt in the elastic range 

 

𝑞1 =
64𝐾0𝑛

∗[3𝑚2𝑀𝑗 + 6𝑀𝑗𝑚𝑛
∗ + 2𝑀𝑗𝑛

∗2 + 6𝐸𝐼(𝜗𝑝1 − 𝜗𝑝2)(𝑚 + 𝑛∗)]

𝑑𝑤{192𝐸𝐼(𝑚 + 𝑛∗) + 𝐾0[𝑑𝑤
2 (𝑚 + 𝑛∗) − 16𝑑𝑤

2 𝑛∗(𝑚 + 𝑛∗) + 64𝑚𝑛∗2(3𝑚+ 2𝑛∗)]}
 (B.22) 

Case 2 – Bolt in the plastic range 

 

𝑞2 = 0.1𝑞1 + 0.9
𝐵𝑦

𝑑𝑤
 (B.23) 

Case 3 – Bolt in the plateau range 

 

𝑞3 = 0.1𝑞1 + 0.9
𝐵𝑦

𝑑𝑤
 (B.24) 

while F,Q and ψ' can be calculated by exploiting the following 

relationships: 

 

𝐹 = 2
(𝑞𝑑𝑤𝑛

∗ +𝑀𝑗)

𝑚 + 𝑛∗
 (B.25) 
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𝑄 =
(𝑞𝑑𝑤𝑚−𝑀𝑗)

𝑚 + 𝑛∗
 

𝜓′ =
𝑞𝑑𝑤[𝑑𝑤(𝑚 + 𝑛∗) − 8𝑚𝑛∗] + 8𝑀𝑗𝑛

∗

8𝑀𝑗(𝑚 + 𝑛∗)
 

Afterwards the accuracy of the solution can be evaluated by checking 

the respect of last equation of the system and the difference between ψ 

and ψ'. As far as the force-displacement curve of the T-stub is obtained 

by progressively increasing the bending moment acting on the flange, at 

the end of each loading step it is possible to check also for the 

deformation state of plastic hinges and bolt. In this way it is possible to 

control if the rotations and the elongations are compatible with the 

plastic deformation capacity provided by the basic materials.  

In order to verify the accuracy of the model, a specific program based on 

the reported algorithm in Visual Basic for Application hes been 

developed. Finally, the accuracy of the proposed model has been 

investigated by means of a comparison with twelve experimental tests, 

both in terms of resistance and of plastic deformation capacity, reported 

in [2]. 
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