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Chapter 1   1 

 

Theoretical and Experimental Analysis of Partial Strength  

Dissipative Joints in Steel Moment Resisting Frames 

 

CHAPTER 1 – INTRODUCTION 

1.1 Scope of the study 

Before seismic events of Northridge (Los Angeles, 17 January 1994) and 

Hyogoken-Nanbu (Kobe, 17 January 1995) MRFs were supposed to be the 

most reliable seismic resistant systems due to the high number of dissipative 

zones that are able to develop Before these earthquakes, especially in United 

States, MRFs were realized, generally, by adopting fully welded connections, 

which, at the time, were retained to perform better compared to other joint 

typologies. In addition, the economic advantages deriving from the adoption of 

field fully welded connections, strongly influenced choices of building owners’ 

and, as a result, led to the adoption of this joint typology in almost all pre-

Northridge steel MRFs. After Northridge earthquake, even though the loss of 

life was limited, the unexpected amount of damages occurred in structures 

adopting as seismic resistant system welded Moment Resisting Frames put 

into question the role played by welded connections on the whole structural 

behavior.  

Therefore, after the seismic events, two strategies were identified to improve 

behavior of fully welded connections. The first one is related to the 

improvement of the welding technique, usually strengthening the critical area 

subjected to fracture. The second one is based on the possibility of 

concentrating the energy dissipation in the beam, reducing the bending 

resistant area of beams by properly cutting the flanges in a zone close to 
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beam-to-column connection. This weakening approach is commonly called 

RBS. A new design approach, which has been the subject of many studies in 

last decades, has gained growing interest in last years. In fact, Eurocode 8  

has opened the door to the idea of dissipating the seismic input energy in the 

connecting elements of beam-to-column joints. It has been recognized that 

semi-rigid partial strength 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.  

In this work, the attention is focused on this last approach. The first part of the 

work is descriptive and deals with the historical development and, in general, 

with the seismic behavior of Moment Resisting Frames. In the same chapter 

general concepts concerning the component method, as introduced by last 

version of Eurocode 3, are given. Finally, the influence of the joint behaviour on 

main characteristics of partial strength and/or semi-rigid MRFs is evaluated by 

properly accounting for existing literature. Third chapter deals with an 

experimental analysis on the cyclic behaviour of classical partial strength 

beam-to-column joints. The main scope of the experimental campaign is to 

show how to control the dissipative behaviour of joints by properly designing 

the weakest joint component and by over-strengthening the other connecting 

elements. Therefore, a design procedure is pointed out and the comparison 

among the results obtained by cyclic tests is presented in terms of energy 

dissipation capacity. In addition, by monitoring during the experimental tests 

both the whole joint and the single joint components it is shown that the energy 

dissipated by the joint is equal to the sum of the energy dissipated by the joint 

components. This result assures that the first phase of the component 

approach, i.e. the component identification, has been properly carried out and 
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that interaction between components under cyclic loads is negligible. Chapter 

4 represents the continuation of the work carried out in previous chapter. In 

fact, on the base of the obtained results, the goal is to provide a mechanical 

cyclic model for the prediction of the overall joint behaviour, starting from 

existing literature models. Hence, a state-of-the-art review is first presented 

and then, model employed to set up a computer program devoted to the 

prediction of the cyclic behaviour of steel beam-to-column joints is shown. In 

particular, cyclic model adopts Kim & Engelhardt model for shear panel, Cofie 

& Krawinkler model for Panels in Tension and Compression and Piluso et al. 

model for the prediction of the T-stub behavior. Finally, in chapter 5, an 

innovative approach to improve the seismic behavior of bolted beam-to-

column joints, which are affected by strength and stiffness degradation, is 

presented. The development of a dissipative device representing the 

application of ADAS concept to T-stubs, is detailed. First, a mechanical and 

finite element model able to predict the whole force displacement curve of the 

so-called hourglass T-stubs are set up. Next, an experimental analysis aiming 

to compare the hysteretic behaviour and the dissipative capacities of 

rectangular and dissipative T-stubs is carried out. Finally, as a consequence of 

the study of the joint component, a further experimental analysis concerning 

the application of such devices to partial strength beam-to-column joints is 

presented and the results, in terms of moment-rotation curve and energy 

dissipation capacity, are discussed and compared to those obtained by the 

cyclic testing of classical joints. 
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CHAPTER 2 – SEISMIC BEHAVIOR OF MOMENT 

RESISTING FRAMES 

2.1 The structural typology 

For different reasons Moment Resisting Frames (MRF) have become very 

popular in last century and many buildings have been built applying this 

technique. Architects and building owners usually appreciate layouts obtained 

using this structural typology, in fact such a system provides large open 

spaces without the obstruction usually due to the presence of braces or walls. 

Steel MRFs have been used worldwide especially for applications in low-rise 

industrial buildings and multi-storey low, medium and high-rise buildings (Fig. 

2.1).  

  

Fig. 2.1 – Steel Moment Resisting Frames in U.S.A. 
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MRFs are structures that withstand seismic actions by the bending of girders, 

columns and connections. 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. 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.  

For the above mentioned architectural characteristics, often MRFs are 

preferred to other structural systems, such as concentrically (CBF) and 

eccentrically (EBF) braced frames, where pendular frames are combined with 

stiff and strong braced frames (Giouncu & Mazzolani, 2000; Mazzolani & 

Piluso, 1996). With these approaches pendular frames are required to carry 

vertical loads and the energy dissipation capacity is entrusted to the bracing 

system. In case of CBF, the energy dissipation capacity is provided by the 

plasticization of diagonals in tension while, in case of EBF the hysteretic 

dissipation is relied on the plasticization of predetermined regions of the 

beams, individuated by the bracing system, which are subjected to high 

bending and/or shear (Fig. 2.2).   

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 fulfillment of the serviceability limit states in terms 
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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. So that, especially for high-rise 

buildings, MRFs can become uneconomical with respect to other systems.  

 

 

Fig. 2.2 - Structural Typologies of CBF and EBF 

Other problems can be individuated in the difficulties which are possible to 

encounter in providing adequate stiffness and resistance to joints when these 

have to be rigid and designed to be over-resistant with respect to the 

connected beam. In fact, providing adequate stiffness and strength to joints 

can, in some cases, become onerous (Mazzolani & Piluso, 1996; Bruneau et 

al., 1998). In addition, when welded joints are adopted it is of fundamental 

importance to avoid as much as possible the use of field welds, which have 

been demonstrated, by evaluating the damages on steel structures caused by 
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Northridge and Kobe earthquakes, to be unreliable due to the limited 

deformation capacity and to the presence of welding defects (SAC, 2000a; 

SAC, 2000b). Therefore, when welding details are adopted it would be better 

to rely on shop welds (Astaneh-Asl, 1986). 

  

Fig. 2.3 - Buildings Erected applying the “Column Tree” Technique 

A constructional procedure, which proposes to combine shop welded and field 

bolted connections is the so-called “column-tree” technique (Astaneh-Asl, 

1987; Mazzolani & Piluso, 1996). In this practice, columns are welded with 

short girder stubs in the shop, successively erected in the field and finally 

connected by bolting the middle segment of the beam (Fig. 2.3). Usually, the 
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bolted part of the connection is designed to be full strength. As a 

consequence, its contribution to the frame stiffness and resistance is negligible 

and therefore, it does not play a major role on the overall structural behavior. 

Furthermore, the “column tree” technique assures high reliability and economy. 

In fact, in general, shop welds are less expensive and guarantee higher 

performances than field welds, which require inspections and good weather 

conditions to be executed. 

 

Fig. 2.4 – Classification of Moment Resisting Frames 

A classification of MRFs, according to (Astaneh-Asl, 1995), can be arranged 

with reference to the following characteristics (Fig. 2.4):  
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• the spatial distribution of the frames within the whole building (e.g. 

perimeter frames, few rigid bays, etc.); 

• the type of connections provided to connect girders and columns 

(riveted, bolted or welded); 

• ductility class of the frame system (Low, Medium, High); 

• stiffness of the connections (Pinned, Semi-Rigid, Rigid); 

• relative resistance of the structural members, i.e. beams and columns, 

panel zone and elements composing the connection. 

2.1.1 MRFs Spatial Distribution 

 

Fig. 2.5 – Spatial Distribution of Space Frames 

Moment Resisting Frames

Pendular Frames

Space Frames
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MRFs can be categorized according to their spatial distribution in: Space Space Space Space 

Frames, Perimeter Frames, Frames, Perimeter Frames, Frames, Perimeter Frames, Frames, Perimeter Frames, Perimeter Frames with only Few Rigid BaysPerimeter Frames with only Few Rigid BaysPerimeter Frames with only Few Rigid BaysPerimeter Frames with only Few Rigid Bays, , , , Planar Planar Planar Planar 

FramesFramesFramesFrames    and Hybrid Systemsand Hybrid Systemsand Hybrid Systemsand Hybrid Systems.  

 

Fig. 2.6 – Spatial Distribution of Perimeter Frames 

In case of Space FramesSpace FramesSpace FramesSpace Frames, MRFs are uniformly spread in the structure and all 

the columns, girders and connections are required to carry both the vertical 

and lateral loads (Fig. 2.5).  

Such a kind of typology traditionally necessitates the adoption of expensive 

rigid full strength joints and as a consequence can result in structures which 

are not cost/effective.  

Perimeter Frames

Moment Resisting Frames

Pendular Frames
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It is probably for this reason, that the adoption of PePePePerimeter Moment Resisting rimeter Moment Resisting rimeter Moment Resisting rimeter Moment Resisting 

FramesFramesFramesFrames has gained increasing attention by U.S. designers in the last decade 

(Fig. 2.6). In fact, in this approach, only the exterior frames are part of the 

earthquake resistant system, while the interior beams and columns compose a 

pendular organism which has to carry only the gravity loads.  

Thus, interior beams and columns can be designed to have pinned 

connections and only the perimeter frames, which resist the horizontal loads, 

have to be designed with rigid joints. In this manner, the number of expensive 

connections is reduced and a more economical design is achieved.  

 

Fig. 2.7 – Spatial Distribution of Perimeter Frames with only few rigid bays 

The extension of the concept of perimeter moment resisting frame is the 

Perimeter MPerimeter MPerimeter MPerimeter Momenomenomenoment Resistingt Resistingt Resistingt Resisting    Frame with only few Rigid BaysFrame with only few Rigid BaysFrame with only few Rigid BaysFrame with only few Rigid Bays    (Fig. 2.7). In this 

Perimeter Frames with few Rigid Bays

Moment Resisting Frames

Pendular Frames
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structural typology only few bays of the exterior frames are called to withstand 

the seismic action, while the other parts of the structure have to carry only the 

vertical loads. Even though reducing the number of moment resisting 

connections provides indisputable advantages, the variation of the structural 

scheme from the space frame to the perimeter frame with only few rigid bays 

reduces not only the cost, but also the structural redundancy.  

 

Fig. 2.8 – Spatial Distribution of Planar Frames 

This aspect has been object of discussion in the past, and in particular in the 

aftermath of Northridge earthquake (Song & Wen, 2000). In fact, a large 

percentage of structure that was affected by structural damages, especially by 

the fracture of welds in correspondence of girder-to-column joints, was 

realized with perimeter frames and only few rigid bays. The reasons of such an 

unsatisfactory behavior have to be searched in the reduction of the number of 

Planar Frames

Other Structural SystemMoment Resisting Frames

Pendular Frames
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dissipative zones which consequently increases the ductility demand in the 

dissipative zones, i.e. the plastic hinges.  

In case of Planar framesPlanar framesPlanar framesPlanar frames, moment resisting structures are used to resist to 

lateral forces only in one of the main directions of the building whilst, out of the 

plane of MRFs other seismic resistant organisms are used to adsorb the 

seismic action. These structural typologies are frequently used when, for 

architectural reasons, it is not possible to dispose braced frames on all the 

facades of the building (Fig. 2.8).  

 

Fig. 2.9 – Spatial Distribution of Hybrid Systems 

Hybrid systemsHybrid systemsHybrid systemsHybrid systems are defined by the coupling of MRFs with other structural 

elements, such as reinforced concrete core or walls, infill panels or steel walls 

(Fig. 2.9). In the first case the support to vertical loads is mainly provided by 

MRFs and the resistance to the lateral loads is given in part  by the core or the 

Hybrid Systems

Other Structural SystemMoment Resisting Frames

Pendular Frames
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walls and in part by the frames. The response of dual systems depends on the 

relative stiffness of the seismic resisting elements. If the shear resistance 

provided by the frame is greater than the 50% of the total shear resistance the 

system is called “frame-equivalent dual system” conversely, if the greater 

contribute to the resistance for lateral loads is given by the reinforced concrete  

elements it is called “wall/core-equivalent dual system”. 

When MRFs are coupled with infill panels, the infills which usually are designed 

as secondary elements and thus separated from the steel frames, are rigidly 

connected to the beams and the columns, stiffening the structure with respect 

to the lateral loads. It is obvious that in this case the designer has to take 

particular care of the connection between the infill and the structure, avoiding 

the slippage of the two parts. Finally, MRFs can be coupled to Steel shear 

walls. These are usually designed to dissipate the seismic input energy by 

means of cyclic inelastic deformations. Compared to RC walls, steel walls are 

definitely much lighter, providing advantages to the load-carrying system and 

to the foundations, quick to erect, if field bolted/shop welded connections are 

adopted, with low architectural impact and more cost/effective since are faster 

to construct.  

2.1.2 The Connection Typologies 

MRFs can be classified according to the detail applied to  fasten the girder to 

the column in riveted, riveted, riveted, riveted, welded and boltedwelded and boltedwelded and boltedwelded and bolted. In ordinary practice, before the 20’s, 

steel structures were built exclusively assembling girders and columns by 

means of riveted jointsriveted jointsriveted jointsriveted joints    ((((Fig. 2.10)))).  
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Fig. 2.10 – Rivets and High Strength Bolts 

The rivet is a mechanical fastener that consists, before the 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. The 

installation of rivets, in past was made manually by means of a hammer and 

more recently by means of pneumatic machines. Noteworthy examples of 

totally riveted structures are built worldwide as, for instance, the “Eiffel Tower” 

in Paris or the bridge “Dom Luis I” in Oporto (Fig. 2.11). 

Between the 1920s and 1950s the introduction of HHHHigh igh igh igh SSSStrength trength trength trength BBBBoltsoltsoltsolts 

represented a significant innovation. 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. Besides, 

the adoption of this system favorite the realization of smaller connections, 
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reducing simultaneously deformability of frames under lateral loads caused by 

bolt-holes gaps. 

    

Fig. 2.11 - Examples of riveted structures 

At the same time, during the 20’s, the use of welding was becoming popular 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 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 
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girders and columns only by the melting of the two parts and by adding a filler 

material (SAC, 2000c).  

 

Fig. 2.12 – On the left: FCAW welding technique; On the right: SMAW welding 

technique 

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. The reasons of the 

widespread use of welded joints in steel structures built in United States and 

Japan during the period from 1960 to 1990 have to be mainly searched in the 

relative cost of welded and bolted connections. Besides, the possibility of 

joining members avoiding the use of rivets, bolts, plates and structural sections 

was positively considered by engineers of the time. In the 1970, typical 

connection adopted in U.S. Welded Special Moment resisting Frames (WSMF) 

was realized by bolting the beam web to a shear tab and welding the flanges. 

According to reports of the “Steel Committee of California” referred to years 
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1979,1983 and 1986 this joint typology was the less expensive (Table 2.1), with 

a cost of approximately one half compared to fully bolted connection (SAC, 

2000c). 

TaTaTaTableblebleble    2.2.2.2.1111. . . . Relative Costs of Moment Connections (Source: Steel Committee of 

California) 

Beam Flange Connection Beam Web Connection 
Relative Cost 

1979 1983 1986 

Full Penetration Field weld Bolted to shear tab 1.00 1.00 1.00 

Full Penetration Field weld Fillet welded to shear tab 1.07 1.07 1.07 

Full Penetration Field weld 
Full penetration weld to 

column 
1.25 1.18 1.25 

Bolted flange plate  

(Shop welded to column) 
Bolted to shear tab 2.00 1.75 2.00 

 

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 behavior of Northridge and 

Kobe welded joints, above all the welding techniques of that time have been 

harshly criticized. 

During the 1970s, in U.S.A., the self-shielded flux-core process (FCAW-SS) 

was recognized to be faster and less expensive compared to the shielded 

metal arc welding (SMAW) which had been used up to that time. Indeed, 
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several cost analysis of the time showed that the total cost of FCAW-SS was at 

least one third compared to SMAW. As a consequence, in the period from 

1960 to 1990, the greatest part of full penetration field welded connections of 

MRFs was made applying self-shielded flux core technique (Fig. 2.12).  

 

Fig. 2.13 – Failure of beam-to-column fillet welded connection (Kobe 

Earthquake) 

Despite economic aspects post-Northridge inspections pointed out that a great 

part of the welded connections realized applying FCAW-SS, especially of the 

80’s, had been made melting the electrode E70T-4 whose notch toughness 

was not certified by the producers. Indeed, post-Northridge studies have 

demonstrated that the unfortunately famous detail realized applying FCAW-SS 

and E70T-4 electrode, now known with the name of “Pre-Northridge 
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connection”, exhibited during the seismic event a low-ductile behavior which 

led to the numerous cases of failure (SAC, 2000c). 

After the seismic events of Northridge the role of welded joints has been 

revaluated and the costly but reliable bolted connections have been 

reconsidered as an effective alternative to the low ductile and brittle “Pre-

Northridge” field welded girder-to-column joints (Fig. 2.13).  

2.1.3 Ductility Class 

As mentioned before, aiming to obtain a cost/effective structural design, in 

modern practice, structures are required to be designed so that under severe 

ground motions, a certain amount of plasticization is allowed. In case of MRFs, 

international codes provide that the earthquake input energy has to be 

dissipated trough the plastic engagement of some specific zones, i.e. the 

plastic hinges, located, on the base of the adopted design approach, at beam 

ends, in connections, in panel zones or in column ends. In the framework of 

capacity design, dissipative zones have to be designed to possess adequate 

stiffness, strength and rotational capacity with reference to the internal actions 

due to the lateral forces provided by the code. Conversely, the other structural 

elements, namely non-dissipative zones, have to be designed to remain in 

elastic range for the actions corresponding to the attainment of the full 

plasticization of the dissipative zones.  

As far as classical design approach of MRFs is considered, dissipative zones 

have to be located at the beam ends whilst the other structural parts, i.e. the 

connections, the panel zones and the columns have to be designed to 

possess adequate overstrength compared to the maximum actions transferred 
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by the fully developed plastic hinges. In particular, connections and panel 

zones are required to possess a flexural strength greater than the maximum 

bending resistance of the fully yielded and strain-hardened beam ends and 

columns design have to be carried out satisfying the so-called strong column-

weak beam requirements. 

Dealing with the definition of dissipative and non-dissipative mechanisms, it is 

useful to note that inelasticity in steel structures can arise from different 

mechanisms, such as the yielding of steel due to the bending of beams or 

connections, the shear plasticization of panel zones and the friction due to the 

slippage of plates. Conversely, some examples of non-dissipative mechanisms 

are local buckling of members and/or of plates, yielding of low ductile 

materials, such as the steel of high strength bolts, and the plastic engagement 

of welds, which have been discovered to possess, in light of recent seismic 

events, low dissipation capacities. Aiming to obtain ductile structures, non-

dissipative mechanisms have to be absolutely avoided and the brittle elements 

have to be over-strengthened with respect to the maximum actions associated 

with the development of the inelastic mechanisms (Table 2.2). 

TabTabTabTablelelele    2.2.2.2.2222. . . . Dissipative and non-dissipative mechanisms in steel structures 

Dissipative mechanisms Non-Dissipative mechanisms 

  

Steel Yielding Bolts in Tension 
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Dissipative mechanisms Non-Dissipative mechanisms 

Yielding of Panel Zones  

 

Plastic Hinge at Beam Ends 

Plasticization in small regions 

Requires high Ductility 

Demand 

 
 

Bearing of Bolts Local Buckling of members 

 
 

Slippage of plates Failure of welds 

 
 

Inelastic Behavior of the 

connecting elements 

 

From the above considerations, it is evident that structural local and global 

ductility play a role of paramount importance in current design approach. In 

fact, the plasticization of the dissipative zones elongates the period of vibration 

of the structure and increases the amount of hysteretic damping, resulting in a 

reduction of the seismic forces developed (Astaneh-Asl, 1995). In general, with 

the term local and global ductility it is intended the capacity of a structural 

element or of a structural system to withstand deformation in inelastic range 
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without significant loss of resistance. 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 (Mazzolani & Piluso, 1996). 

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 (CEN, 2005c) 

and AISC 2005 (AISC, 2005), MRFs can be designed to be less or more 

ductile, according to the three following categories: 

• EC8:EC8:EC8:EC8: Ductility Class Low (DCL), AISC 2005AISC 2005AISC 2005AISC 2005:::: Ordinary Moment Frames 

(OMF); 

• EC8:EC8:EC8:EC8: Ductility Class Medium (DCM), AISC 2005AISC 2005AISC 2005AISC 2005:::: Intermediate Moment 

Frames (IMF); 

• EC8:EC8:EC8:EC8: Ductility Class High (DCH), AISC 2005AISC 2005AISC 2005AISC 2005:::: Special Moment Frames 

(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 multi-

storey frames, and in case of single storey MRFs. 

EC8, in general, favorites a design of MRFs which provides the development of 

plastic hinges at beam ends rather than in other zones. Dissipation in beam-to-
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column 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 2005 also favorites 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 2005 

requires that both in case of full-strength and partial strength joints a 

“conformance demonstration” of the cyclic behavior 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 pre-qualified 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 350, 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 2005. 

In reason of the desired global ductility supply, both Eurocode 8 and AISC 

2005 provide some requirements regarding inelastic capacities of the 

dissipative zones. The idea is that, in case of DCH/SMF, the structural system 

is designed to behave in ductile manner when subjected to a severe seismic 

event. Thus, brittle mechanisms and buckling are avoided and dissipation is 

reached by means of inelastic behavior of plastic hinges (Table 2.3).  
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TableTableTableTable    2.2.2.2.3333. . . . Examples of pre-qualified Joint - Source: (SAC, 2000a)(SAC, 2000a)(SAC, 2000a)(SAC, 2000a) 

Joint typology 

Maximum Ductility Class 

AISC 2005 
European 

Classification 

Welded Unreinforced 

Flanges – Bolted Web 

Connections 

 

OMF DCL 

Welded Unreinforced 

Flanges – Welded Web 

Connections 

 

SMF DCH 

Bolted Flange Plate 

Connections 

 

SMF DCH 

Bolted End Plate 

Connections 

 

SMF DCH 
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Joint typology 

Maximum Ductility Class 

AISC 2005 
European 

Classification 

Double Split Tee 

Connections 

 

SMF DCH 

Reduced Beam Section 

Connections 

 

SMF DCH 

 

In particular, in AISC 2005 and EC8, connections are required to sustain an 

interstorey drift angle of 40 mrad and of 35 mrad respectively. In case of 

DCL/OMF, MRFs are expected to exhibit a low dissipative behavior and 

connections are not required to possess specific plastic rotation supply (Table 

2.4). 

TableTableTableTable    2.2.2.2.4444. . . . Required Ductility of Connections — EC8 vs AISC 2005 

Eurocode 8 AISC 2005 

Ductility Class 
Rotational 

Capacity [mrad] 
Ductility Class 

Rotational 

Capacity [mrad] 

Ductility Class High 35 Special Moment Frame 40 

Ductility Class Medium 25 
Intermediate Moment 

Frame 
20 

Ductility Class Low - Ordinary Moment Frame - 
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In case of DCM/IMF the behavior is expected to be intermediate between high 

and low dissipative and, according to EC8 and AISC 2005, connections are 

required to sustain rotations of 25 and 20 mrad. 

2.1.4 Stiffness and Strength of Joints 

 

Fig. 2.14 –  Structural Joints Configuration (CEN, 2005) 

Structural joints are typically classified according to their geometry, stiffness 

and resistance. With reference to the geometric characteristics, (CEN, 2005b) 

individuate the following categories (Fig. 2.14): 

1. single sided Beam-to-Column Joints; 

2. double sided Beam-to-Column Joints; 

3. beam splices; 

4. column splices; 

5. base plate joints. 
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Usually the words “joint” and “connection” are used likewise to individuate the 

region of intersection between the beam and the column. In general, with the 

term “connection” is usually intended the zone where the mechanical devices 

(bolts, plates, welds etc.), used to join the beam to the column, are located.  

With the term “panel zone” is indicated the region of the column web contained 

within the flanges of the connected beam (Fig. 2.15). The region which 

includes beam-to-column connections and panel zone is called in technical 

literature with the word “joint” (Mazzolani & Piluso, 1996; Nethercot & 

Zandonini, 1990; Kirby et al., 1990; Faella et al., 2000).  

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 to Serviceability and Ultimate 

loads, depend on the elastic and post-elastic stiffness of the connecting 

elements.  

It is well known in technical literature that the actual flexural behaviour of a joint 

can be considered as intermediate between the two extreme conditions of 

infinitely rigid or infinitely deformable.  

When the elements composing the connection, i.e. the plates, the bolts and the 

panel zone, are sufficiently stiff and no relative rotation between the beam and 

the column occurs, in design practice, the joint is usually modelled as a clamp.  

Conversely, when the beam is free to rotate with respect to the connected 

elements, the joint is usually considered as a pin. In all the other cases, i.e. 

when the connecting elements are neither adequately rigid to allow to model 
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the connection as a clamp nor so deformable to consider the beam free to 

rotate, the beam-to-column joint is defined semi-rigid. In general, all beam-to-

column connections are semi-rigid and should be modelled properly, 

considering their actual relationship between the bending moment and the 

rotation (Fig. 2.16).  

 

Fig. 2.15 – Distinction between Connection and Panel zone 

Moreover, a joint can be classified as full-strength, pinned or partial strength 

on the base of the relative resistance of the joint and of the connected beam. If 

the flexural strength of the joint is greater than the bending resistance of the 

beam, the connection is defined “full-strength”. Conversely, if the joint is 

completely incapable to withstand bending, connection is usually called 

“pinned”, meaning that it is only capable to transfer shear actions. In all the 

other cases, i.e. when the joint flexural resistance is minor than the bending 

strength of beam, connection is defined “partial strength”. From the standpoint 
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of the location of dissipative zones, different behaviors are obviously expected 

if full strength or partial strength connections are adopted.  

 

Fig. 2.16 – Pinned, Continuous and Semi-continuous joints 

Basically, three cases can be individuated depending on the relative 

resistance of beams and joints:    

• plastic resistance of the beam lower than the ultimate bending 

resistance of the connection; 

• plastic resistance of the beam greater than the ultimate bending 

resistance of the connection; 

• plastic resistance of the beam and ultimate bending resistance of the 

connection balanced. 

In the first case, the beam-connection overall behavior can be effectively 

represented with an elastic-plastic model. A plastic hinge will probably 

develop on the beam, while the connection will contribute only by means of its 

elastic stiffness. In the second case, the opposite situation will develop. 
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Dissipative zone is located in the connection and the overall structural behavior 

at ULS is influenced by joints inelastic behavior. In this case, an accurate 

representation of the connections moment-rotation curve is needed. In the third 

case, joint and beam bending strength is balanced and, as a consequence, 

both the elements will be engaged in plastic range under a severe seismic 

event, so as to the dissipation of the earthquake input energy will be relied on 

the inelastic behavior either of the beam and of the connection. 

Within this framework, it is easy to understand that the design of connections 

plays a role of fundamental importance in the seismic design of MRFs. In fact, 

design of joints can be lead aiming to obtain different values of stiffness, 

strength and rotational capacity on the base of the desired overall structural 

behavior. As an example, if the design is aimed to obtain a weak beam-strong 

column — strong joint structural behavior, joints will be designed to be full 

strength and rigid. So that, thick plates, reinforcing ribs, doubler and continuity 

plates will be probably adopted to exclude from the dissipative mechanisms 

panel zones and connecting elements. Conversely, if the design is aimed to 

obtain a weak connection-strong beam-strong column behavior, joints will be 

designed to be partial strength and the rotational capacity of the connecting 

elements will have to be carefully evaluated. 

It is clear from the above considerations that detailing of joint plays a role of 

fundamental importance within MRFs overall structural behaviour. In fact, joints 

ultimate behaviour can be completely modified by strengthening some 

elements rather than others, governing the failure mode by means of simple 

modifications of the joint detail.  
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In conclusion, as will be shown later, on the base of the classification of joints 

according to strength and stiffness, the following typologies of MRFs can be 

individuated: 

• frames with full-strength rigid connections; 

• frames with full-strength semi-rigid connections; 

• frames with partial-strength rigid connections; 

• frames with partial-strength semi-rigid connections. 
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2.2 Frames and Joints 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 (CEN, 2005a) classifies MRFs according to the 

following two characteristics: 

• the susceptibility to second order effects; 

• 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 (CEN, 2005a) a frame can be considered to 

be non-sway if the following relationship are satisfied: 

• ��� = �����	 > 10 for elastic analysis; 

 

• ��� = �����	 > 15 for plastic analysis; 
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where ��� is the factor by which the design loading would have to be 
increased to cause elastic instability in a global mode, ��� is the elastic critical 
buckling load for global instability mode based on initial elastic stiffnesses and 

	��� 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 

(CEN, 2005b), where frames are categorized in: 

• simple:simple:simple:simple: joints do not transmit bending moment to the column; 

• continuous:continuous:continuous:continuous: the behavior of the joint may be assumed rigid; 

• semisemisemisemi----continuous:continuous:continuous:continuous: the behavior 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 modeled by means of hinges. In  the 

second case, joints behavior 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 behavior has to be properly 

accounted for by means of accurate models representing the actual moment-

rotation curve.  
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Aiming to individuate quantitatively the boundaries between rigid, semi-rigid 

and pinned behavior, (CEN, 2005b) introduces the following two parameters: 

• �� = �����  
• �� = �����  

where �� is the bending stiffness of the beam, �� is the bending stiffness of the 
column, � is the steel elastic modulus, �� and �� are the beam and column 
inertia modulus, �� and �� 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. On the base of the so-called “5% criterion” the following 

classifications derive: 
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BEAM-TO-COLUMN JOINTS 

φ

 

Zone 1: rigid, if  Sj,ini  ≥   kb EIb / Lb 

where 

(BRACED FRAMES) 

kb = 8  for frames where the bracing 

system reduces the horizontal 

displacement by at least 80 %  

(UNBRACED FRAMES) 

kb = 25 for other frames, provided that 

in every storey  Kb/Kc  ≥  0,1 
*) 

 

Zone 2: semi-rigid   

All joints in zone 2 should be classified 

as semi-rigid.  Joints in zones 1 or 3 may 

optionally also be treated as semi-rigid. 

 

Zone 3: nominally pinned, if Sj,ini  ≤  

0,5 EIb / Lb 

 
*)

 For frames where  Kb/Kc < 0,1  the 

joints should be classified as semi-rigid. 

Key: 

Kb is  the mean value of  Ib/Lb  for all the beams at the top of that storey; 

Kc is  the mean value of  Ic/Lc  for all the columns in that storey; 

Ib is  the second moment of area of a beam; 

Ic is  the second moment of area of a column; 

Lb is  the span of a beam (centre-to-centre of columns); 

Lc is  the storey height of a column. 
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BASE-PLATE JOINTS 

φ
 

Zone 1: rigid, if   

(BRACED FRAMES) 

λ0<0,5 

0,5<λ0<3,93 and Sj,ini > 7(2 l0 -1)EIc / Lc 

λ0>3,93 and Sj,ini > 48EIc / Lc 

(UNBRACED FRAMES) 

Sj,ini > 30EIc / Lc 

 

Zone 2 and 3: semi - rigid   

Key: 

Ic is  the second moment of area of a column; 

Lc is  the storey height of a column; 

λ0  is  the slenderness of a column in which both ends are assumed to be pinned. 
 

 

Furthermore, as previously underlined, (CEN, 2005b; Jaspart, 2002) provides a 

classification of joints on the base of the resistance, individuating full strength, 

partial strength and nominally pinned joints. Such a classification is obtained 

comparing joint and connected beam/column flexural resistance: 

• full strength joints: ��,��,� < �",� ; 
• partial strength joints: 0,25��,��,� < �",� < ��,��,� ; 

• nominally pinned joints: �",� < 0,25��,��,� . 
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where �$,%� and ��,&',%� are the joint and beam plastic moment resistance 
respectively. 

Dealing with rotational capacity, a further classification of connections has 

been proposed by (Jaspart, 2002). The author suggests to categorize 

connections in: 

• ductile; 

• semi-ductile; 

• brittle; 

• pinned. 

Joints are defined ductile if their plastic rotation supply is adequate to allow a 

sufficient redistribution of the internal actions. As a result, ductile connections 

are suitable for plastic frame analysis. Conversely, connections are defined 

brittle if their post-elastic capacity is so limited to retain that no redistribution of 

the internal actions is allowed. Semi-ductile joints behave in an intermediate 

way between ductile and brittle. Moreover, as mentioned before, nominally 

pinned connections are designed to transfer only shear to the columns, but a 

check of the connection rotational capacity has to be provided. In fact, pinned 

joints should be designed to possess sufficient rotation capacity to sustain the 

imposed rotations.  

The quantification of the boundaries between the three individuated behaviors 

can derive only by a preliminary comparison between the required and 

available ductility. In addition, up to now, few studies have been devoted to the 

valuation of the ductility supply of joints. Indeed, the lack of experimental 

studies on this topic is negatively reflected on (CEN, 2005b) where few 
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indications for the assessment of the rotation capacity of welded and bolted 

joints are given. 

As far as the method of analysis is elastic, elastic-plastic or rigid-plastic, joints 

modeling and classification are different. If an elastic analysis of the frame is 

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 (Table 2.5).  

TabTabTabTablelelele    2.2.2.2.5555. . . . Joint Classification 

Method of 

global analysis 
Classification of joint 

Elastic Nominally pinned Rigid Semi-rigid 

Rigid-Plastic Nominally pinned Full-strength Partial-strength 

Elastic-Plastic Nominally pinned Rigid and full-strength 

Semi-rigid and partial-strength 

Semi-rigid and full-strength 

Rigid and partial-strength 

Type of joint 

model 
Simple Continuous Semi-continuous 

 

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. 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. In conclusion, on the base of stiffness and strength the following 

categories can be individuated: 
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• full-strength rigid connections; 

• full-strength semi-rigid connections; 

• partial-strength rigid connections; 

• partial-strength semi-rigid connections; 

• pinned connections. 
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2.3 The Component Method 

Since 1994 the Commission of the European Communities has introduced in 

Eurocode 3, within its Annex J, the so-called component method. Such a 

method provides the general rules to obtain a mechanical model able to 

predict initial stiffness and plastic resistance of joints. Its validity has been 

verified in last fifteen years with particular reference to steel joints, but in recent 

times it has been indicated as a general tool for the prediction of the 

characteristic of any kind of joint, even made of materials different from steel. 

Indeed, the application of the component method has been recently extended 

to joints of composite structures and base plate joints. In addition, some 

preliminary attempts to apply component method also to timber and precast 

structures have been made. Substantially, it is in mind of the European 

scientific community to develop a unified approach for the study of structural 

connections whatever the material and the joint configuration.  

The component method is mainly based on the following steps: 

• identification of the source of strength and stiffness of the joint; 

• mechanical modeling of the components; 

• assembly of the components; 

• classification. 

 

In the first step a set of basic components, characterizing the strength and 

stiffness of the connection is individuated and the joint, intended as a whole, is 

decomposed in different components characterizing its moment-rotation 

behavior. Then, each component is modelled and its mechanical properties 



Chapter 2   43 

 

Theoretical and Experimental Analysis of Partial Strength  

Dissipative Joints in Steel Moment Resisting Frames 

 

are determined, i.e. stiffness, strength and deformation capacity. This 

procedure of characterization is made essentially by means of experimental 

tests, finite element modelling, numerical simulations and analytical modelling. 

In the third step, all the components are combined to provide a prediction of 

the whole joint moment-rotation relationship. Finally, as above shown, joints are 

properly classified in terms of resistance, stiffness and rotational capacity. The 

main goal of the classification procedure is to simplify, if possible, the joint 

modelling within the structural analysis, for example by representing in case of 

fully “rigid” or “deformable” connections the joints with a clamp or a hinge 

(Bijlaard, 2004).  

Within the framework of (CEN, 2005b), up to now, the application of the 

component method to structural connections is still limited to a narrow range of 

cases. In fact, only connections between H- or I- sections hot-rolled or shop-

welded profiles are available. In particular, the following joint typologies are 

concerned: 

• welded joints; 

• bolted end-plate connections; 

• bolted flange cleated joints; 

• base plate connections; 

• minor axis joints where the beam is connected to the web of a H- or I- 

section; 

• steel-concrete composite joints; 

• joints with beam haunches. 

The prediction of stiffness and strength of such a types of connections is 

obtained by the assemblage of different joint components properly modelled. 
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For each joint component, (CEN, 2005b) provides the rules to calculate the 

plastic resistance and the initial stiffness. The following components are 

considered in (CEN, 2005b): 

• column web panel in shear; 

• column web in transverse compression; 

• column web in transverse tension; 

• column flange in bending; 

• end-plate in bending; 

• flange cleat in bending; 

• beam or column flange and web in compression; 

• beam web in tension; 

• plate in tension or compression; 

• bolts in tension; 

• bolts in shear; 

• bolts in bearing; 

• concrete in compression including grout; 

• base plate in bending under compression; 

• base plate in bending under tension; 

• anchor bolts in tension; 

• anchor bolts in shear; 

• anchor bolts in bearing; 

• welds; 

• haunched beam. 

Dealing with a major axis welded beam-to-column connection, following the 

steps previously highlighted, an example of application of the component 

method codified in (CEN, 2005b), can be provided.  
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First of all the main sources of deformability and strength of the connection 

have to be individuated. Such sources can be chosen from the components 

modelled by (CEN, 2005b): 

• column web panel in shear (cws); 

• column web in transverse tension (cwt); 

• column web in transverse compression (cwc); 

• column flange in bending (cfb); 

• beam flange and web in compression (bfwc); 

• welds (w). 

As it is possible to realize from Fig. 2.17, some components are either source 

of stiffness and strength and, therefore, are represented by an elastic-plastic 

model. Conversely, other components provide only a limitation to the joint 

flexural resistance and, as a consequence, can be modelled by a simple rigid-

plastic model. In fact, in case of welded connections, panel zone in shear and 

panels in tension and compression govern the joint response both in terms of 

stiffness and strength, whilst the column flange in bending, the welds and the 

beam flange and web in compression provide only a limitation to the bending 

resistance, not contributing to the overall response in terms of stiffness.  
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Fig. 2.17 – Modeling of a welded joint with the component method 

Through the formulations given in (CEN, 2005b) is then possible to define the 

values of strength and stiffness of each joint component. Finally, by means of 

the assemblage procedure, the whole joint stiffness and resistance are 

determined.  
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TabTabTabTablelelele    2.2.2.2.6666. . . . Definition of the lever arm 
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As the mechanical model depicted in Fig. 2.17 is concerned, in hypothesis of 

pure bending and centre of compression located in correspondence of the 

mid-thickness of the beam compression flange, the joint resistance is 

governed by the resistance of the weakest component: 

�%� = min+��,-,%�; ��,/,%�; ��,�,%�; ��0�,%�; ��0,�,%�1 (2.(2.(2.(2.1111))))    

 

where �%�  is the component minimum resistance and the terms in curly 
brackets are respectively the resistances of the column web in shear (cws), 

column web in tension (cwt), column web in compression (cwc), column flange 

in bending (cfb), beam flange and web in compression (bfwc).  

In general, the height of the lever arm depends on the joint typology (Table 

2.6). In case of welded connections the lever arm corresponds to the beam 

depth minus the thickness of the beam flange. As a consequence, the joint 

flexural resistance can be determined as follows: 

�$,%� = �%�2 (2.(2.(2.(2.2222))))    

 

where �$,%� is the joint flexural resistance, and 2 is the lever arm. As well as 
strength, stiffness can be determined starting from the flexibilities of the basic 

components, obtaining: 

�$,343 = �25
∑ 1733

 
(2.(2.(2.(2.3333))))    
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where  �$,343 is the elastic stiffness, � is the steel Young modulus and 78 is the 
stiffness of the i-th basic component contributing to the bending stiffness.  

As joint stiffness and resistance have been determined, a classification of the 

connection can be pointed out on the base of the type of structural analysis. If 

structural analysis is elastic, joint will be classified as rigid, semi-rigid or 

pinned; if the considered analysis is rigid-plastic the classification to provide is 

full-strength, partial strength or pinned; finally, in case of elastic-plastic 

analysis the cases of rigid-full strength, semi-rigid partial strength, semi-rigid 

full strength, rigid partial strength and pinned have to be considered. 

All the steps provided to apply the component method to a welded joint are 

summarized in Table 2.7. 
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TabTabTabTablelelele    2.2.2.2.7777. . . . Application of Component method to a welded connection 

APPLICATION OF COMPONENT METHOD TO A WELDED JOINT 

 

First Step: Component Identification 

 

COLUMN WEB IN 

SHEAR 

 

COLUMN WEB IN 

COMPRESSION 

 

COLUMN WEB IN 

TENSION 

 

COLUMN FLANGE IN 

BENDING 

 

BEAM FLANGE AND 

WEB IN 

COMPRESSION 
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Second Step: Component Mechanical Modeling 

COLUMN WEB IN 

SHEAR 

 

    

    

COLUMN WEB IN 

COMPRESSION 

 

    

    

COLUMN WEB IN 

TENSION 

 

    

    

COLUMN FLANGE IN 

BENDING 
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Third Step: Component Assemblage 

 

Final Step: Joint Classification 

φ
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2.4 The Role of Connections on the Overall Structural 

Behavior 

As already underlined, modern design of seismic resistant buildings requires 

the individuation of some zones, the so-called dissipative zones, which have to 

provide, through their plastic engagement, the dissipation of the earthquake 

input energy. According to most recent codes, dissipative zones can be 

located either at beam ends, panel zones or in the connecting elements.  

It is well known in technical literature that, traditionally, MRFs are designed 

aiming to promote the development of dissipative zones at beam ends rather 

than in other elements. To this scope, non-dissipative zones, i.e. connections, 

panel zones and columns, have to be designed to remain in elastic range for 

the actions corresponding to the full development of the plastic zones.  

In general, dealing with the overstrength that joints have to possess to obtain a 

full strength design, two effects have to be accounted for: the first one related 

to the random material variability and the second one associated with the 

overstrength exhibited by the beam or column due to the strain-hardening 

(Bennett & Najem-Clarke, 1987; Tucker & Bennett, 1990; Gervasio et al., 2002). 

This last effect depends mainly on the width-to-thickness ratio of the connected 

beam/column flange and web. In (Mazzolani & Piluso, 1996), such effect has 

been modeled by properly calibrating the main parameters involved in the 

definition of the overstrength factor due to the strain hardening, i.e. the width-

to-thickness ratios of the plates composing the beam/column and the bending 

moment gradient. To this end the following expression has been derived: 
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�9:; = (s − ρ)�& (2.(2.(2.(2.4444))))    

 

where Mmax is the beam/column maximum moment accounting for the strain-

hardening effect, Mp is the beam/column plastic moment accounting for the 

moment-shear interaction effects, ρ is the ratio between the axial load and the 

squash load (ρ <1 ; ρ = 0 in the case of pure bending) and s is the degree of 

overstrength given by the following relationship: 

s = 1
0.695 + 1.632λ 05 + 0,062λ ,5 − 0,602 �0�∗

≤ HIHJ (2.(2.(2.(2.5555))))    

 

where the slenderness parameters relative to the plates composing the 

member section are defined as: 

λ 0 = �02K0 L
HJ� 																							 λ , =  ,,MK, LHJ�  (2.(2.(2.(2.6666))))    

 

where bf and tf are the flange width and thickness, tw  is the web thickness, dw,e 

is the compressed part of the web, fy is the yield stress, fu is the ultimate stress, 

E is the steel modulus of elasticity and L* is the distance between the plastic 

hinge and the point of zero moment.  

Within this framework, in order to obtain full strength joints, the approach 

suggested by Eurocode 8 is to design the connecting parts of all joints 

typologies, made exception for full penetration welded connections whose 
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resistance is assumed to be sufficient, requiring that the following relationship 

is satisfied: 

�� = 1.1NOP�0J (2.(2.(2.(2.7777))))    

 

where dR  is the resistance of the connection as defined in Eurocode 3, fyR is 

the plastic resistance of the connected dissipative member based on the 

design yield stress of the material, γov is the overstrength factor depending on 

the ratio between the actual and nominal value of the steel yield strength. In 

particular, γov can be taken equal to 1.00 if the actual strength of the dissipative 

elements is determined on the base of specific experimental tests, such 

condition is usually verified when the assessment of an existing building is 

considered or when steels are taken from specific stocks. In the other 

situations, even though the overstrength factor should be specified by the 

national annex, Eurocode 8 recommends the value γov=1.25. 

Concerning Eq.(2.7), proposed by Eurocode 8, it is clear that the two 

coefficients multiplying the plastic resistance of the connected member are 

introduced to account for the two above said effects: the random variability 

and the beam or column overstrength. If reference is made to the coefficient 

related to the strain-hardening, the value 1.1, prescribed by Eurocode 8, is not 

able to cover all the range of real cases as already demonstrated by 

(Mazzolani & Piluso, 1996)  both for beams (ρ = 0) and for columns (under ULS 

usually 0.1< ρ < 0.2). In addition, with reference to beam-to-column joints, a full 

probabilistic analysis carried out in (Piluso & Rizzano, 2003; Latour & Rizzano, 

2010) has demonstrated that the factor accounting for the random material 

variability in case of steel S235 and bolt class 8.8/10.9 varies in the range 1.11-
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1.26 being, therefore, in general lower than the coefficient proposed by EC8 

equal to 1.25. 

Furthermore, in order to provide MRFs with weak beams and strong columns, 

(CEN, 2005c) suggests the adoption of members hierarchy criterion. This 

requirement imposes that at each beam-to-column joint the following inequality 

has to be satisfied:  

Q�%� ≥ 1.3Q�%� (2.(2.(2.(2.8888))))    

 

where the term on the left side is the sum of the plastic moments of the 

columns and the term on the right is the sum of the plastic moments of 

connected beams. It is worth note that the fulfilment of such design 

requirement does not guarantee the development of a global type mechanism, 

but only prevents the formation of the so-called weak-storey collapse 

mechanism. Indeed, in order to design MRFs failing according to a global 

mechanism, more accurate design methods should be used. Failure mode 

control of MRFs has been studied in past by different authors and several 

design methods have been proposed. As an example, a procedure of design 

which has been demonstrated to be effective is the one proposed by 

(Mazzolani & Piluso, 1996) based on the upper bound theorem of the plastic 

collapse. Through this method, beams are preliminary dimensioned to resist 

gravity loads and then columns are designed so that the kinematically 

admissible multiplier of the horizontal forces corresponding to the attainment of 

a global collapse mechanism is lower than the one corresponding to the other 

kinematically admissible mechanisms, such as the soft-storey mechanisms. 
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Up to now, design philosophy of weak beam-strong column-strong connection 

has been widely used in seismic design, currently it is well accepted by 

designer and, in truth, very reasonable. The success of this design philosophy 

is mainly related to the importance that second order effects may have on the 

global ductility. In fact, it is well known that a frame developing hinges in beam 

is more stable than a frame developing plastic zones in columns. Furthermore, 

it is widely recognized that normal actions strongly affect the development of a 

stable plasticization, so that yielding of elements subjected to low axial loads, 

i.e. the beams, is usually desirable compared to yielding of column ends, 

which typically have to withstand, especially at low storeys, high vertical loads.  

On the other hand, it is easy to demonstrate that in some cases the design of 

frames according to classical approach can be expensive and not 

cost/effective. This might be the case of structures with few storeys and/or with 

long spans, where the design of beams is mainly governed by vertical loads 

rather than lateral loads and the fulfilment of the hierarchy criterion can be very 

costly to implement. It is for this reason that modern design codes allow, in 

case of single-storey buildings, the implementation of weak column-strong 

beam approach, provided that the axial loads on columns are limited 

(Schenider et al., 1991; Schiff et al., 1988). As an alternative to the weak 

column-strong beam approach, by means of the application of partial-strength 

joints, the new design philosophy of the strong column-weak connection has 

been recently introduced (Nader & Astaneh-Asl, 1991; Nader & Astaneh-Asl, 

1996; Awkar & Lui, 1999; Elghazouli, 1998; Faella et al., 2000; Della Corte et 

al., 2002; Huh & Haldar , 2002; Lee & Foutch, 2002; Hamburger et al., 2004). In 

this way, even though the beam is strong due to dead loads, as for example in 

case of low rise and/or long spans buildings, by the use of partial strength 

joints only a part of the bending moment is transferred to the column and a 
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more cost/effective design is achieved. In conclusion, partial strength 

connections can be, in some cases, effectively applied to prevent the 

oversizing of columns (Faella et al., 1998; Tahir et al., 2006). 

The growing interest of the scientific community to solutions adopting partial 

strength joints is reflected in last version of Eurocode 8. In fact the code has 

opened the door to the use of partial strength joints in MRFs allowing the 

dissipation of the seismic input energy by the inelastic behavior of connecting 

elements and with some limitations of panel zones. Even though the use of 

partial strength joints is not prohibited by EC8, the real application of this 

technique for dissipative purposes is strongly limited in practice. In fact, 

according to the code, the actual dissipative capacities of joints have to be 

demonstrated by experimental evidence. It is obvious that such requirement is 

out of the possibilities of designers, and therefore makes the implementation of 

partial strength joints in steel structures still far from the common practice. 

Hence, new experimental and modeling efforts of the scientific community are 

necessary so as to provide proper design criteria for MRFs under seismic 

loads and accurate models for the prediction of monotonic and cyclic 

response of joints. Up to now, the seismic behavior of semi-rigid steel frames 

with partial strength joints has been studied by different authors  and some 

proposal of behavioral factor have been outlined (Aribert & Grecea, 2000; 

Astaneh-Asl & Nader, 1994; Grecea et al., 2004). In spite of the works here 

cited, there is still a lack of knowledge with reference to the rules for detailing 

MRFs and dissipative joints. Furthermore, last version of EC3-1-8 provides a 

mechanical model for the prediction of the joint behavior only under monotonic 

loads whilst the prediction of the post-elastic behavior under cyclic loadings 

still deserves further investigations. 
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In the following, the results of some past studies concerning the behavior of 

partial strength semi-rigid MRFs are described so as to make out the main 

parameters which influence the overall structural response of frames adopting 

semi-continuous joints. To this scope, in (Rizzano, 1995; Rizzano, 2006) a 

parametric study dealing with the influence of the joint elastic and post-elastic 

behavior has been carried out.  

 

Fig. 2.18 – Simplified model adopted by (Piluso et al., 1994) 

In these works, the analysis of the structural sub-assemblage depicted in Fig. 

2.18 has been considered. The basic hypothesis of the elementary model are 

the following: 
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• the point of contra-flexure is located in correspondence of the beam 

mid-span, which is a condition usually acceptable if seismic loads are 

considered; 

• the beams belong to two stories, so that their mechanical properties 

are halved; 

• the behavior of beam-to-column joints is accounted for by means of 

an elastic-plastic moment-rotation spring. 

As a consequence, the performance of the simplified model is governed by the 

following three non-dimensional parameters:  

ζ=��� ��⁄��� ℎ⁄ 											UV=UW����� 													XV= �$,%���,%� (2.(2.(2.(2.9999))))    

 

where ζ is the ratio between the flexural stiffness of beams and column, UV is a 
stiffness parameter defined as the ratio between joint and beam rotational 

stiffness, XV  is a resistance parameter defining the ratio between joint and 
beam plastic resistance, �� and �� are the beam and column inertia modulus 
and �� and h are the beam and column length. 
On the base of the introduced factors, in (Rizzano, 1995) the response of the 

sub-model has been studied. In particular, the influence of the joint rotational 

stiffness on the period of vibration and on the sensitivity to second order 

effects have been evaluated. The significance of joint stiffness on the period of 

vibration has been evaluated by studying the translational stiffness matrix of 

the sub-model, obtaining the following expression: 
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Z[Z\ = LUV(1 D ζ@D6
UV<1 D ζ@

 (2.(2.(2.(2.10101010))))    

 

where Z7 and Z∞ are the period of vibration of the model with semi-rigid and 

rigid joints respectively (Fig. 2.19). 

 

Fig. 2.19 – Influence of non-dimensional stiffness on the period of vibration 

Furthermore, the influence of the joints rotational stiffness on the sensitivity to 

second order effects has been analyzed by means of the stability coefficient: 

N �
^
U_T

 (2.(2.(2.(2.11111111))))    

 



62 Seismic Behavior of Moment Resisting Frames 

 

Theoretical and Experimental Analysis of Partial Strength  

Dissipative Joints in Steel Moment Resisting Frames 

 

where N is the axial force in the column and K0 is the lateral stiffness of the 

sub-assemblage. The analysis of the model has led to the following 

expression: 

N[N\ = UV(1 D ζ@D6
UV<1 D ζ@

 (2.(2.(2.(2.12121212))))    

 

where N7 and N∞ are the stability coefficients in cases of structure with semi-

rigid and rigid joints (Fig. 2.20).  

 

Fig. 2.20 – Influence of non-dimensional stiffness on stability coefficient 

As expected, it is worth note from equations (2.11) and (2.12) that joint 

deformability produces two opposite effects. In fact, the increase of joint 
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deformability increases the period of vibration and, consequently, provides a 

beneficial effect due to the lower forces attracted by the structure, but on the 

other hand amplifies also the susceptibility to second order effects increasing 

the stability coefficient. Moreover, in (Rizzano, 1995) the influence of joints on 

the frame global ductility has been evaluated. Regarding full strength joints, 

the global ductility is mainly governed by the plastic rotation capacity of the 

beams, conversely, in case of partial strength joints global ductility is limited by 

the joints plastic rotation supply: 

`[�a = 1 + 3��1(1 + ζ) (2.(2.(2.(2.13131313))))    

 

`[ba = 1 + 6��UV(1 + ζ) + 6 (2.(2.(2.(2.14141414))))    

 

where  �� represents the rotation capacity of the beam and ��  is the 
connection rotation supply defined as: 

�� = c$&c$J (2.(2.(2.(2.15151515))))    

 

where c"� is the ultimate plastic rotation of the joint and c"d is the rotation 
corresponding to first yielding. Moreover, in (Rizzano, 1995) the simplified 

model has also been used to propose a formulation of the behavioral factor for 

frames adopting semi-rigid partial strength joints. The authors, starting from the 

formulation of the q-factor proposed by (Krawinkler & Nassar, 1992) and by 
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accounting for second order effects through the expression given by (Cosenza 

et al., 1988) have found: 

e[ba = fg(`[ba − 1@ D 1hi �⁄

j1 > ψi<`[
ba > 1@ψkN[l

<1 > N[@ (2.(2.(2.(2.16161616))))    

 

where  ψi � 0.62 and ψ5 � 1.45 provides the average value of the coefficient 

accounting for second order effects (Cosenza et al., 1988). The parameter c  

according to (Krawinkler & Nassar, 1992) is equal to: 

g �
Z

1 D Z
D
0.42
Z

 (2.(2.(2.(2.17171717))))    

 

 

Fig. 2.21 – Results of the parametric analysis (Aribert & Grecea, 2000) 

Another attempt to provide an estimate of the q-factor has been carried out by 

(Aribert & Grecea, 2000). In their work, the authors propose a numerical study 

devoted to the definition of the behavioral factor for frames characterized by 

the following parameters: 
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• partial strength coefficient (0.6Mb, 0.8 Mb and Mb); 

• joints elastic rotational stiffness (0.6Sinf, 0.8Sinf, Sinf); 

• joints rotational capacity (0.015, 0.030, 0.045). 

 

 

Fig. 2.22 – Proposal of behavioral factor for semi-continuous MRFs 

By performing a series of time-history analysis on frames subjected to the 

accelerograms of Kobe (1995) and Bucharest (1977), accounting for the 

elastic-plastic behavior of steel and for second order effects the authors have 

defined the q-factor as equal to the ratio between the theoretical base shear 

force and the actual inelastic base shear force:  

e = nM'/on34M' (2.(2.(2.(2.18181818))))    
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as a result, the authors have found that the q-factor of partial strength semi-

rigid frames is not significantly affected by the initial stiffness, while joints 

resistance and rotational capacity strongly influence the ultimate behavior Fig. 

2.21. In conclusion, an expression of the q-factor for the accelerograms of 

Bucharest (1977) and Kobe (1995) has been proposed and is here reported in 

Fig. 2.22. 
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Fig. 3.1 – Constraining devices used in the experimental campaign
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Fig. 3.2 – MTS Hydraulic testing machine
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Fig. 3.3 – Universal testing machine SCHENCK Hydropuls S56
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Fig. 3.4 – Scheme and picture of an LVDT
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Fig. 3.6 – Scheme and picture of an inclinometer
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Fig. 3.9 – Scheme reproduced in laboratory
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Fig. 3.10 – AISC loading history for beam-to-column joints 
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Fig. 3.12 – Setup of the measurement devices 
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Fig. 3.13 – Experimental Setup 
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Fig. 3.14 – Definition of the equivalent shear acting in the panel zone 
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Fig. 3.17 – Influence of coefficient Rdβ on the collapse mechanism
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Fig. 3.18 – Geometry and rendering of specimen EEP-CYC 02
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Fig. 3.19 – Definition of RBS parameters
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Fig. 3.20 – Typical scheme of beam with RBS
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Fig. 3.21 – Scheme of the actions transferred by the RBS to the column
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Fig. 3.22 – Rendering and Geometry of test TS-CYC 04
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Fig. 3.24 – Measurement devices EEP-CYC 01
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Fig. 3.25 – Measurement devices EEP-CYC 01
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Fig. 3.26 – Failure of EEP-CYC 01 speciment due to brittle collapse of beam 

flange to end-plate welds
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Fig. 3.27 – EEP-CYC 01 Moment-Rotation curve
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Fig. 3.28 – Hysteretic response of end plate equivalent T-stubs
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Fig. 3.29 – Cyclic response of column web in shear
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Fig. 3.30 – Cyclic response of column web under alternate tension and 

compression
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Fig. 3.31 – Energy dissipation of specimen EEP-CY 01

�

�


������!��"�������"��"������������

-����*����
��������������������������
������
���	�����������99"!%B%�'&�����

�������������
����������������� �



0,)� #���$��$���%�����
���&������
������������
���

�

�

�������
�������������
�������������
���������
�������������

�
��
���
�����
����
��������������� ��
��
���!������

�

�

Fig. 3.32 – Test EEP-CYC 02
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Fig. 3.33 – Measurement devices EEP-CYC 02
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Fig. 3.34 – EEP-CYC 02 Moment-Rotation Curve
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Fig. 3.35 – Component Hysteretic curves for specimen EEP-CYC 02
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Fig. 3.36 – Formation of the crack in the end-plate
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Fig. 3.37 – Failure of the end-plate
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Fig. 3.38 – Energy dissipation of specimen EEP-CYC 02
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Fig. 3.39 – Setup of test EEP-DB-CYC 03
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Fig. 3.40 – Measurement instruments used to monitor the joint components
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Fig. 3.41 – Straing Gauge used to monitor deformations of the Dog-Bone
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Fig. 3.42 – Energy Dissipation of specimen EEP-DB-CYC 03
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Fig. 3.43 – Flange and web buckling 
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Fig. 3.44 – Flange and web buckling 
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Fig. 3.45 – Test TS-CYC 04 
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Fig. 3.46 – Measurement devices 
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Fig. 3.47 – TS-CYC 04 Moment-Rotation Curve 
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Fig. 3.48 – Formation of the plastic hinges in correspondence of bolts and 

plate-web tie 
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Fig. 3.49 – Plasticization of the Tee elements 
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Fig. 3.50 – Development of the plastic hinges and failure of the Tee elements
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Fig. 3.51 – Components hysteretic curves for specimen TS-CYC 04

9�����������������������
�������������������������	�������������	�����������

������ ���� ���� ��
� �
� ���� �����	� ����������� �	� ���� ������� ��
�������� #��� �

; 2&)� ������ ����� ������� ��
�������� ����� ����� �������	� ������
���� ����� ���

���������� ���� ����������	� ��� ����	� ���� ��
������� ��������� 
��� ����������� ����

�	����������������
����
!��!����
���������������
��
�� �

-�.�	!����"	�	!/�
%
�'

����

�&��

�'��

����

�

���

'��

&��

���

�� � � � ( ' � & � � � �� �� �� �( �' �� �& �� �� �� �� �� ��

�������������	��


,
�
��
�
�	
�
�



��� �	!����"	�	!/�
%
�'

����

�&��

�'��

����

�

���

'��

&��

���

�� � � � ( ' � & � � � �� �� �� �( �' �� �& �� �� �� �� �� ��

�������������	��


,
�
��
�
�	
�
�





0")� #���$��$���%�����
���&������
������������
���

�

�

�������
�������������
�������������
���������
�������������

�
��
���
�����
����
��������������� ��
��
���!������

�

�

Fig. 3.52 – Energy Dissipation of TS-CYC 04 joint
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Fig. 3.53 – Experimental results of a coupon tensile test
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Fig. 3.54 – Comparison between the actual and the engineering stress-strain 

relationship
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Fig. 3.55 – Notation for the definition of the geometrical properties
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Fig. 3.56 - Energy dissipation capacities of the tested joints 
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Fig. 3.57 – Comparison among the cyclic curves of the testes specimens
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Envelope EEP-CYC02

Envelope EEP-DB-CYC03

Envelope TS-CYC04
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Fig. 4.1 – Mechanical model for bolted connections
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Fig. 4.2 – Modeling of an internal welded joint 
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Fig. 4.3 – (Mulas, 2004) FEM model
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Fig. 4.4 – Bilinear model of Fielding and Huang
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Fig. 4.5 – Post-elastic model of Fielding and Huang (1971) 
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Fig. 4.6 – Translational equilibrium (Fielding model) 
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Fig. 4.7 – Application of Fielding & Huang model 
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Fig. 4.8 – Tri-linear model of Krawinkler 
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Fig. 4.9 – Post-elastic model (Krawinkler,1971)
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Fig. 4.10 – Krawinkler model in case of HEB 200 column and IPE 270 beam

�

�

�

�������������
��	����

�

�����

�����

�����

������

������

����� ����� ����� ����� ����� ����� �����

γγγγ	��
��



�
�


�
��
��
�
��
�
�

Krawinkler




)*� $���%��%���&��� �����'�!����������!��������

�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

���������
���������������
�	��������

/	��� ������ ��� ������ ��������	��� 
��� �������� ����� 4�	!�� ���� 	����	��� ���� ����

�������������� �����������
�����	��	��	�� �����������������	���������������	������� ����

������������������
����	�����
��!��������������"��������	�������������	�����	���

���	����	���������

�

Fig. 4.11 – Shear panel model (Wang, 1985) 
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Fig. 4.12 – Wang post-elastic model 
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Fig. 4.13 – Wang model 
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Fig. 4.14 – Comparison between Fielding and Wang models (Left) and 

Improved Fielding and Wang models (Right) 
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Fig. 4.15 – Quadri-linear model of Kim & Engelhardt 
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Fig. 4.16 – Comparison among literature  models in case of HEB 200-IPE 270 
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Fig. 4.17 – Comparison among literature models for FEM analysis tcf=27 mm 
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Fig. 4.18 – Comparison among literature models for FEM analysis tcf=36 mm 
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Fig. 4.19 – Comparison among literature models for FEM analysis tcf=45 mm 
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Fig. 4.20 – Kinematic Hardening model 
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Fig. 4.21 – Application of Kinematic Hardening model to Krawinkler specimen-
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Fig. 4.22 – Cyclic steady state curve   
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Fig. 4.23 – Shear Panel cyclic curve   
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Fig. 4.24 – Dafalias-Popov model for Hysteresis Curve 
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Fig. 4.26 – Comparison with Krawinkler test A1 
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Fig. 4.27 – Comparison with Krawinkler test A2 
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Fig. 4.28 – Column web subjected to compression
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Fig. 4.29 – Column web subjected to tension
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Fig. 4.30 – Transitory phase
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Fig. 4.31 – Stabilized response
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Fig. 4.32 – Stabilized response after softening 
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Fig. 4.33 – Hardening factor  
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Fig. 4.34 – Softening factor  
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Fig. 4.35 – Relaxation factor  
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Fig. 4.36 – Cyclic curve at the i-th cycle for panels in tension and compression  
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Fig. 4.37 – Hysteresis curve in Cofie model 
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Fig. 4.38 – Theoretical-experimental comparisons 

�

���������	
��
������	� !��"#�����	�������

#����!���� ���� �	��� 	����	��� ��� ,�������� 7� &�,0�� 1223	*� �,0�� 1223
'��


������ ����������������������	������������	��� ���
�������� �������������	����

��� 
������� 	��� ���� �������
� ��� 
������� �	�� 
�� ��������� 
�� ��	��� ��� 	��

F�)��
	����������
G��+�����������
�����	����������������������������������������


��	
��������
�����������������������������������	�	������������	���������������

	�������������������������������	
�����������������������
�����������������������



��������	� ��.
��

�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

	�������� ��� ����� !�� �� ���� ������ ��������� 
�� &#	���	� ��� 	���� 1222*� ;������ <�

E�""	����1229'����	���������

+��������� ��� ����������� �����	��� �	�	������ ��� ������� ����	�	����� �	!�� ���

���������� 	��� ��������� ��� ���� ������� �����	���� 	�� ����	���� ������ �������

�����������������������	������������������	
���
���������������������	���������

	������	������� �)�	�� ��� ���������	������� 	��������� ��� ���� ����� ������� ��� ����

�����	������� �������� ������ ��
�����	������ 
�� ��	��� ��� 	� �������������	��

�	�	�������-�����������������	���	�	���������	������������������	����
��!����

���� �����	��� �����	������� ��� ���� �����
� ������ ���������� ��	����� �����������

	���������	������	���������������	���������������������������������������������	���

�����	������� ������ ���������� ��	����� ����������� �	�� 
�� �
	��	����

������������������	����	������	���	��������������
����	������	����������������

	��� ��� ���� ���������	�� ����������� ��� ���� �����
�� �	������� 	��� ��� ��	�� 	���

��������
���� �������� 	�� ���� ����	���� 
��!���� ���� 
���� 	���� 	��� ���� ��	�����

������ �������������� ��� ���� ��	�������!�
� ����������� 	��� ���� ����	����


��!���� ���� ������� ������ 	��� ���� 
���� 	����� 	��� ���� ����� ���� ��	��� ���� �����

&;���������	����122%'��

@����	������	� �����������	�	�������������������	���	�	���	�����!���� ����	����


������ �����
�� &����� ���� ������� ������ ���������'� ������ ������� 	�������� ����

�����!�������	����������	��
�������������
��&;������<�E�""	����1229'��

�
0

20

0 2

b

pfcc

Cm

t
a

E

E
−

��
�

�
��
�

�
=

δ
�

&&&&$�$�$�$�$9$9$9$9''''����

�



.
	� $���%��%���&��� �����'�!����������!��������

�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

!����� ���� ��� ���� ������� �����	���� 	�� ����	����� 	�������� ���� ���
������	��

����	����	������	��	����������32C���������	���������������������	������	�	������

�-� ��� ���� 	��	�
���!� �������������� ���
�� &����� ���� 	
���
���������'� ��� ��� 	�

�����	������� �)�	�� ��� ���� ���� �������������� ��� ���� ����� ������� �� ��� 	�

�	�	������ ���������� ��� ���� �	����	�� ����	���	�� ����������� &;������ ��� 	����

122%'��δ�����������	������	���������������	���������������������������������������

	����-�	���1-�	����!��������������	�	����������
�������	
����	
����	
����	
���$�$�$�$�7777��

�/2'(�	�3�����������
������	�	��������	������������������	����������	�
����	
���������
����

a0 b0 a1 a2 a3 b1 b2 b3

1.1 1.212 0.345 0.158 4.595 0.849 0.053 0.137 

�

���� ���������	����� ��� ���� ������ ��)������ ���� ��������	��� �
	��	����� ���

���������� �����������	������� ���
�� 
�� ��	��� ��� ���� ���������	�� 	����	���

��������� 
�� &;������ ��� 	���� 122%'�� ��	������ ����� ����  ��!������ ��� ����

���������	��	�������	���	���������������������)��
	����������
���

+�������	�� ���������
�����������
��	
������	��
���� ���������	���������������

����	���
��������	�������	�����������������������������������������
����	���

���	����������	��	�������	������

:�� ���� 
	���� ��� ����������	�� �������� ��� ����	���� �����
��� ���� 	������� �	
��

�
���
��� ��	�� ��������	���	���������������� ������� ������������������������� ���

������	����
����������	�����	����	��������	��������������	�����	�������	�����

����������������������������+�	���8����#����$�75���	��
���������������	�����������

�����	�����������	�������	����
���	�� ���� �����������	��� ������������������

��	�� ��� ���� ���������� �����������	������� ���
��� 	�� ��������� ��� ���� �	���

��������



��������	� ��.
(�

�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

�

Fig. 4.39 – Piluso et al. model
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Fig. 4.40 – Geometry of EEP-CYC 01 specimen
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Fig. 4.41 – Geometry of EEP-CYC 02 specimen
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Fig. 4.42 – Geometry of  TS-CYC 04 specimen
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Fig. 4.43 – Geometry of  FPC/B specimen (Bernuzzi et al., 1996) 
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Fig. 4.44 – Geometry of  J-1.3 specimen (Nogueiro et al., 2006) 
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Fig. 4.46 – Theoretical-Experimental comparison for specimen EEP-CYC 01 
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Fig. 4.47 – Theoretical-Experimental comparison for specimen J-1.3 
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Fig. 4.48 – Comparison of the energy dissipated for specimen EEP-CYC 01 
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Fig. 4.49 – Comparison of the energy dissipated for specimen J-1.3 
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Fig. 4.50 – Theoretical-Experimental comparison for specimen FW
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Fig. 4.51 – Comparison of the energy dissipated for specimen FW
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Fig. 4.52 – Theoretical-Experimental comparison for specimen EEP-CYC 02 
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Fig. 4.53 – Theoretical-Experimental comparison for specimen TS-CYC 04 
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Fig. 4.54 – Theoretical-Experimental comparison for specimen FPC/B 
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Fig. 4.55 – Comparison of the energy dissipated for specimen EEP-CYC 02 
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Fig. 4.56 – Comparison of the energy dissipated for specimen TS-CYC 04 
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Fig. 4.57 – Comparison of the energy dissipated for specimen FPC/B 
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Fig. 4.58 – Model performance - Peak Moment for Authors’ Tests 
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Fig. 4.59 – Model performance - Unloading Stiffness for Authors’ Tests 

����

Fig. 4.60 – Model performance - Peak Moment for Literature Tests 
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Fig. 4.61 – Model performance - Unloading Stiffness for Literature Tests 
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Fig. 5.1 – Time variation of the energy dissipate by viscous damping of an 
elastic (top) and inelastic system (bottom) 
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Fig. 5.2 – Rain flow analogy 
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Fig. 5.3 – Seismic Control Systems 
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Fig. 5.4 – Control Schemes 
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Fig. 5.5 – Tuned Mass Damper  - Tuned Sloshing Damper – Tuned 

Liquid Damper 
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Fig. 5.6 – Response of damped system subjected to harmonic forces 
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Fig. 5.7 – Deformation response factor for damped system (harmonic force) 
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Fig. 5.8 – Single-degree-of-freedom system incorporating hysteretic damper 
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Fig. 5.9 – Steady-state response amplitude of single-degree-of-freedom with 

hysteretic damper under harmonic base excitation, kd/k = 0.55
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Fig. 5.10 – Typical response of metals subjected to monotonic and cyclic loads
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Fig. 5.11 – Atomic arrangements corresponding to: a) edge dislocation; b) 

screw dislocation
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Fig. 5.12 – Cyclic response of ADAS devices
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Fig. 5.13 – Curvatures developed for different plate geometry
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Fig. 5.14 – Application of ADAS device to a three stories steel MRFs
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Fig. 5.15 – Geometry and Response of T-ADAS devices
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Fig. 5.16 – Geometry and Response of Honeycomb devices
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Fig. 5.17 – Distribution of Shear Panels in MRFs (Nakashima, 1995)
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Fig. 5.18 – Shear Damper proposed by (Cahis et al., 1997)
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Fig. 5.19 – Shear Damper proposed by (Tsai) (Tsai & Wang, 1998)
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Fig. 5.20 – T-stub Identification in case of Extended end plate Connections
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Fig. 5.21 – Failure modes of bolted T-stubs 
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Fig. 5.22 – Adopted Notation 
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Fig. 5.23 – Influence of parameter β on the collapse mechanism 
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Fig. 5.24 – Yield lines for T-stubs with only one bolt row 
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Fig. 5.25 – Yield lines in case of group of bolts 

��� ��� � ���
�� �
��� �������� ���
�
���� ���
� ��
����� ������� �� ����
� ����� ���

���� ����#�

��

{ }3,2,1, ,,min effeffeffeff bbbb =
���������������������

�
����$%$%$%$%*$*$*$*$��������

�

H����������
��������� ������
�!�� ���������!�����������������������
��������������

������ ,0�����%� �
� ��
������ ��!�������� �
�
� �
�0!������ ���� ��
��������� ��� ���

��������� ��� �����
�� ���� ����!� ��
� ����%�D��
� ������
��� ��� � ��� ��� !�������� ���

�����
��
���������
�#�

• 2��������!�����
#� pmbeff 5.04, += π ;�

• 8�
����������!�����
#� pnmbeff 5.0625.025, ++= %�




+�� $���%��%���&��� �����'���������������������

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

1����
��
�� ����� ���� ����� ����!� ���
�
����� �
�� ������� �� ����
� ��� ���!�� �
�

����������
����#�

��

{ }5,4,3,2,1, ,,,,min effeffeffeffeffeff bbbbbb =
���������������������

�
����$%$%$%$%*-*-*-*-��������

�

�

Fig. 5.26 – Collapse mechanisms according to Piluso et al. model 
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Fig. 5.27 – Material Uni-axial behavior 
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Fig. 5.28 – Quadrilinear force-displacement curve 

?��������� �
��
� �
�� ������� �
�� ��!�� ��� ���
�
����� ��� β ��
��
� ���
�

������
�����������������
�����
���������#�

�� mB

M

u

u

u

,4
=β

���������������������

�
����$%$%$%$%+/+/+/+/��������

�

�
���#�

��
uu

y

y

feff

y

yu
M

M
f

tb

M

M
MM

χχχχ ==

	
	



�
�
�



�
⋅=	

	



�
�
�



�
⋅=

6

2

���������������������

�
����$%$%$%$%+C+C+C+C��������



�,,� $���%��%���&��� �����'���������������������

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

ubrbu fAB =
�

����$%$%$%$%+3+3+3+3��������

�

��!�
��
���
� �
�������!������
�
���� �
�� ��������������������
�� uβ �?������

�����%������� �����0���!������
����� ��������
���������������
������� ������%�

$%)C�%�

����	���&��'�����

,
��� ���
�
���� ������� �
�
�
λ

λ
β

21

2

+
<u %� �
� �
��� ������ ��
������
�� �
��

�
����
�������
�����
����
�����
�������
��������������������
�������� �
���#�

��

( )
( ) w

wu
u

dnmmn

dnM
F

⋅+−

−⋅
=

8

232
,1

���������������������

�
����$%$%$%$%$5$5$5$5��������

�

,
��� �.!������
� !�� ����� �
�� ����
����� ��� �
�� ��
��� �
���� !��
��� ��� �
��

��������
������� �������!������������������
���������!�
��
������
�������
��
��

����
����������� ������#� yχ �� hχ �� mχ %�

���!������
��� ������!�
��
�� ��� �
�� ����� !��
��� ��� �
�� ��������
���� �����0

���!������
�� ��� �� ��
� ��� �����
��� ��� �
�������
�� ��� ������� ���
�� ,0�����

���
��%����!������
��������!�
��
�����������������
����
����������������
��
��

���������
���.!������
������
���
�����������
���������
������?�����������%#�



��������	� ���,-�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

��
3

3'

5,0
m

tb
EK

feff
=

���������������������

� ����$%$%$%$%$&$&$&$&��������

�

D
����23
����������������#�

��

bdmb heff <+= 2'

���������������������

�
����$%$%$%$%$)$)$)$)��������

�

���!������
���������������������������
�����#�

��
yb

y

y
K

F
,2 δδ +=
���������������������

� ����$%$%$%$%$*$*$*$*��������

�

�
���� �����
����������
�����
��� �
���#�

�� bb

yy

bb

yb
LEA

n

MF

LEA

B
+

== 2
,δ

���������������������

� ����$%$%$%$%$+$+$+$+��������

�

�
��4������
���������
 �
���
�����
��
#�

�� 2
22 nbh

whfb

tt
ttL

+
++=

���������������������

�
����$%$%$%$%$$$$$$$$��������

yb,δ



�,
� $���%��%���&��� �����'���������������������

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

�
������������
���
��	
��������
�����
������
�����
���
��	
��������
�������
�����
��

�
�����
���
��	
��������
��
��%��

�

���!������
�� ������!�
��
�� ��� ������ hF �� �%�%� ��� �
�� ����

�
�� ��� �����
0


����
�
��!
����������!����������������
�����������
��!�������!���#�

��
phehh δδδ 2+=
���������������������

�
����$%$%$%$%$-$-$-$-��������

�

�
���� ehδ ����� ����������#�

�� i

h
eh

K

F
=δ

���������������������

�
����$%$%$%$%$/$/$/$/��������

�

�
�� phδ ����
��!������!��������
�����!������
���������
����,������
����
��
���
�

��� �����
��� ������
�� ��� ��
����
� )(ξD � ����
��� ������
�� ����� �
��������
� ���

��� ������#�

��

( )
�
�
�

�

�
�
�

�
−	
	



�
�
�



�
−+−= 133

1
2

ξ

ξξ

χ

χ

χ

χ

ξχ

χ
εξ y

yu

y

y

y
M

M
D

���������������������

�
����$%$%$%$%$C$C$C$C��������

( )2

2

2
ξδ D

t

m

f

ph =
�

����$%$%$%$%$3$3$3$3��������

�



��������	� ���,��

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

�
���� )( 2ξD �����
�� ����������
����
�����

u

h

M

M
=2ξ ��
�� hχχξ = %�

���!������
�� mδ ���
���������
����
��
����������%��
��
�������#�

�
��

pmemm δδδ 2+=
���������������������

�
����$%$%$%$%-5-5-5-5��������

�

�
�����
����������!��������.!���������#�

�
�� i

m
em

K

F
=δ

���������������������

�
����$%$%$%$%-&-&-&-&��������

�

�
�����
��!�������!��������� �
���#�

��

( )
( )

�
�
�

�

�
�
�

�
−
	
	




�

�
�




� −
+−+−= 133

1
2

2

2

y

hhy

yu

y

y

y
E

E

M

M
F

χχ

χχ

χ

χ

χ

χ

ξχ

χ
εξ

ξ

ξ

ξ

ξξ

���������������������
����$%$%$%$%-)-)-)-)��������

( )3

2

2
ξδ F

t

m

f

pm =
�

����$%$%$%$%-*-*-*-*��������

�

�
���� ( )3ξF �����
�� ���������
����
����
��
�������!�
��
������

u

m

M

M
=3ξ ��
��

mχχξ = %�



�,�� $���%��%���&��� �����'���������������������

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

��
������������������!������
����
���������
�������#�

�
��

pueuu δδδ 2+=
���������������������

�
����$%$%$%$%-+-+-+-+��������

�

�
�����
����������!��������� �
���#�

�
�� i

u
eu

K

F
=δ

���������������������

�
����$%$%$%$%-$-$-$-$��������

�

�
���
��!�������!������������������������
������
���������
���������
�
�!#�

�
�� ( ) yu

u
h

h

u

u

yu

u C
E

E
C

E

E

MM
C ε

ε
εε

��

�
�
�

��

�
�
�

−		



�
��



�
++−+−=

2

1
3

1
3

2

1
2

���������������������
����$%$%$%$%--------��������

u

h
mhhmum

u

m
hC

ε

ε
εεεεεε

ε

ε 3
22

3

3333 −−+−+= �
����$%$%$%$%-/-/-/-/��������

u

m
mumuuC

ε

ε
εεεε

3
22 33 −+−= �

����$%$%$%$%-C-C-C-C��������

C
t

m

f

pu
2

2

=δ �
����$%$%$%$%-3-3-3-3��������

�

��������!����
���������� ���
���!���������� )( 2ξD �� )( 3ξF ��
�� C ��!�
���
���

�
��
�����������!��!������%�



��������	� ���,	�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

����	���&��'�����

A��
�
���� ��!�� )� ���  �������� ����  ������ ��� 2
21

2
<<

+
uβ

λ

λ
%� �
� �
��� ����� ,0

���������������������
�����
�����.!��������
����
�!���
��!���������ξ%�

�
��

( )ξ+= 1
2

2,
m

M
F u

u

���������������������

�
����$%$%$%$%/5/5/5/5��������

�

�
���#�

�
��

( )
( )λβ

λβ
ξ

+

−
=

1

2

u

u

���������������������

�
����$%$%$%$%/&/&/&/&��������

�

1�����
�� �
��� �
�� !��
�� ��� ����� ����
�� �����
�� �
�
�
���� ����
�� �
��

�����
�� !�������� �.!������
� �$%/5�� � �������� ���� �
�� ��
��
�� ����
���

������!�
��
�� ��� ��� ������� yχ �� hχ �� mχ � !�� ����� ����
����� ��� �
�� ,0�����

��������
���� �����0���!������
�� ��� �%� 2�
���
�
�� ���!������
��

������!�
��
�� ��� �
���������� �������(�%�$%-$����
�����!!���������� �
� �
���������

�����������
��������
�
������������!�������#�

�
�� bb

yy

bb

yb
LEA

n

MF

LEA

B

ξ

δ
+

== 2
,

���������������������

� ����$%$%$%$%/)/)/)/)��������

�



�,(� $���%��%���&��� �����'���������������������

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

����
�� !��
��� ������!�
��
�� ��� �
�� �����
0
����
�
�� ��
�����
�� ��
� ���

�����
�������
���������
�������
������!��������������
�� 1pϑ ��
�� 2pϑ %��
��������
�

������ ��������� ��#�

�
��

)(
)1(

21 ξ
ξ

ϑ D
t

m

f

hp
+

=
���������������������

�
����$%$%$%$%/*/*/*/*��������

��� 1

*

2 ξξ < ����� 02 =hpϑ �
����

��� 1

*

2 ξξ > ���� )(
1

*

22 ξλ
ξ

ξ
ϑ D

t

m

f

hp 		



�
��



�
+

+
= �

����

�

�
������� )( *

2ξD ��.!�������������
�������
����
��$%$C�����
�

u

h

M

M
ξξ =*

2 ��
��

ξχ �����������
����� ������������!�
��
�������
��
������
�� uM*

2ξ %�

'�����
����������
����������
��!����������!������
�� phδ �������!�������#�

��
�������

hphp 21 ϑϑ >
�������������������

nmn hphpph 21 )( ϑϑδ −+= �
����$%$%$%$%/+/+/+/+��������

��
�������

hphp 21 ϑϑ <
�������������������

hphp 21 ϑϑ < �
����$%$%$%$%/$/$/$/$��������

�

2�
���
�
�� ���!������
�� mδ � ������!�
��
�� ��� �
�� �����
��
�� ��� ������ #���

��������!�����������������!�������!������
�� hδ ���
�����!!����%�



��������	� ���,)�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

)(
)1(

31 ξ
ξ

ϑ F
t

m

f

mp
+

= �
����$%$%$%$%/-/-/-/-��������

��
�������

1

*

3 ξξ <
����������������������������

02 =mpϑ �
����$%$%$%$%////////��������

��
�������

2

*

31 ξξξ <<
�������������������

)(
1

*

22 ξλ
ξ

ξ
ϑ D

t

m

f

mp 		



�
��



�
+

+
= �

����$%$%$%$%/C/C/C/C��������

��
�������

3

*

32 ξξξ <<
�������������������

)(
1

*

32 ξλ
ξ

ξ
ϑ F

t

m

f

mp 		



�
��



�
+

+
= �

����$%$%$%$%/3/3/3/3��������

�

( �
� �
� �
��� ����� )( *

3ξD � �
�� )( *

3ξF � ����  ������ ��� ��
����
�� �$%$C�0�$%-)��

� ���������
�������!�
��
������

u

m

M

M
ξξ =*

3 ��
�� ξχ ���
��
�����
����� ������

������ ���������
�� uM*

3ξ %�D��
��
�������!���������!�� ��������!!������������#�

��
�������

mpmp 21 ϑϑ >
�������������������

nmn mpmppm 21 )( ϑϑδ −+= �
����$%$%$%$%C5C5C5C5��������

��
�������

mpmp 21 ϑϑ <
�������������������

mmppm 1ϑδ = �
����$%$%$%$%C&C&C&C&��������

�

1�� �� ��
������
� ��������� ���!������
�� ��
� ��� ���!����� �!!���
�� �$%-*���

�
����!��������������
� up1ϑ ��������
���������
����#�



�,*� $���%��%���&��� �����'���������������������

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

�
��

C
t

m

f

up
)1(

1 ξ
ϑ

+
=

���������������������

�
����$%$%$%$%C)C)C)C)��������

�

G������
� �
� �
�� ��
�� ������
� ����� �.��� �
�� �
�� ����� ����� ��!�
��� �
� �
��

������!�
��
��  ����� ��� ��
��
������
�� uMξ � ���
������� �
� �
�� ����� ��� �
��

�������
������������#�

��
�������

1ξξ <
����������������������������

02 =upϑ �
����$%$%$%$%C*C*C*C*��������

��
�������

21 ξξξ <<
�������������������

)(
1

2 ξλ
ξ

ξ
ϑ D

t

m

f

up 		



�
��



�
+

+
= �

����$%$%$%$%C+C+C+C+��������

��
�������

32 ξξξ <<
�������������������

)(
1

2 ξλ
ξ

ξ
ϑ F

t

m

f

up 		



�
��



�
+

+
= �

����$%$%$%$%C$C$C$C$��������

��
�������

13 ξξξ <<
�������������������

)(
1

2 ξλ
ξ

ξ
ϑ G

t

m

f

up 		



�
��



�
+

+
= �

����$%$%$%$%C-C-C-C-��������

D
������
����
� )(ξG ��������
�����#�

��

�
�
�

��

�
�
�

−
�
�
�

�

�
�
�

�
++−+−= 133

1
2)( u

u
h

hy

yu

y

y

y G
E

E
G

E

E

M

M
G

ξ

ξξ

χ

χ

χ

χ

ξχ

χ
εξ �

����$%$%$%$%C/C/C/C/��������

2

3

22

2

2

2

22

3

3333
y

h

y

h

y

h

y

m

y

m

y

m
hG

χχ

χ

χ

χχ

χ

χ

χ

χ

χ

χχ

χχ

χ

ξ

ξξ

ξ

−−+−+= �
����$%$%$%$%CCCCCCCC��������



��������	� ���,+�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

2

3

22

2

2

2

33
y

m

y

m

y

m

y

uG
χχ

χ

χ

χχ

χ

χ

χ

χ

ξ

ξξ
−−+= �

����$%$%$%$%C3C3C3C3��������

�

7�
��#�

��
�������

upup 21 ϑϑ >
����������������������������

nmn upuppu 21 )( ϑϑδ −+= �
����$%$%$%$%35353535��������

��
�������

upup 21 ϑϑ <
����������������������������

muppu 1ϑδ = �
����$%$%$%$%3&3&3&3&��������

�

����	���&��'�����

�
� �
��� ������ ����������
� ��� �
�������� ��� �
��� ��� ���
�
���� ��!�� &%� A��
�

�������
��� ��� �
��� ,0����� �������
� ��� �� �
� ��� (�%�$%C+��� �
���� �
� �
��� �����

���������
����#�

mpp ϑδ = �
����$%$%$%$%3)3)3)3)��������

uu

u

u M

mB

M

M

β
ξ

2
=== �

����$%$%$%$%3*3*3*3*��������

�

(.!������
��!�� ������������
���������	�����������������
������������%�

K

Fy

y =δ �
����$%$%$%$%3+3+3+3+��������



�-,� $���%��%���&��� �����'���������������������

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

)( 2

2

ξδ D
t

m

K

F

f

h
h += �

����$%$%$%$%3$3$3$3$��������

)( 3

2

ξδ F
t

m

K

F

f

m
m += �

����$%$%$%$%3-3-3-3-��������

)(
2

ξδ G
t

m

K

F

f

u
u += �

����$%$%$%$%3/3/3/3/��������

�

��������������	������������� �!������������
�

1�� ��� �� ������ �
�� ����� �����!��� �� �������� ���
�
���� ���!�� &� ���
�
�����

������� �
� ����� ��� ����
�� ����� �
�� ���	� ���
��%� ��� ��� �
������������ ��� �
��

��������
���������!�������
�
�����
��
��,0��������
����������
�������!�
��
������

�
���������.�����������
����
��
������
�������������
��!���
����������
������

�������� ��� �
�� ������
�� ������!�
��
�� ��� �
�� ���
��0��0���� ��

�����
� ����%�

$%)&�%�

�
� �
��� ������ �
�� ��
��
������
�� �������� ���
�� �
�� ���
��� ��� �
�� ,0����� ���

��
���� �
����
���� �
�� �
����� !������� ��� �����
�� ���
� ���� ������  ������ ��� �
��

����
������
��������
��
�����
��!�������
�
���������%��������������
����
����������

�����
������ �
�!�� ��� �
�� ,0����� ���
��� ����� 
��� ������ ��� �
����� �
�� �
����

!������
�!���������
����������������������
����
��
����������������!�������%�%��
��

!������� 
�
��� ��
���� ��
��
�
�� �
�� !������� ����������
�� �
� ��
���� �����
�%�

,
��������� �
�� �������
�� ��� ������ �
�� �����
� ����
�� ��� �.�������� 
��
%� �
�

������ ��� �
������� �
�� �
����������!����
� ��!������ ��� ,0�������

�����
��� ��� ���

����� ��� �
������
�� �
��� �
� ������ L0�
�!��� �����
�� ���"������ ��� �� ��
����



��������	� ���--�

�


����������������������������������������������������������

������������ ���������������!������"���������#������

�

��
��
�� ����
�� �������� ������� ���
�� �
�� �
���� !����� �.��
���
� !�� ���
��

!�����������������
��
�������
�����
��� ����
��!�������
��
�����%�$%)3�%��

�

Fig. 5.29 – Definition of geometry, curvature and bending moment diagrams 
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Fig. 5.30 – Simplified model for stiffness prediction 
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Fig. 5.31 – Moment on the cantilever 
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Fig. 5.32 – Diagram of Curvatures in the fictitious scheme 
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Fig. 5.33 – Correlation between ζζζζ factor and the ratio s/B
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Fig. 5.34 – Derivation of effective width 
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Fig. 5.35 – Ratio between effective and maximum plate width 
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Fig. 5.36 – Typologies of Tested Specimens 
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