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Abstract. Most of the existing Reinforced Concrete (RC) buildings in Italy were built according 

to obsolete regulations that were not enough aware of issues related to seismic design so that 

they need to be upgraded by pursuing either amelioration or full seismic rehabilitation. In doing 

that, the first step is to figure out what is, based on the results of the initial analysis of the 

structure in its ante-operam version, the best overall dissipative mechanism that could be ob-

tained by a number of suitable and economically convenient local interventions. The choice of 

the overall dissipative mechanism strongly affects the amount of reinforcement to be adopted 

for the beam-column joints. For new buildings, the current adopted capacity design philosophy 

pursues an overall beam-sway mechanism in which plastic hinges first form in beams and at 

last at the base of the columns. On the contrary, for existing ones, often very irregular and 

gravity-load-dominated, pursuing such overall mechanism may result either uneconomic or 

even extremely difficult to implement due to the amount of reinforcement to be inserted in the 

joints. In such cases, an overall dissipative mechanism allowing, at some extent, columns flex-

ural plasticization should be accepted and clearly identified in advance. Anyway, such ap-

proach needs to be addressed properly in order to avoid the formation of column-sways at one 

story only that would result very dangerous due to the excessive demand of plastic rotations on 

the resulting hinges. This paper presents two simple models that may help the designer in deal-

ing with the operations above. The former is a model that allows to understand if, given the 

existing RC building case-study, either the beam-sway or a hybrid beam-column-sway mecha-

nism should be conveniently pursued during the design of the retrofitting intervention. The lat-

ter is a model that allows to design a hybrid beam-column-sway overall mechanism involving 

a suitable number of stories such as to guarantee a uniform and reasonable demand of plastic 

rotations in the involved columns. 



 

1 INTRODUCTION 

A large amount of the built heritage in most of the European earthquake-prone countries is 

composed of existing Reinforced Concrete (RC) buildings around a century old. These build-

ings were certainly built in compliance with very obsolete Building Codes (e.g. [1]) showing 

no or little awareness of the seismic-behavior-related issues so that they are certainly inadequate 

to sustain the design earthquake specified by current regulations (e.g. [2,4]). Such buildings 

require either amelioration or full-rehabilitation interventions. The former means making the 

building capable to sustain, for a given Ultimate Limit State (ULS), a larger percentage (less 

than 100 %) of the Code-specified earthquake while the latter means intervening to such an 

extent to make the building capable to withstand one hundred percent of the seismic action. 

Following the recent seismic events that have struck the Italian territory, i.e. the city of 

L’Aquila (2009), the region of Emilia Romagna (2012) and the city of Amatrice (2016), pro-

fessional engineers have undertaken many of such retrofitting intervention designs. Inde-

pendently of the aim of the intervention, either amelioration or full rehabilitation, there has been 

a widespread tendency to use innovative techniques for the local strengthening of deficient RC 

members, either beams, columns, or joints. Among these techniques in particular, either 1) the 

use of Fiber Reinforced Polymer (FRP) wrappings, or 2) the so-called CAM®, which is the 

acronym of the Italian name Cucitura Attiva dei Manufatti (literally: Artefacts Active Sewing), 

have been attracting the attention of the technical community and also applied, in many case-

studies (Fig. 1). According to the latter, existing RC elements are wrapped by high strength 

steel strips that are slightly pretensioned in order to confine the retrofitted element thus provid-

ing a readily available source of extra-strength that, differently from the FRPs, does not need 

the element deformation in order to be activated. The CAM® has also the advantage to allow 

the RC element be literally sewed whatever the geometrical boundary conditions characterizing 

the specific case study might be. The FRPs on the contrary, even if not active, offer the ad-

vantage to be lighter and easier to apply. Anyway, those techniques are still more expensive 

with respect to the more traditional ones contemplating the jacketing of existing RC elements 

by either 1) plain steel cold formed elements joined in situ by fillet welds or 2) reinforced con-

crete coatings. For this reason, since very conservative interventions may result excessively 

expensive thus discouraging both the application and the further spread of those innovative 

techniques, there is a growing attention towards the way to optimize the amount of the rein-

forcement. 

The intense post-earthquake retrofitting design activity that has taken place in Italy has 

shown that the necessity to optimize the amount of reinforcement is particularly important for 

the case of RC joints. The Italian Building Code offers two alternative strategies to evaluate the 

amount of stirrups to strengthen the joint panel that are: 1) the formulation presented in the 

main cogent document [2], which are transposed from the European Codes [3,4], and 2) the 

formulation reported in the explanatory (not cogent) document [5]. The former is a formulation 

that seems to be derived from the pioneering works on the capacity design philosophy [6] and 

that is essentially based on the resisting mechanisms that characterize the joint behavior at its 

ultimate state when, due to the presence of thoroughly smeared cracks, it is far from being 

constituted of an homogenous and isotropic continuum material. While the latter, implicitly 

proposed for the case of existing buildings, is based on the application of the Mohr circle to a 

joint assumed composed of an homogeneous and isotropic elastic material. The former formu-

lation seems to be well contextualized in the ambit of the performance-based design philosophy, 

which is already adopted by the Euro Codes, and is based on the conception of an overall dis-
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sipative mechanism according to which the new building is expected to behave during an earth-

quake attack. On the contrary, the latter one seems to be an inheritance of the former prescrip-

tive design philosophy according to which, in the case of existing buildings, we can just 

strengthen the joints, regardless of the overall dissipative mechanism induced. Such approach 

indeed is justified by the difficulty to intervene on existing buildings that can be very irregular, 

either in plan or in elevation, and that, due to the gravity-loads-based original design, are often 

characterized by the presence of strong beams and weak columns. On the contrary, for the con-

ception of new buildings, the formation of an overall dissipative mechanism that envisages the 

formation of plastic hinges in the beams extremities first and then at the lowermost extremity 

of the columns, is favored by the adoption of a weak-beam-strong column regular conception. 

In the case of existing buildings, the design of interventions capable to induce a proper overall 

dissipative mechanism is relatively more cumbersome. 

 

Figure 1 Most common innovative techniques recently adopted in Italy to strengthen RC joints: a) CAM® 

wrapping by high strength steel strips and b) FRP layers. 

In this scenario, even though design is carried out at the Life Safety ULS, in which the use 

of the first formulation would be more appropriate, practitioners have diffusely implemented 

the second one that has brought to more reasonable amounts of reinforcements, even though in 

a complete unawareness of the overall dissipative mechanism thus induced. 

With the aim to contribute to a more rational design of the seismic retrofitting interventions 

on existing RC buildings, the present work proposes a strategy to optimize the amount of rein-

forcement for joints by taking also into consideration the overall dissipative mechanism to be 

pursued by means of local interventions. 

a)

b)



2 OVERALL DISSIPATIVE MECHANISM 

2.1 New RC buildings 

When it comes to new RC buildings, the widely accepted tendency is to design ductile Mo-

ment Resisting Framed (MRF) structures, by means of the so-called Capacity Design, which 

was early introduced by Paulay and Priestly [6]. The objective is to design MRF structures that 

are capable to withstand acceptable excursions in the plastic range, during the earthquake-in-

duced oscillations, thus dissipating the input energy. 

 

Figure 2 Energy-dissipating mechanisms: a) mechanism with smeared formation of plastic hinges, in all 

beams and at the base of the columns, b) soft story mechanism. 

The overall energy dissipating mechanism is selected in advance. The most favorable mech-

anism is the one in which flexural plastic hinges form at the extremities of all the beams first, 

and then at the lowermost extremity of all the columns. This mechanism (Fig. 2a) is the most 

suitable one since it guarantees a uniform distribution of plastic hinges throughout the devel-

opment of the building, both in plan and elevation, thus fulfilling the overall displacement duc-

tility requiring the smallest inelastic rotational demands in the plastic hinges. On the contrary, 

the so-called soft-story mechanisms (Fig. 2b), in which plastic hinges form at both the extrem-

ities of all the columns of a story, should be avoided since they imply that, for the same overall 

displacement ductility requirement, the local rotational demand in the plastic hinges is much 

larger. Such plastic hinges rotational demands may be too large so that, even with good detailing 

of the affected regions, would be difficult to accommodate. Another aspect that would further 

complicate the management of a soft-story mechanism is the 𝑃 − ∆ effect associated with the 

corresponding large horizontal displacement. Contextually to the selection of the overall dissi-

pative mechanism, the location of the plastic hinges has to be determined with a relatively high 

degree of precision. Parts of the structure that are intended to remain elastic are designed so that 

under maximum feasible actions corresponding to the development of overstrength in the plas-

tic hinges, no inelastic deformations should occur in those regions. Therefore, it is immaterial 

whether the failure of regions, intended to remain elastic, would be ductile or brittle. The actions 

originating from plastic hinges are those associated with the overstrength of these regions. The 

required strength of all other regions is then in excess of the strength demand corresponding to 

the overstrength of relevant plastic hinges. The care in the detailing of the plastic hinge regions 

is larger than that dedicated to the regions that are to remain elastic. 

To guarantee the dissipative mechanism above, the formation of plastic hinges, in all the 

beams and columns, should occur almost simultaneously, which means for the same value of 

the overall displacement ductility demand. In this scenario, what are the operational instruments 

that designers have to induce such overall behavior? At this early stage of design, they can 1) 

manipulate the building geometry, and 2) redistribute the design actions. The former means 

trying to have a very regular structure where the concept of regularity also implies, beyond the 

even distribution of mass and stiffness [2-5], both in plan and elevation, that beams and columns 

be of practically the same length. This is necessary in order to have almost the same value of 
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rotational demand in all the beams plastic hinges, for a given value of the overall displacement 

demand. The redistribution means that, relying on the elasto-plastic behavior of the plastic 

hinge zones, bending moments can be transferred, on a given story, from one joint to another, 

thus reducing the capacity required to a beam extremity that will yield earlier and plastically 

rotate thus transferring the bending moment in another point. The moment redistribution is also 

useful to achieve a more efficient structural design of the steel reinforcement [6]. 

 

Figure 3 Features of moments redistribution: a) equilibrium of a subframe, b) gravity moments, c) earthquake 

moments, d) combined gravity and earthquake moments, e) redistributed gravity and earthquake moments. 

The essential requirement of the moment redistribution process is that equilibrium under the 

applied seismic forces and gravity loads must be maintained. Fig. 3a represents a typical sub-

frame of a multistory frame isolated by cutting columns above and beneath the beams at column 

contraflexure points. The moment pattern shown resulted from an elastic analysis for the sim-

ultaneous action of gravity loads and earthquake loads, duly factored. The total shear forces 

transmitted by the columns below and above the floor are 𝑉𝑗  and 𝑉𝑗
′, respectively, for the right-

ward direction of the earthquake forces considered. In considering equilibrium criteria, the sim-

plifying assumption is made that the distance between the two column points of contraflexure, 

above and below the beam centerline, is the same for each column of the frame, and this dis-

tance does not change while beam moments are redistributed. This means that 𝑙𝑖
′ + 𝑙𝑖 = 𝑙𝑐 is a 

constant length. During moment redistribution, the moment applied to the ends of the beams 

may be changed, but the total moment input to the columns must remain unchanged, and equal 

to the sum of the moments input by the column to the beam at joint 𝑖, that is: 

∑(𝑀𝑖,𝑖−1 + 𝑀𝑖,𝑖+1) = ∑𝑀𝑏𝑖

𝑖𝑖

= ∑𝑀𝑐𝑖

𝑖

 (1) 

where: 𝑀𝑏𝑖 is the bending moment introduced to a column by the beams that are joined to the 

column at node point 𝑖, and 𝑀𝑐𝑖 is the moment input to the continuous beam at joint 𝑖. 
There are two characteristic situations for moment redistribution along continuous beams: 

a) the first involves beam moments redistribution across a joint, and b) the second type of mo-

ment redistribution in the beam involves redistribution of actions between columns. The former 

implies that, if a beam moment at a joint is changed, the other at the same joint, must change 
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accordingly but, since the total beam moment input to the joint remains unaltered, the moments 

and shear forces for the relevant column remain the same as before. The latter means that, when 

a beam moment change (e.g. a reduction) at a given joint 𝑖 is compensated by a beam moment 

change in other joints (an increase), even though Eq. (1) is satisfied, since the moment input to 

these latter columns has changed, the shear forces in these latter will also change. Thus, redis-

tribution of both moments and shear forces between columns will take place. 

In an attempt to achieve a desirable solution, the designer manipulates end moments of 

beams. Gravity load equilibrium will be maintained provided that the part of the bending mo-

ment that originates from gravity load only, and is applicable to a simply supported beam (i.e. 

the moment superimposed on a straight baseline which extends between the beam end mo-

ments), is not changed. A change of beam end moments in any span will change the beam 

reactions and hence the forces introduced to individual columns below the beam under consid-

eration. 

An example of moment redistribution for a regular earthquake dominated frame is shown in 

Fig. 3b-e. The moment pattern (Fig. 3d) due to the superimposition of the patterns due to gravity 

loads (Fig. 3b) and to the earthquake equivalent lateral force (Fig. 3c) is redistributed (Fig. 3e) 

in order to have almost equal values of positive and negative bending moments, thus yielding 

a more uniformly distributed steel reinforcement along the beam length. 

The application of the Capacity Design, intended to induce the formation of the desired over-

all dissipative mechanism, encompasses the following steps, to be undertaken in sequence: 1) 

beam flexural design, 2) beam shear design, 3) column flexural design, 4) column shear design, 

5) beam-column joint design. Beam flexural design is carried out in such a way that, at the 

selected plastic hinge locations, flexural strength is as close as possible to the moment require-

ment resulting from the redistribution process while elsewhere, flexural strength is selected so 

as not to allow plastic hinges to form. Shear strength at all sections of the beam is designed to 

be higher than the shear corresponding to the flexural overstrength, due to the steel strain hard-

ening, at the beam plastic hinges. Consideration of joint moment equilibrium and possible 

higher mode amplification are used to determine the maximum feasible column moment corre-

sponding to beam flexural overstrength. Ideal column moment capacity is matched to these 

required strengths to ensure that the weak beam-strong column hierarchy is achieved. The de-

termination of the necessary amount of transverse reinforcement is based on the more stringent 

of the requirements for shear strength, which are: confinement of compressed concrete, stability 

of compression reinforcement, and lapped bar splices. An estimate of the maximum feasible 

shear force in the column is made based on equilibrium considerations at beam flexural over-

strength. Because beam-column joints are poor sources of energy dissipation, inelastic defor-

mations due to joint shear forces or bond deterioration must be minimized. The ideal strength 

of joints is matched to the input from adjacent beams when these develop flexural overstrength 

at the critical sections of plastic hinges. 

How can the Capacity Design philosophy described hereinabove be interpreted in energetic 

terms [7-9]? Referring to an elasto-plastic Single Degree Of Freedom System (SDOF), subject 

to a seismic action, the energy balance can be written as follows [9]: 

𝐸𝐼(𝑡) = 𝐸𝑆(𝑡) + 𝐸𝐾(𝑡) + 𝐸𝐷(𝑡) + 𝐸𝐻(𝑡) (2) 

where: at a generic time instant 𝑡, 𝐸𝑆(𝑡) and 𝐸𝐾(𝑡) are the instantaneous values of a) strain en-

ergy stored by the structure and b) the kinetic energy of the moving mass, respectively; 𝐸𝐼(𝑡), 
𝐸𝐷(𝑡), and 𝐸𝐻(𝑡) are the value of energy, cumulated since the time instant 𝑡0, and respectively 

c) input in the structure, d) dissipated by viscous damping and e) dissipated by hysteresis. The 

hysteretic and viscous components of the energy, are increasing functions of time since they 

represent forms of energy that cannot be recovered while, on the contrary, both kinetic an strain 
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energy can be recovered. After the end of the earthquake, at time 𝑡 , the structure undergoes 

free oscillations with decreasing amplitude with time, which vanish at the time instant 𝑡𝑞 > 𝑡 , 

when all kinetic and elastic deformation energy has been dissipated. The cumulative equation 

of the energy balance in the instant in which stillness has been restored, can be written as fol-

lows: 

𝐸𝐼(𝑡𝑞) = 𝐸𝐷(𝑡𝑞) + 𝐸𝐻(𝑡𝑞)  (3) 

that shows the overall input energy has been dissipated by both viscous and hysteretic energy. 

In particular, if the structure has remained in the elastic range throughout the earthquake dura-

tion, it is 𝐸𝐻(𝑡𝑞) = 0 and all the input energy has been dissipated by viscous damping 𝐸𝐼(𝑡𝑞) =

𝐸𝐷(𝑡𝑞). On the contrary, if the structure has undergone excursions in the plastic range, it is 

𝐸𝐷(𝑡𝑞) ≪ 𝐸𝐼(𝑡𝑞) and the structure has dissipated most of the input energy by hysteresis, which 

means 𝐸𝐻(𝑡𝑞) ≅ 𝐸𝐼(𝑡𝑞). 

Thus, since 𝐸𝑆(𝑡) and 𝐸𝐾(𝑡) are instantaneous values of strain and kinetic energy, and since 

there is an instantaneous transfer of energy from the former to the latter form of energy, their 

instantaneous sum is constant. In this way, the objective to induce the formation of the desired 

dissipative mechanism in the structure by flexural yielding in predefined points, is equivalent 

to imposing that the potential elastic energy associated to the desired dissipative mechanism be 

the minimum of all possible mechanisms. Moreover, such potential elastic energy has to be 

slightly smaller than the kinetic energy corresponding to the Damage Limit State (DLS), that 

is: 

𝐸𝑆𝑒𝑦 = 𝑚𝑖𝑛(𝐸𝑆𝑒𝑦,𝑗) ≤ 𝐸𝐾,𝐷𝐿𝑆 =
1

 
∙ 𝑀 ∙ 𝑆𝑉,𝐷𝐿𝑆

  (4) 

where: 𝐸𝑆𝑒𝑦,𝑗 is the elastic strain energy at yielding for the generic 𝑗-th dissipative mechanism, 

𝑀 is the mass of the structure, and 𝑆𝑉,𝐷𝐿𝑆 is the value of the velocity spectrum.  

2.2 Existing RC buildings 

When it comes to existing RC buildings, since they were built in compliance with obsolete 

Building Codes [1], unaware of seismic behavior, they are often neither regular nor designed to 

dissipate energy according to a well-defined dissipative mechanism. Moreover, since they were 

most probably built to resist gravity loads only, they typically present a strong beam-weak col-

umn typology. In cases in which there are beams longer than the others, they are most probably 

gravity-load-dominated which means that, at the beam-column joints, the negative bending mo-

ment is much larger than the seismic positive bending moment and their combination yields a 

negative moment. In this case, after the formation of the first (negative) hinge at one of the 

beam extremities, the formation of the second one would require a large increase of lateral force 

or displacement. Even though a skillful application of the either moment redistribution or relo-

cation of plastic hinges away from column faces to zones where both gravity loads and lateral 

forces generate positive moments may help, in many situations the most meticulous allocation 

of beam hinge strength will not offset the excess potential lateral force resistance. 

In such cases, insisting on pursuing the dissipative mechanism described in the previous 

section may result extremely difficult if not impossible. The design of the retrofitting interven-

tion would be particularly difficult for joints. Thus, the possibility to intervene inducing other 

dissipative mechanisms would be preferable. 



 

Figure 4 Existing strong-beam-weak-column RC buildings: a) typical example frame, b) shear-type (column-

sway) dissipative mechanism, and c) hybrid column and beam sway dissipative mechanism. 

Alternative solutions may be the following: 

1) A shear-type mechanism (Fig. 4b), in which hinges are allowed to form in the columns 

extremities even though the right expedient has to be found in order to both a) force the 

formation of plastic hinges at the extremities of the columns of several stories, if not all, 

and b) ensure that, even after the formation of plastic hinges, the post-elastic oscillations 

do not concentrate on one story only. In fact, in this latter case, a soft story mechanism 

would take place. 

2) A hybrid column and beam sway mechanism (Fig. 4c) in which at least a partial beam 

sway mechanism should develop to ensure that no column sway mechanism (soft story) 

can form. This can be achieved if plastic hinges are made to develop in the outer spans 

of beams close to exterior columns, which in turn may need to be strengthened in order 

to have adequate flexural strength to absorb without yielding the moment input from 

these outer beam spans. Column hinges above level one will thus not develop in the two 

outer columns of the frame. At the inner beam-column joints, column hinges below and 

above each floor will need to form to complete the frame mechanism. Since such mech-

anism has to rely on the flexural ductility capacity of the columns, which may not be 

desirable, the overall ductility demand may be restricted by increasing the lateral re-

sistance of the frame to lateral forces. 

Each of these alternative overall dissipative mechanisms will yield the beneficial effect to 

reduce the horizontal strengthening in most of the joints since the beam cross section at the 

column face does not yield. This aspect will be clarified in next sections. 

3 CHOICE OF THE OVERALL DISSIPATIVE MECHANISM 

In this paragraph a simple model is proposed that may help the designer figure out if, for the 

given case-study, it is convenient to orient the retrofitting intervention towards the reproduction 

of a beam-sway mechanism or instead it is more rational to purse one of the alternative overall 

dissipative mechanisms. A typical existing RC building characterized by beams and columns 

of different length and by the Strong-Beam-Weak-Column features is represented in Fig. 5. 

The idea is to evaluate if, given the geometrical and mechanical characteristics of the various 

elements, once shear failures have been excluded [10,11], plastic hinge formation occurs in the 

columns earlier than in the beams, which means if: 

𝑢𝑐,𝑦𝑐 ≪ 𝑢𝑐,𝑦𝑏 (5) 

where: 𝑢𝑐,𝑦𝑐 and 𝑢𝑐,𝑦𝑏 are the values of displacement of the control point 𝑢𝑐 corresponding to 

the yielding of columns (the first one to yield, actually) and beams, respectively. If that is the 

case, trying to induce a classical beam sway mechanism is worthless. 

 

a) b) c)



Vincenzo Bianco, Giorgio Monti, Alessandro Vari and Gianluigi Palmieri 

 

Figure 5 Typical existing Strong-Beam-Weak-Column RC building: a) plan and elevation, b) simplified 

frame model to study beams, c) simplified model to study columns, d) details of the RC slab (topping) along 

with the supporting beams, and e) details of the model for beams taking into account the torsional retainer of-

fered by beams orthogonal to the earthquake direction. 

The values of 𝑢𝑐,𝑦𝑐 and 𝑢𝑐,𝑦𝑏 can be calculated by simplified plane frame and conservative 

models [10,11] that contemplate the concentration of deformations on columns or beams only, 

respectively (Fig. 5bc). As general assumptions, it is assumed that: (1) all frame elements are 

inextensible, and (2) floors are infinitely rigid in their plane. In this way: (1) all joints just move 

horizontally, and (2) both their horizontal and vertical mutual distances remain unchanged. In 

particular for beams (Fig. 5b), since the model herein presented has to be as simple as possible, 

the conservative model is adopted in which the whole seismic-induced deformation is concen-

trated on beams. This means adopting a model in which columns are hinged at the base and just 

rigidly rotate around their lowermost extremity during the imposition of increasing horizontal 

displacements. For the generic horizontal beam, due to the assumption of inextensibility of col-

umns, vertical displacements in their extremities are null, while end rotations are assumed to be 

equal to each other. When the earthquake strikes, it imposes, through the resulting inertia forces, 

a rotation at the beam extremity, and the bending moment due to such rotation is given by [12]: 
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𝑀𝑆𝑑 =
 ∙ 𝐸𝑏 ∙  𝑏

 𝑏
∙  =

 ∙ 𝐸𝑏 ∙  𝑏
 𝑏 ∙ 𝐻 𝑜 

∙ 𝑢𝑐 (6) 

where: 𝐸𝑏 is the beam cross section Young’s modulus,  𝑏 the beam cross sectional inertia,  𝑏 

the beam length, and 𝐻 𝑜  the total height of the building. 

If there are also edge beams, due to the flexural stiffness of the deck framing on them, these 

constitute a torsional restraint that ends up limiting the rotation of the beam extremity. So that, 

when such restraints cannot be neglected (Fig. 5), the counter-moment applied by the assembly 

of edge beam and deck has to be subtracted from Eq. (6). Such torsional restraint-induced bend-

ing moment can be evaluated by considering the very simple model (Fig. 5e) composed by two 

torsional springs, arranged in series to each other, and one with the torsional stiffness of the 

half edge beam   ,𝑏 and the other with the flexural stiffness (in the direction parallel to the 

earthquake) of the slab   ,𝑏. This latter can be, in first instance, concentrated in the internal 

extremity of half beam length (point E in Fig. 5e), and is given by: 

  , =
 ∙ 𝐸 ∙   

  
 (7) 

where:    is the length of the slab framing into the edge beam, and 𝐸 ,    are the slab cross 

section Young’s Modulus and sectional inertia, respectively. 

While the edge beam torsional stiffness is given by: 

  ,𝑏 =
  ∙   

  
 (8) 

where:    is the edge beam length, and   ,    are the beam cross section inertia and transversal 

stiffness modulus, respectively. 

Due to the combination in series of the two springs above, the kinematic compatibility yields 

that the overall earthquake-imposed end rotation is equal to the sum of a) the torsional rotation 

undergone by the edge beam  𝑏 and b) the flexural end rotation undergone by the portion of 

slab insisting on the edge beam   , which means: 

 (𝑢𝑐) =  𝑏 +    (9) 

Moreover, for the equilibrium to be fulfilled, the torsional moment 𝑀 ,𝑏 in the edge beam 

has to be equal to the bending moment in the slab 𝑀 , , which means: 

𝑀 ,𝑏 = 𝑀 ,  (10) 

Thus, by combining Eq. (9) and Eq. (10), we obtain: 

 (𝑢𝑐) =  𝑏 +   =
𝑀 ,𝑏

  ,𝑏
+

𝑀 , 

  , 
 (11) 

from which the value of the counter-moment can be evaluated as follows: 

𝑀 ,𝑏 = 𝑀 , =  (𝑢𝑐) ∙ (  , ∙   ,𝑏) (  , +   ,𝑏)⁄ =
𝑢𝑐 ∙ (  , ∙   ,𝑏)

𝐻 𝑜 ∙ (  , +   ,𝑏)
 (12) 

In conclusion, the end bending moment will be given, combining Eq. (6) and Eq. (12), by 

the following expression: 
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𝑀𝑆𝑑 = [
 ∙ 𝐸𝑏 ∙  𝑏
 𝑏 ∙ 𝐻 𝑜 

−
(  , +   ,𝑏)

𝐻 𝑜 ∙ (  , ∙   ,𝑏)
] ∙ 𝑢𝑐 (13) 

Introducing the beam yield strength 𝑀𝑏𝑅𝑦𝑑 in Eq. (13) and making it explicit with respect to 

the control point displacement, the 𝑢𝑐,𝑦𝑏 value can be obtained. 

For the case of the column, given the column yield strength 𝑀𝑐𝑅𝑦𝑑, the corresponding value 

of the control point displacement can be obtained by: 

𝑢𝑐,𝑦𝑐 = 𝑢𝑐(𝑀𝑐𝑅𝑦𝑑) =
 𝑐
 ∙ 𝑀𝑐𝑅𝑦𝑑

 ∙ 𝐸𝑐 ∙  𝑐
∙
𝐻 𝑜 

𝐻𝑖
 (14) 

where:  𝑐 is the length of the column, 𝐸𝑐,  𝑐 are the column cross section Young’s Modulus 

and sectional inertia, respectively, and 𝐻𝑖 is the 𝑖-th story height. 

4 CAPACITY MODEL FOR THE JOINT 

Joints of RC buildings can be typically classified according to either one of two criteria: 

1) one based on the geometry of the boundary conditions, or 2) one based on the possibility that 

inelastic deformations occurred in the beam longitudinal bars may or not spread within the joint 

core. Based on the former criterion, joints can be either 1) exterior, in case one beam only 

frames into the relevant column, or 2) interior, in case two beams frame into the relevant col-

umn. According to the latter criterion, a joint can be either elastic or inelastic if plastic hinges 

are allowed to form in the beam cross sections far from the column or adjacent to the column, 

respectively. 

4.1 Original model  

 

Figure 6 Mechanisms of shear transfer at an interior joint: a) concrete strut and b) diagonal compression field. 

In general, two resisting mechanisms can be singled out in a joint, which are (Fig. 6): 1) con-

crete diagonal compression strut and 2) diagonal compression field. The latter is based on the 

assumption that concrete joint core is thoroughly cracked so that no (diagonal) tensile stress 

can be transmitted by the concrete. When beams with very small amounts of flexural reinforce-

ment are used, or when column sections relative to beam sizes are large, joint shear stresses 

may be rather small and no or very few diagonal cracks may develop. As the concrete core in 

such cases will resist shear by means of diagonal tensile stresses, the truss mechanism in Fig. 6 

will be hardly mobilized. The strut mechanism does not rely on steel contributions, but the truss 

a) b)



mechanism may require considerable amounts of reinforcement, particularly in the horizontal 

direction. 

In the two limit situations of a) absence of axial compression (even axial tension) or b) large 

value of axial compression, the compression strut inclination will be less and more steep, re-

spectively. In the latter case, due to the beneficial effect of normal stresses on bond strength, 

the relative importance of the transfer mechanism of the diagonal compression field will be 

larger. 

 

Figure 7 External actions and internal stress resultants at an interior joint. 

With reference to the interior joint (Fig. 7), horizontal shear force will be given by: 

𝑉𝑗𝑆ℎ = 𝑇 +  𝑐
′ +   

′ − 𝑉𝑐𝑜𝑙 (15) 

in which: 𝑇  is the internal horizontal tension introduced in the joint by the beam upper longi-

tudinal reinforcement,  𝑐
′ is the compression force in the concrete,   

′ is the axial compression 

in the beam upper longitudinal reinforcement (on the left-hand side of the figure), and 𝑉𝑐𝑜𝑙 is 

the average of column shears above and below the joint. Even though the sum of terms 𝑇 +   
′ 

is transferred to the concrete of the joint core by means of bond stresses, a fraction ∆𝑇𝑐
′ will be 

transmitted to the diagonal strut in correspondence of the flexural compression zone of the col-

umn above (stress-block). Thus the value of the horizontal shear force transmitted to the diag-

onal strut mechanism, is given by: 

𝑉𝑐ℎ =  𝑐
′ + ∆𝑇𝑐

′ − 𝑉𝑐𝑜𝑙 (16) 

while the fraction carried by the truss mechanism is: 

𝑉 ℎ = 𝑇 +   
′ − ∆𝑇𝑐

′ (17) 

After making reasonable assumptions about the likely distribution of tangential bond stresses 

inside the joint core and along the beam upper longitudinal reinforcement, Paulay and Priestley 

[6] suggested the following expression: 

𝑉𝑐ℎ = (1.  ∙
𝑐

ℎ𝑐
+ 𝛽 − 0.  ) ∙ 𝑇 − 𝑉𝑐𝑜𝑙 (18) 

in which: 𝛽 =   
′   ⁄  is the ratio of the beam compressed longitudinal reinforcement to the ten-

sile steel cross section, 𝑐 is the depth of the flexural compression zone of the elastic column 

above, which can be approximated by: 

a) b) c) d)
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𝑐 = (0.  + 0.  ∙
𝑃𝑢

𝑓𝑐
′ ∙  𝑔

) ∙ ℎ𝑐 (19) 

where: 𝑃𝑢 is the minimum compression force acting on the column 𝑃𝑢 = 0.  ∙ 𝑓𝑐
′ ∙  𝑔, 𝑓𝑐

′ is the 

concrete cylindrical compressive strength,  𝑔 the gross cross section area of the column. From 

the expressions above, it yields: 

𝑉 ℎ = 𝑉𝑗𝑆ℎ − 𝑉𝑐ℎ ≅ (1.1 − 1. ∙
𝑃𝑢

𝑓𝑐
′ ∙  𝑔

) ∙ 𝑇  (20) 

The term 𝑉𝑐ℎ is to be carried by the concrete compression strut while the term 𝑉 ℎ will be 

carried by the horizontal reinforcement within the joint core.  

 

Figure 8 Exterior Joint: external actions and internal stress resultants. The compression strut is included be-

tween the two boundary lines  1 and   . 

Likewise, for an exterior joint, the horizontal shear force is given by: 

𝑉𝑗𝑆ℎ = 𝑇 − 𝑉𝑐𝑜𝑙 (21) 

where the value of the tension force 𝑇  is either 𝑓 ∙    or 𝜆0 ∙ 𝑓𝑦 ∙   , depending on whether an 

elastic beam section or the critical section of a beam plastic hinge at the face of the column is 

being considered. Even in this case, a diagonal strut similar to that shown in Fig. 8 will develop 

between the bend of the hooked top tension beam bars and the lower right-hand corner of the 

joint, where compression forces in both the horizontal and vertical directions are introduced. 

Similarly to what already introduced for the case of the interior joints, the horizontal component 

of the compression strut mechanism is given by: 

𝑉𝑐ℎ =  𝑐 + ∆𝑇𝑐 − 𝑉𝑐𝑜𝑙 (22) 

where: ∆𝑇𝑐  is the fraction of the steel compression force    developed in the bottom beam 

reinforcement, introduced to the strut by means of bond over the length of bar subjected to 

transverse compression from the lower column. 

Even in this case, based on reasonable assumptions about the likely distribution of the shear 

tangential stresses along the longitudinal reinforcement within the joint core, Paulay and Priest-

ley [6] proposed the following expression to evaluate the fraction of shear force that has to be 

carried by the horizontal reinforcement in the joint: 

ℎ𝑐

ℎ𝑏

𝑉𝑐
 𝑐

′

  
′

 𝑐
′′

  
′′

𝑉𝑐

𝑇 
′′

𝑐

 𝑐

  

𝑉𝑏

 1

  

𝑇 
′

𝑇 



𝑉 ℎ = 𝑉𝑗𝑆ℎ − 𝑉𝑐ℎ ≅
𝛽

𝜆0
∙ (0. −

𝑃𝑢
𝑓𝑐
′ ∙  𝑔

) ∙ 𝑇  (23) 

and the complement to 𝑉𝑗𝑆ℎ will flow in the compression strut mechanism. 

4.2 Code-suggested model 

As already outlined, the Italian Code [2,5] (implicitly) distinguishes between the case of new 

and existing buildings. For the former [2] distinction in made between joints that are 1) fully 

confined or 2) not fully confined. The fully confined joints are those in which beams frame into 

all four sides and their width is at least three quarters of the parallel cross-sectional dimension 

of the column and on both pairs of opposite faces of the joint, beam cross sections cover each 

other for at least   ⁄  of their depth. Not fully confined joints are all those not belonging to the 

previous category. 

The horizontal shear acting on the core of a joint shall be determined taking into account the 

most adverse conditions under seismic actions. In absence of more accurate evaluations, shear 

force acting on the concrete core of the joint can be calculated, for each direction of the seismic 

action, by the following expressions: 

𝑉𝑗𝑏𝑑 = 𝛾𝑅𝑑 ∙   1 ∙ 𝑓𝑦𝑑 − 𝑉𝑐 for exterior joints 

𝑉𝑗𝑏𝑑 = 𝛾𝑅𝑑 ∙ (  1 +    ) ∙ 𝑓𝑦𝑑 − 𝑉𝑐 for interior joints 
(24) 

where: 𝛾𝑅𝑑 = 1.  is the factor to account for overstrength due to steel strain-hardening,   1 and 

    are the beam cross section top and bottom steel reinforcement, respectively; 𝑓𝑦𝑑 is the steel 

design value of yield strength; and 𝑉𝑐 is the shear force in the column above the joint. Strength 

verification should be carried out only for joints of high ductility buildings. 

Joint shear strength associated to the concrete strut crushing 𝑉𝑗𝑅𝑑1 can be evaluated by: 

𝑉𝑗𝑅𝑑1 = 𝜂 ∙ 𝑓𝑐𝑑 ∙ 𝑏𝑗 ∙ ℎ𝑗𝑐 ∙ √1 −
𝜈𝑑
𝜂

 (25) 

in which: 

𝜂 = 𝛼𝑗 ∙ (1 −
 𝑐𝑘

 50
)  with 𝑓𝑐𝑘 in MPa (26) 

𝛼𝑗 = {
0.  for interior joints
0.   for exterior joints

 (27) 

𝑓𝑐𝑘, 𝑓𝑐𝑑 are concrete cylindrical strength’s characteristic and design value, respectively; 𝜈𝑑 =
𝑁𝑆𝑑 ( 𝑐 ∙ 𝑓𝑐𝑑)⁄  is the axial force in the column above the joint normalized with respect to the 

compressive strength of the concrete section; ℎ𝑗𝑐 is the distance between the outermost longi-

tudinal steel bars alignments; and 𝑏𝑗 is the joint effective width, assumed as the minimum be-

tween 1) the larger between column and beam section width and 2) the smaller between column 

and beam section width, both increased by half of the column cross section depth. 

Adequate confinement of the joint, both horizontal and vertical, should be provided, to limit 

the maximum diagonal tensile stress of concrete to the concrete design tensile strength 𝑓𝑐 𝑑. In 

the absence of a more precise model, this requirement may be satisfied by providing horizontal 

hoops with a diameter of not less than   𝑚𝑚 within the joint, such that: 



Vincenzo Bianco, Giorgio Monti, Alessandro Vari and Gianluigi Palmieri 

  ℎ ∙ 𝑓𝑦𝑤𝑑

𝑏𝑗 ∙ ℎ𝑗𝑤
≥

𝑉𝑗𝑏𝑑
 

(𝑏𝑗 ∙ ℎ𝑗𝑐)
 
∙ (𝑓𝑐 𝑑 + 𝜈𝑑 ∙ 𝑓𝑐𝑑)

− 𝑓𝑐 𝑑 (28) 

where:   ℎ is the total area of horizontal hoops, 𝑉𝑗𝑏𝑑 is given by Eq. (24), ℎ𝑗𝑤 is the distance 

between the top and the bottom reinforcement of the beam, ℎ𝑗𝑐 is the distance between extreme 

layers of column reinforcement, 𝑏𝑗 is the joint effective width.  

It must be stressed that some perplexity arises when Eq. (28) is analyzed in depth since it 

seems to be based on a contradiction. In fact, while it is purposely meant to design steel hoops 

in order to keep the joint concrete un-cracked, it relies on the steel yield strength 𝑓𝑦𝑑 that can 

only be attained if the steel has actually yielded, which means that the steel bars elongation has 

reached 𝜀𝑦𝑑 ≅  0‰. However, such strain value can only be attained if the steel bars have 

undergone large elongation, across the formed cracks. Provided that further research is desira-

ble in order to overcome such contradictions, it must also be stressed that the CAM® technique, 

due to the inherent pre-tension, applies a confinement without need of deformations thus result-

ing much more effective, in keeping the joint concrete un-cracked, than any other passive avail-

able technique, including the use of FRPs. 

As an alternative, the integrity of the joint after diagonal cracking may be ensured by hori-

zontal hoop reinforcement. To this end the following total area of horizontal hoops should be 

provided in the joint: 

  ℎ ∙ 𝑓𝑦𝑤𝑑 ≥ 𝛾𝑅𝑑 ∙ (  1 +    ) ∙ 𝑓𝑦𝑑 ∙ (1 − 0. ∙ 𝜈𝑑) for interior joints 

  ℎ ∙ 𝑓𝑦𝑤𝑑 ≥ 𝛾𝑅𝑑 ∙    ∙ 𝑓𝑦𝑑 ∙ (1 − 0. ∙ 𝜈𝑑) for exterior joints 
(29) 

4.3 Confinement-modified model 

In the present section, a first proposal is made about a possible way to evaluate the amount 

of reinforcement to strengthen the joints. Even though we highly support the adoption of active 

techniques, such as the CAM®[13], the formulation herein proposed is actually applicable also 

to the case of passive confinements such as the FRPs jacketing. The preference for active meth-

ods is due to the fact that confinement does not need any structure deformation to be activated 

but, on the contrary, it is readily available. 

Conservatively, and contrarily to what suggested by Paulay and Priestley [6], we do not 

distinguish the amount of the overall joint shear force 𝑉𝑗𝑏𝑑 that is carried by the concrete strut 

𝑉𝑐ℎ and the truss 𝑉 ℎ. In fact, we assume that the truss does not form due to the reason that, in 

order for it to be actually mobilized, horizontal reinforcement should be diffuse while, for an 

existing building, such reinforcement is always rather discrete, due to the complex geometrical 

boundary conditions. Given that, the joint verification is carried out by comparing the shear 

force 𝑉𝑗𝑏𝑑 with the shear strength that can be evaluated as follows: 

𝑉𝑗𝑅𝑑 = 𝑚𝑖𝑛(𝑉𝑗𝑅𝑑1; 𝑉𝑗𝑅𝑑 ; 𝑉𝑗𝑅𝑑 )  (30) 

in which: 𝑉𝑗𝑅𝑑1 is the joint shear strength associated to concrete strut crushing; 𝑉𝑗𝑅𝑑  is the joint 

shear strength associated to concrete diagonal cracking and 𝑉𝑗𝑅𝑑  is the joint shear strength as-

sociated to the steel stirrups failure, in case they are actually present. Even though the NTC2008 

considers the term associated to concrete diagonal cracking, it may not be considered since it is 

too conservative for a calculation carried out at the ultimate limit states, in which joints are 

definitely cracked. In fact, joints are supposed to be cracked since the serviceability limit state, 



through which the structure has already gone for values of 𝑢𝑐 much smaller than those corre-

sponding to the ultimate state. 

The joint shear force can be evaluated, as function of the control point displacement, as 

follows: 

𝑉𝑗𝑆𝑑 =
𝑀𝑠𝑑

𝑙 (𝑢𝑐)

𝑑𝑙 +
𝑀𝑠𝑑

𝑟 (𝑢𝑐)

𝑑𝑟 − 𝑉𝑐(𝑢𝑐) for interior joints (31) 

𝑉𝑗𝑆𝑑 =
𝑀𝑠𝑑(𝑢𝑐)

𝑑
− 𝑉𝑐(𝑢𝑐) for exterior joints 

(32) 

in which 𝑀 𝑑
𝑙 (𝑢𝑐) and 𝑀 𝑑

𝑟 (𝑢𝑐) are the bending moments applied by the two beams framing 

into the joint, left and rightwards respectively. 

The term 𝑉𝑗𝑅𝑑 , which is herein reported for sake of completeness, can be evaluated as fol-

lows: 

𝑉𝑗𝑅𝑑 = 𝑏𝑗 ∙ ℎ𝑗𝑐 ∙ √𝑓𝑐 𝑑 ∙ (𝑓𝑐 𝑑 + 𝜈𝑑 ∙ 𝑓𝑐𝑑) (33) 

in which 𝑓𝑐 𝑑 is concrete design tensile strength. 

The term 𝑉𝑗𝑅𝑑  can be evaluated as follows: 

𝑉𝑗𝑅𝑑 =   ℎ ∙ 𝑓𝑦𝑤𝑑 (34) 

The term 𝑉𝑗𝑅𝑑1 can be evaluated by Eq. (25) in which 𝑓𝑐𝑑 has to be substituted by the design 

cylindrical strength of the confined concrete 𝑓𝑐𝑐𝑑. The cylindrical strength 𝑓𝑐𝑐 of the confined 

concrete may be evaluated by the method proposed by Braga et al. in [14]. This model allows 

the whole stress strain 𝜎𝑧 − 𝜀𝑧 constitutive law of the confined concrete to be evaluated, as in-

crement with respect to the constitutive law of the unconfined concrete, as follows: 

𝜎𝑧(𝜀𝑧) =  𝜎𝑧0(𝜀𝑧) + ∆𝜎𝑧(𝜀𝑧) (35) 

where: 𝜎𝑧 and 𝜎𝑧0 are the stresses of the confined and unconfined concrete respectively and 𝜀𝑧 

is the related strain. The term ∆𝜎𝑧 represents the stress increment related to the triaxial state. 

The curve  𝜎𝑧0(𝜀𝑧) can be assumed as the classical parabola-rectangle diagram (Fig. 9) adopted 

by [2]. The model is based on the assumptions of 1) elastic material, 2) plain strain condition 

and 3) passive confinement. 

Even though we are taking into consideration the case of existing RC buildings, in which 

case the joint does not contain any steel stirrups, the model contemplates the possibility to have 

complex confinement systems, with multiple horizontal hoops (Fig. 9). For each 𝑖-th hoop, the 

radial confining pressure 𝑓𝑟𝑖 can be evaluated, for each value of 𝜀𝑧, and assuming null bending 

inertia for each confining strip, be it made of either FRP or high strength steel as in the case of 

CAM. For a square section column the following expression is provided [14]: 

𝑓𝑟𝑖(𝜀𝑧) =
  ∙ 𝐸𝑐 ∙ 𝐸𝑚 ∙ 𝑡𝑚 ∙ (𝑏𝑚 𝑆⁄ ) ∙ 𝜈

  ∙ 𝐸𝑐 ∙ 𝑑 +   ∙ 𝐸𝑚 ∙ 𝑡𝑚 ∙ (𝑏𝑚 𝑆⁄ ) ∙ ( ∙ 𝜈 +  )
∙ 𝜀𝑧 (36) 

where: 𝑑 is the square cross-section dimension; 𝐸𝑐 and 𝐸𝑚 are the Young’s modulus of the con-

crete and the confining material, respectively; 𝑡𝑚 and 𝑏𝑚 are the wrapping depth and width, 

respectively; 𝑆 is the wrapping spacing and 𝜈 is the concrete Poisson’s ratio. Whereas, for cir-

cular section columns with external radius 𝑅𝑐𝑒, the confining pressure is expressed by the fol-

lowing equation: 

𝑓𝑟𝑖(𝜀𝑧) =
𝐸𝑐 ∙ 𝐸𝑚 ∙ 𝑡𝑚 ∙ (𝑏𝑚 𝑆⁄ ) ∙ 𝜈

𝐸𝑐 ∙ 𝑅𝑐𝑒 + 𝐸𝑚 ∙ 𝑡𝑚 ∙ (𝑏𝑚 𝑆⁄ ) ∙ (1 − 𝜈) ∙ (𝜀𝑧 ∙ 𝜈 + 1)
∙ 𝜀𝑧 (37) 
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and in case continuous wrapping is used, the ratio 𝑏𝑚 𝑆⁄ = 1. 

 

 

Figure 9 Confined concrete stress-strain relationship by means of the model by Braga et al. [14]: a) increment 

over the unconfined concrete constitutive law; details of a square RC cross section column strengthened by ei-

ther b) FRP or c) CAM® wrappings, respectively; d) rectangular cross section strengthened by CAM, and e) case 

of complex confinement system (very general). 

In the most general case of existing internal stirrups and external wrapping, the average ra-

dial confining pressure can be evaluated as follows: 

𝑓𝑟𝑚(𝜀𝑧) =
 𝑖𝑛 

 𝑒𝑥 
𝑓𝑟,𝑖𝑛 + 𝑓𝑟,𝑒𝑥  (38) 

where: 𝑓𝑟,𝑖𝑛  and 𝑓𝑟,𝑒𝑥  are the radial confining pressures induced by the internal stirrups and by 

the external wrapping, respectively;  𝑖𝑛  is the amount of area of the cross section within the 

internal stirrup and  𝑒𝑥  is the area contained within the external wrapping. In the most general 

configuration of confinement reinforcement (Fig. 9e), the superposition method is applied to 

evaluate the average radial confining pressure, as follows: 

𝑓𝑟𝑚(𝜀𝑧) =
1

 𝑒
∙ (𝑓𝑟 1 ∙  1 +  ∙ 𝑓𝑟  ∙   +  ∙ 𝑓𝑟  ∙   +  ∙ 𝑓𝑟  ∙   ) (39) 

where: 

𝑓𝑟 1 = 𝑓𝑟 +  ∙ 𝑓𝑟1; 𝑓𝑟  =  ∙ 𝑓𝑟1; 𝑓𝑟  = 𝑓𝑟 + 𝑓𝑟1; 𝑓𝑟  = 𝑓𝑟1 (40) 

The pressures applied by the stirrups are actually spread in the concrete along the longitudi-

nal development of the RC element, by means of two mechanisms that are: 1) the arch effect, 

which develops between two adjacent stirrups, thus reducing the real confined concrete volume, 

and 2) the mechanism due to the bending stiffness of the longitudinal bars. As a result, the 

confining pressure varies along the element with maximum value at the tie level and minimum 

values midway between two stirrups. Therefore, the concrete is entirely subject to a lateral con-

fining pressure lower than the mean value calculated at tie level when assuming a homogeneous 

distribution. Two reduction coefficients can be evaluated, separately, for each of the mecha-

nisms above. For the concrete mechanism, the coefficient can be evaluated by the following 

equation: 

𝜎𝑧 𝜀𝑧
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𝑓𝑐
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  𝑐 = (1 −
𝑆

 ∙𝑙𝑠𝑡
)
 
 (41) 

where: 𝑙   is the length of the stirrup. For the reductive coefficient associated to the bending 

stiffness of the longitudinal bars, the following expression is provided: 

  𝑙 =
  ∙ 𝜉𝑙

 

  ∙ 𝜉𝑙
 + 𝛽 ∙ 𝜉  

 (42) 

where: 

𝜉𝑙 =
𝜙𝑙𝑜𝑛𝑔

𝑆
; 𝛽 =

𝜙𝑠𝑡

𝜙𝑙𝑜𝑛𝑔
; 𝜉  =

𝜙𝑠𝑡

𝑙
 (43) 

in which: 𝜙   and 𝜙𝑙𝑜𝑛𝑔 are the diameters of the stirrup and longitudinal bar, respectively; 𝑙 is 

the element length. When the bending stiffness of the longitudinal bars becomes negligible, 

only the arching effect between two stirrups spreads the confining pressures along the column 

and it can be assumed that   𝑙 ≫  𝑐. However, in the most general case, the effective confining 

pressure to which the column (i.e. the joint panel) confined by either square or circular hoops 

is subject, is given by the following expression: 

𝑓𝑟 =  𝑐 ∙   𝑙 ∙ 𝑓𝑟𝑚 (44) 

and the corresponding value of the stress increment is given by: 

∆𝜎𝑧(𝜀𝑧) = ∆𝜎𝑧(𝑓𝑟𝑚) = − ∙ 𝜈 ∙ 𝑓𝑟𝑚 (45) 

The strength of the confined concrete is thus given by: 

𝑓𝑐𝑐 = 𝑚𝑎 (𝜎𝑧(𝜀𝑧)) (46) 

and this value has to be implemented into the Eq. (25) in order to obtain the value of 𝑉𝑗𝑅𝑑1. 

The weak points of this model are that 1) the whole constitutive law of the confined concrete 

has to be evaluated first, in order to obtain the relevant strength 𝑓𝑐𝑐, and 2) the confinement 

contemplated is the passive one. Further research is, in this respect, desirable and already being 

carried out. 

5 OVERALL DISSIPATIVE MECHANISM 

In this context, the retrofitting design strategy may be based on the following steps, to be 

undertaken in sequence: 

Evaluate, by means of the simple models described in previous paragraph §. 3, the ratio be-

tween 𝑢𝑐,𝑦𝑏 and 𝑢𝑐,𝑦𝑐 ; 

If it happens that: 

𝑢𝑐,𝑦𝑏 < 𝑢𝑐,𝑦𝑐 (47) 

the classical overall dissipative mechanism can be adopted and the strengthening of the joints 

can be calculated by means of the model described in the paragraph §. 4.3; 

If it happens that: 

𝑢𝑐,𝑦𝑐 < 𝑢𝑐,𝑦𝑏 (48) 

the classical overall dissipative mechanism can be tentatively pursued by adopting either one 

of the following strategies: 1) moments redistribution or 2) repositioning of the plastic hinges; 

If it happens that: 
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𝑢𝑐,𝑦𝑐 ≪ 𝑢𝑐,𝑦𝑏 (49) 

an hybrid beam-column-sway mechanism should be accepted and identified by means of an 

energy-based approach. 

Further research is already being carried out in order to formalize this procedure. 

6 CONCLUSIONS  

This work addressed the problem of the optimization of the amount of strengthening to be 

implemented for joints of existing RC buildings in a seismic retrofitting intervention. In fact 

the retrofitting design activity that has characterized the aftermath of the recent Italian earth-

quakes has shown that the application of the cogent Italian Building Code may lead to exces-

sively conservative interventions that would result both difficult to realize and detrimental to 

the diffusion of innovative and promising strengthening techniques. 

The first step to be undertaken during the design of a retrofitting intervention is the selection 

of a suitable overall dissipative mechanism. While a beam-sway overall dissipative mechanism 

can be pursued with relative ease for new buildings by means of the Capacity Design Philoso-

phy, it may lead to unnecessarily conservative solutions for existing buildings. In fact, since 

these latter were most probably designed for gravity loads only, they are characterized by the 

Strong-Beam-Weak-Column typology. Thus, for these buildings, an alternative overall mecha-

nism, characterized by plasticization on both beams and columns, may be selected. 

A simple model was developed to help the designers figure out which overall dissipative 

mechanism is more suitable to pursue for the specific case study they are dealing with. Such 

model is based on the evaluation and comparison of the value of the displacement of the control 

point of the single Moment Resisting frame corresponding to the flexural yielding of beams and 

columns. In cases in which, due to the presence of strong beams and weak columns, these latter 

yield much earlier than beams, the hybrid column-beam-sway mechanism should be selected. 

After reviewing the model for shear strengthening of joints implemented by the cogent Ital-

ian Building Code and the one from which it was derived, a way to improve it was suggested, 

in absence of a newly developed model. The beneficial effect of confinement on the concrete 

strut resisting mechanism may be accounted for by evaluating the confined concrete strength 

by means of the model by Braga et al., which has been briefly described. 

Ultimately, the energy-based strategy to design the hybrid overall dissipative mechanism 

was described. Anyway, in this respect, further research is necessary. 

This work implicitly addressed the Moment Resisting Framed typology of RC buildings, 

adopting simplified models. As further developments, the case of dual systems, characterized 

by the presence of frames and walls in parallel to each other will be also addressed. Moreover, 

the way in which to deal with the presence of stairs, with either cantilever steps or a climbing 

slab, will be also analyzed.  
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