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Abstract 

The European building stock has a significant seismic vulnerability, largely due to designs 

that do not comply with current regulations. To mitigate this risk, effective and sustainable 

structural strengthening strategies are required. It is important to develop low-impact solu-

tions to reduce costs and avoid interruptions to the building operation during strengthening 

interventions. In this context, the SPEAD technique (Steel Plate Energy Absorption Device) 

emerges as an innovative local strengthening device, offering a non-invasive solution to im-

prove the flexural strength of reinforced concrete beams and columns. The SPEAD device al-

lows for precise calibration of the strength increase, ensuring full compliance with capacity 

design criteria, thus optimizing the seismic behaviour of the structure. In addition, the local 

strengthening system is designed to effectively absorb seismic energy, dissipating it through 

steel hysteresis mechanisms. Thanks to its non-invasive nature, it can be applied without in-

terrupting the use of the building (i.e. from the outside), ensuring operability for the end us-

ers. This study aims to develop an advanced numerical model to simulate the behaviour of 

beam-column joints subjected to seismic loading. By implementing a nonlinear 3D model, the 

goal is to accurately capture local damage mechanisms, such as concrete cracking and crush-

ing, steel yielding, as well as interaction phenomena such as steel-concrete slip effects. The 

3D model is calibrated and refined through the comparison with experimental data obtained 

from cyclic tests on real specimens conducted at the University of Basilicata’s Laboratory of 

Structures. The performed analyses aim to improve the procedures for evaluating the seismic 

behaviour of beam-column joints, facilitating the appropriate design of the SPEAD system. 

Preliminary numerical analyses have highlighted the beneficial effects of applying the 

SPEAD device, resulting in an increase in strength and ductility of the beam-column joint, a 

reduction in steel-concrete slippage phenomena, and decreased damage to the joint panel, 

enhancing its repairability after seismic events. 

Keywords: Existing Buildings - Seismic Vulnerability - Sustainable Strengthening - RC 

Beam Column Joint - Low Impact Solutions. 
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1 INTRODUCTION 

One of the most urgent challenges in Europe is reducing the seismic vulnerability of the 

existing building stock. In recent years, numerous seismic events have caused significant hu-

man and economic losses in countries with high seismic risk, such as Italy [1], Greece, and 

Turkey. The latter was severely affected by the earthquake on February 6, 2023, which caused 

over 51,000 fatalities, the collapse of 210,000 buildings, and damage to about 890,000 struc-

tures [2]. As reported by Masi in [3], in Italy, more than 55% of existing reinforced concrete 

buildings were constructed without any seismic regulations, as they were built before 1981, 

the year the D.M. 02/07/1981 came into force.  

Furthermore, the construction sector, and particularly the existing structural heritage, is one 

of the most energy-consuming, with significant environmental impacts [4]. From a sustaina-

ble development perspective, it is essential to develop integrated intervention techniques that 

simultaneously reduce seismic vulnerability and improve the environmental efficiency of 

buildings [5-7].  

Passoni et al. [8] highlight the importance of researching sustainable solutions for the exist-

ing building stock, proposing an innovative framework based on the Life Cycle Thinking 

(LCT) approach for the holistic design of sustainable retrofit interventions. Within the struc-

tural strengthening techniques that offer benefits both in terms of seismic and environmental 

improvements, a central role is played by local strengthening interventions on the beam-

column joints of reinforced concrete structures. These interventions improve the capacity of 

beam-column joints with minimal impact on the building, working mostly from the outside 

and allowing the building to remain functional during strengthening works.  

In addition, the use of innovative techniques and materials promote the decarbonisation of 

existing buildings. In response to these needs, the scientific community has developed numer-

ous local strengthening techniques characterised by optimal effectiveness and low invasive-

ness.  

In Santarsiero and Masi [9-10] a simple local strengthening system for reinforced concrete 

joints was proposed. It uses steel L-shaped profiles at the corners of structural elements, 

wrapped in stainless steel strips, and connected to the beam-column intersection with steel 

dissipative elements. This system has been effective in increasing the joint’s capacity and en-

ergy dissipation, but it needs further design refinement. In Frascadore et al.[11] various types 

of local FRP reinforcements were proposed for the beam-column joints of six reinforced con-

crete (RC) school buildings in L'Aquila. The results show that this technique can achieve a 

seismic safety level of approximately 60% of that required for a new building.  

In Chung-Chan Hung et al.[12], an innovative retrofit technology is proposed that uses 

high-strength steel bars and Engineering Cementitious Composite (ECC), a fiber-reinforced 

material with high tensile strength and damage tolerance. The method aims to reduce the size 

of the retrofit intervention on the beam-column joint by combining ECC layers with high-

strength steel bars. Karayannis and Golias [13] used external carbon fiber ropes to reinforce 

reinforced concrete beam-column joints, testing eight full-scale subgroups under increasing 

cyclic deformations. The results showed that the reinforced joints had better hysteretic re-

sponse, higher maximum loads, greater stiffness and energy dissipation, and less damage 

compared to the unreinforced joints.  

In the work of Molod et al.[14], a superelastic shape memory alloy (SMA) plate is used as 

an innovative element to strengthen existing reinforced concrete beam-column joints. The au-

thors highlight the sustainability of this technique, noting its quick and low-impact application. 

However, they also mention the high cost of special alloys, which could limit its use. The ex-

amples above show how technological innovations and new materials are becoming more and 
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more important in strengthening reinforced concrete structures through local interventions. 

However, many studies have been based on simplified models, without floors and transverse 

beams. The techniques mentioned may face challenges when demolition of non-structural 

components, like infill walls, is needed. Some studies focus on exterior-only strengthening 

solutions to reduce structural impact, but they often have high costs due to innovative materi-

als. Therefore, the aim of this study is to develop a cost-effective, sustainable local reinforce-

ment method for reinforced concrete structures that improves seismic performance and 

minimizes impact on the structure.  

The proposed technique, named Steel Plate Energy Absorption Device (SPEAD)[15], in-

volves a purposely shaped steel plate externally glued to reinforced concrete beam-column 

joints also using chemical bolts. It is designed to provide a predefined threshold force, acti-

vated by the relative deformation between the beam and column, improving seismic capacity 

and preventing brittle shear failure. The system also shifts the hinge region of the beam, in-

creasing resistance at the beam-column joint. A nonlinear 3D finite element model, calibrated 

through experimental data from cyclic tests conducted on specimens at the Laboratory of 

Structures at the University of Basilicata, was employed to evaluate the seismic behaviour of 

beam-column joints both before and after the intervention. Preliminary analyses indicate that 

the SPEAD device significantly improves strength, reduces slippage between steel and con-

crete, and minimizes damage to the joint panel. 

2 SPEAD STRENGTHENING SYSTEM 

The RC joints beam-column are among the most vulnerable elements in framed structures, 

as they are subjected to cyclic stresses due to the seismic action, which cause high shear forc-

es and bond-slip phenomena  of reinforcement bars (Figure 1). The main issues found in the 

joints of existing structures are due to the lack of adequate construction details. In particular, 

the most common defects include: the interruption of the longitudinal reinforcement bars of 

the beam within the joint panel, the complete absence or insufficient amount of stirrups, 

which are inadequate to prevent shear failure of the joint and cause a lack of concrete con-

finement. 

Figure 1: Damaged RC beam- column joints with diagonal cracks following an earthquake [16] 

This work presents the SPEAD strengthening system [15]. The device is designed to im-

prove the local seismic performance while meeting sustainability criteria. Its external applica-

tion reduces impact on the structure and uses fewer materials, making it both environmentally 

and socially sustainable. The device is represented by a steel plate designed to shift the posi-

tion of the beam plastic hinge, moving it away from the intersection with the column, while 

simultaneously increasing the seismic capacity of the joint. It consists of two parts: the first is 

fixed to the column, while the second is fixed to the beam. economically beneficial. The 
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SPEAD device is installed using chemical anchors (Figure 2), which allow it to be perfectly 

attached to both the beam and the column. The two parts are bonded at the contact points be-

tween the beam and the column using epoxy resin. Before installation, any degraded concrete 

areas must be repaired to create a smooth and uniform surface on which the steel plate can be 

properly positioned.  

Figure 2: Application of the SPEAD device to RC beam-column joints 

The SPEAD system operates through the relative deformations between the beam and the 

column that occur during seismic events. The plate is designed with circular holes, and hour-

glass shapes form between consecutive holes that deform under shear stress. This deformation 

provides a fixed limit force and a dissipation capacity, exploiting the hysteretic behaviour of 

steel. The forces acting on the device include the horizontal force Fp applied to the lever arm 

B, the moment Mp, and the shear force Vp that develops along the interface between parts 1 

and 2 of the device (Figure 3). This system increases the beam's flexural strength by shifting 

the plastic hinge to the end of the device (on the right side of part 2). The flexural response of 

the device is primarily determined by the internal lever arm B’, where the centroid of the ap-

plied forces Fp is located (Figure 3). 

Figure 3: Geometry and functioning of the SPEAD Device 

3710



Paolo Ielpo, Giuseppe Santarsiero, Valentina Picciano and Angelo Masi 

The strengthening system is ideal for beam-column connections where the beam is not 

much stronger than the column. 

To meet capacity design principles, the designer should assess whether the upper and lower 

columns need additional strengthening, possibly combined with SPEAD components applied 

to the column. Additionally, it is important to consider that the new location of the plastic 

hinge of the beam may not have the necessary details to prevent rebar failure and provide ad-

equate concrete confinement. 

3 EXPERIMENTAL TESTS ON RC BEAM-COLUMN JOINTS 

 An experimental campaign was conducted on 26 reinforced concrete beam-column joints 

At the Structural Laboratory of the University of Basilicata [17]. The aim of the experiment 

was to analyse how geometric and mechanical parameters, along with different reinforcement 

configurations and various levels of seismic design, influence the structural behaviour of the 

joints and their collapse mechanism under seismic loading. Specifically, for this work, the 

beam-column joint called T4 was analysed, designed according to the Italian standard OPCM 

2003[18], and classified as seismic with a Z4 (lowest seismic hazard out of 4 seismic zones) 

design, corresponding to a low seismicity zone. 

The joint consists of the intersection of a column with a 300x300 mm cross section and a 

beam with a 300x500 mm cross section. The reinforcements are symmetrically distributed 

both in the column and in the beam. In the column, three longitudinal bars are provided on 

each side, each with a diameter of 14 mm. In the beam, the reinforcement is symmetric both 

in the upper and lower parts, with a total of 8 longitudinal bars distributed along the entire el-

ement, 2 Ø14 and 2 Ø12 on each side (Figure 4).  

Regarding the mechanical properties of the materials, concrete with a compressive strength 

of fc = 21.5 N/mm² was used, while B450C class steel bars with improved adherence were 

chosen, with a yield strength value of Fy, med = 480 N/mm². These values were derived from 

laboratory experimental tests. 

Figure 4: Geometry and design of RC Beam-Column Joints T4 
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The specimens were subjected to a quasi-static cyclic test with controlled displacement, by 

applying a horizontal force at the top of the column and an axial force along its axis. The axial 

force was applied in such a way as to remain parallel to the column's axis, even in the case of 

rotation, to eliminate the P-Δ effects. An axial force of 580 kN was applied to the T4 speci-

men.  

The testing program was carried out with three cycles for each drift amplitude, with values 

increasing until a state of severe damage or the near-collapse condition was reached. The full 

loading scheme (Figure 5) and its history are detailed in the paper [17]. 

 

Figure 5: Cycle load test scheme on RC beam - columns joints specimens [17] 

4 NUMERICAL MODELLING  

 After completing the experimental tests, a finite element model (Figure 7) was developed 

using the ATENA 3D software (version 5.4.1). The first phase consisted of constructing the 

geometry of the T4 joint, using three-dimensional volumetric elements for the concrete com-

ponents and one-dimensional elements to model the reinforcement bars. Subsequently, the 

materials and loads were introduced. 

For the materials, the considered mechanical properties were determined based on the re-

sults from the previously mentioned tests conducted on several specimens during the experi-

mental phase, resulting in an average cylindrical compressive strength value of 

fc=21.5 N/mm2. Using this value, all other concrete properties were derived in accordance 

with NTC18 [19] and Eurocode 2 [20]. The derived values are listed in figure 7. 

The developed model is nonlinear, with the formulation of the constitutive relations con-

sidered in the plane stress state. To represent the damage of the concrete, a smeared crack ap-

proach was adopted. The nonlinear behaviour of the material under biaxial stress conditions is 

described using the effective stress and the equivalent uniaxial strain, the latter introduced to 

eliminate the Poisson effect in the plane stress state.  

The behaviour of concrete under tensile stress is initially linear until the max strength is 

reached. Once this strength is surpassed, a fictitious crack model is employed, based on an 

exponential crack-opening law and fracture energy, to simulate crack propagation [21]. The 

adopted constitutive laws are shown in the Figure 6. In the smeared crack approach, fracture 

energy GF is essential for the model accuracy.  

3712



Paolo Ielpo, Giuseppe Santarsiero, Valentina Picciano and Angelo Masi 

Without direct experimental data for the concrete used, fracture energy was determined us-

ing the expression from the CEB-FIP 2010 model code [22]:  

GF = 73(fc)
0.18 Fracture Energy (1) 

Figure 6: Complete uniaxial stress–strain law (a) and exponential crack opening law in tension (b) for concrete 

[21] 

Figure 7: Finite element model of the RC beam-column joint and related mechanical parameters 

For the reinforcement, both for the longitudinal bars and the stirrups, steel class B450C 

was used, as specified by the Italian structural code [19], corresponding to hot-rolled steel 

class C according to Eurocode 2 [20]. Tensile tests, in the experimental phase, were conduct-

ed on the steel bars which reached an average yield strength 480 N/mm² and an ultimate 

strength of 590 N/mm², with a strain of 12%.  

Based on the experimental results, an elastoplastic constitutive law with strain hardening 

was implemented in the numerical model. Finally, ATENA can apply the bond-slip law for 
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reinforced concrete in the numerical model. Used the model from the CEB-FIP Model Code 

2010 (Figure 8).  

The parameters considered include the type of failure mode, which is of the Splitting type, 

as well as the condition of the concrete. The specimens are assumed having good quality bond 

conditions. Additionally, the presence or absence of confinement is considered; in this case, 

stirrups are present. Based on these factors, we can calculate the maximum shear stress τmax = 

8 (fc /25)0.25
 = 7.70 N/mm2 [22]. 

Figure 8: Bond model (CEB-FIP model code 2010)[22] 

Once the mechanical parameters were obtained, a finite element mesh was defined for the 

numerical model. For the concrete, a structured mesh of 8-node hexahedral elements was used, 

while for the reinforcement bars, a linear mesh was employed, capable of absorbing only axial 

loads.  

In total, the model consists of 4,441 nodes, divided into 173 linear elements, 2,645 hexa-

hedral elements, and 1,710 tetrahedral elements, the latter used for the steel bearing plates. 

The discretization of the hexahedral elements was carefully carried out through a sensitivity 

analysis, and the average size of these elements is 0.06 m.  

The numerical analysis on the T4 joint was performed by applying a load for surface of 

6.45 N/mm² (to simulate the axial load) distributed on the top of the column, along with an 

incremental horizontal displacement applied monotonically at a height of 3 meters from the 

base. The analyses were conducted only for positive displacements. 

4.1 Comparison of experimental and numerical results 

With reference to the parameters used in [17], comparisons were made between the values 

obtained from the experimental test and those from the numerical model. During the cyclic 

test, specimen T4 exhibited a flexural-type failure, with cracking primarily affecting the lower 

part of the beam, which was subjected to tensile stresses. 

The cracking of the reinforced concrete occurred at relatively low stress levels, initially 

arising at the intersection between the column and the beam. This caused the expulsion of 

concrete cover and led to premature failure (due to low cycles fatigue) due to the instability of 

the bottom reinforcement of the beam, to a drift value of 3%. 

Examining the damaged specimen (Figure 9), it was noted that the concrete cover in the 

upper part of the beam exceeded the 40 mm specified in the design (actual value between 80-

90 mm). This discrepancy, considered in the calibration process, was due to mistakes oc-

curred during the construction phase.  
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Figure 9: Collapse mechanisms for specimens T4 

To calibrate the numerical model and its associated mechanical parameters, the load-drift 

curve trends were analysed, considering the peak value of the maximum force (Fmax), the cor-

responding drift value (dy), and the ultimate drift (du), which is conventionally defined as the 

value at which a 20% reduction in Fmax is observed.  

The peak force value recorded during the experimental test was 42.9 kN, with the post-

peak force behaviour remaining stable between 1% and 3% drift. At 3% drift, the lower rein-

forcement failed due to buckling (db = 3%), leading to a significant decrease in strength. The 

calibration process mainly focused on the parameters influencing the propagation of cracks in 

the concrete. The optimal match was obtained when the upper reinforcement was shifted 40 

mm downwards, effectively replicating the actual 80 mm concrete cover in the upper zone.  

Figure 10: Load-Drift comparison between experimental test and calibrated numerical model, specimen T4 

Table 1:  presents the percentage variations between the experimental and numerical parame-

ters, with percentage differences not exceeding 7%. It is important to note that the numerical 

model is unable to replicate the experimental load-drift curve after buckling failure, which 

occurred at 3% drift (equivalent to a displacement of 100 mm). However, this does not affect 

the objectives of this study. 

3715



Paolo Ielpo, Giuseppe Santarsiero, Valentina Picciano and Angelo Masi 

Experimental Numerical Scatter ∆ 

F
max

[kN] 

d
y

[%] 

d
u

[%] 

F
max

[kN] 

d
y

[%] 

d
u

[%] 

F
max

[%] 

d
y

[%] 

d
u

[%] 

42.9 0.93 3.45 42.98 0.99 3.25 +0.19 +6.45 -5.80 

Table 1: Comparisons of experimental and numerical results 

5 THE NUMERICAL APPLICATION OF SPEAD DEVICE 

The numerical model showed a good agreement with the experimental data, and for this 

reason, the SPEAD system was integrated into the finite element nonlinear model. The 

SPEAD system (Figure 3) consists of circular holes with a diameter of 60 mm, spaced 10 mm 

apart, corresponding to the thickness of the hourglasses. The number of holes was chosen to 

ensure enough hourglasses, providing stable hysteretic behaviour, even if one fails under 

seismic loading. Arm B’ was set to 85 mm, a dimension large enough to ensure adequate 

shear stiffness in the connection between parts 1 and 2, thereby preventing excessive tensile 

stresses on the hourglasses, which are designed to work primarily under shear forces.  

The internal lever arm B was determined using the procedure described in [15], with a cal-

culated value of 540 mm. This value is crucial for determining the yielding moment of the 

plate Myspead.   

Figure 11: Mesh for SPEAD device with refinement in hourglass regions and related plastic deformation mechanism 

The plate was extended along the columns to cover the entire critical zone, with an exten-

sion of 500 mm above and below the joint panel. A plate thickness of 13 mm was selected to 

prevent buckling in the regions of the device that are subjected to compression. Alternatively, 

this issue could be addressed by adding stiffening ribs welded to the plate.  

The material used is S355 steel, as specified by the Italian seismic code, with a characteris-

tic yield stress of fyk = 355 N/mm2. The constitutive model is elastic–perfectly plastic, with a 

hardening modulus of 1000 N/mm2. The device was then modelled in ATENA using 9,010 

linear triangular elements, with a refined mesh applied in areas where plasticization is ex-
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pected. The mesh size ranges from 0.005 m to 0.02 m, depending on the regions with higher 

plastic deformations, such as the hourglasses zones (Figure 11).  

5.1 Evaluation of the post-intervention seismic performance 

The SPEAD system was integrated into the finite element numerical model in such a way 

as to accurately simulate the installation of the device, as described in Section 2. Perfect 

boundary conditions were applied at the contact areas between the SPEAD device and the re-

inforced concrete beam-column joint. Once the strengthening system was integrated, the nu-

merical analysis was carried out in the same way, using the same applied loads, compared to 

the test conducted in the as-built condition.  

Upon completing the analysis, comparisons were made using the same parameters as in the 

previous analysis, including the Load-Drift curve, maximum peak force (Fmax), the corre-

sponding yield drift value (dy), and the ultimate drift value (du), defined as the displacement 

corresponding to a 20% reduction in the maximum force. Based on the results, specimen T4 

demonstrates a significant improvement in terms of seismic capacity.  

In the T4 joint model with SPEAD, the maximum load (Fmax) reaches 58.26 kN, with a 

yield drift of 1.59%. Compared to the data regarding the as-built specimen model, there is a 

notable improvement, with a 35.55% increase in resistance.  

Figure 12: Comparison of Load - Drift curves after the application of the SPEAD device 

Furthermore, the yield drift increases by more than 60% compared to the model without 

SPEAD. Regarding secant stiffness, no significant improvement is observed in the T4 beam-

column joint at a drift of 0.5%, which corresponds to the damage limitation state as per the 

Italian seismic code. The stiffness and ductility of the strengthened numerical model remains 

nearly identical to that of the unstrengthened model (Figure 12).  

Table 2 presents the performance indicators of the numerical model without (As Built) and 

with SPEAD, and the percentage variations, allowing for a clear comparison of the improve-

ments.  
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42.98 0.99 3.25 58.26 1.59 5.02 +35.55 +60.6 +54.5 

Table 2: Numerical comparison after applying the SPEAD system 

6 CONCLUSIONS 

The numerical analyses conducted in this study aim to develop a local strengthening tech-

nique that combines the reduction of seismic vulnerability of existing buildings with the adop-

tion of sustainable and low-impact solutions. This technique is designed to increase the 

seismic capacity of reinforced concrete structures while keeping costs low in economic, envi-

ronmental, and social terms.  

The SPEAD (Steel Plate Energy Absorption Device) system is based on the application of 

a steel plate to the RC beam-column joints, installed on the exterior of the building without 

interfering with or damaging the slab, infill walls, or transverse beams. This low-impact ap-

proach is one of the key aspects of the solution, as it does not compromise the daily life and 

social activities of the building occupants. The study was based on the creation of a nonlinear 

finite element numerical model, calibrated on a cyclic experimental test performed on a rein-

forced concrete beam-column joint, conducted at the laboratories of the University of Basili-

cata.  

The pre- and post-intervention performance evaluated on the numerical model was com-

pared, analysing the differences and improvements in terms of strength, stiffness, and ductility. 

The results obtained are promising specimen T4 showed a significant increase in terms of re-

sistance, while maintaining similar values in stiffness and ductility. 

The SPEAD system increases the bending moment capacity of the beam, in line with the 

principles of capacity design, and significantly contributes to the reduction of damage both in 

the joint panel and other structural components.  

An additional advantage lies in the translation of the plastic hinge from the beam-column 

interface to the interface between the beam and the SPEAD device. This results in a reduction 

of slippage phenomena at the joint or beam-column interface, being more distributed over the 

beam.  

Despite the promising results, the numerical data still represents a preliminary analysis, 

and further investigations through targeted experimental campaigns are required to more ac-

curately quantify the effects of SPEAD devices on reinforced concrete structures. 

 Additionally, the application of the device to real buildings would be particularly useful 

for optimizing the installation process, allowing for a direct assessment of the benefits and 

any limitations arising from the application of the device only on the exterior of the structure.  
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