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Abstract 

Integrated, preferably holistic and externally implemented measures have proven to be effective 

in meeting the multiple needs of existing buildings, including structural, energy and architec-

tural aspects. To achieve true economic, environmental and social sustainability throughout a 

building's life cycle, new performance objectives - such as durability, reparability and reusa-

bility - must be pursued alongside mandatory targets such as energy efficiency and structural 

safety. Recent studies have shown that enabling technologies are needed for achieving these 

new performance objectives. In this scenario, rethinking the role of connections, aiming at 

standardization and modularity, ease of implementation/replacement, activation/deactivation, 

proves to be a key strategy to improve the sustainability of both innovative and traditional 

retrofit measures. This study presents the preliminary results of the finite element analysis of a 

modular and standardized connection between an existing building and an exoskeleton. The 

finite element model validated the conceptual design and behavior of the connection. 

Keywords: Enabling technologies, Integrated holistic interventions, Sustainability, Life Cy-

cle Thinking, Finite Element Modeling, Renovation strategy. 
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1 INTRODUCTION 

It is acknowledged that a significant renovation of the building stock is required to achieve 

the EU’s ambitious targets for sustainability, safety, and resilience. Despite the urgency of the 

situation, the current renovation rate remains as low as 1%. To effectively achieve sustainability, 

this rate must be increased by identifying and addressing the key barriers to renovation. The 

Building Performance Institute Europe (BPIE) has identified several key obstacles to renova-

tion, including the temporary relocation of tenants, the extended downtime required for con-

struction work, the high costs of interventions, and the lack of suitable business models to 

support large-scale renovation efforts [1-2]. 

In order to overcome the main barriers to the renovation and pursue the effective sustaina-

bility of the building stock, innovative integrated interventions and retrofitting strategies such 

as an incremental rehabilitation plan designed according to the Life Cycle Thinking (LCT) 

principles have been studied and developed [3-4-6-8]. 

Integrated holistic interventions address structural, energy, and architectural aspects simul-

taneously, leading to a comprehensive enhancement of building performance and reducing the 

construction time [3,4]. Incremental rehabilitation strategies allow retrofitting measures to be 

phased over time, optimizing costs and construction time while ensuring progressive perfor-

mance improvements [5–6]. 

Among possible enabling technologies that may foster LCT-oriented design, connections are 

acknowledged as key to facilitating and enabling the implementation of a sustainable, LCT-

based retrofit system. Without re-engineering the connections, substantiating LCT performance 

objectives would be difficult, if not impossible. Structural connections, if designed according 

to Life Cycle Thinking (LCT) principles, not only need to ensure mechanical compatibility with 

the existing structure but also significantly influence the overall structural performance. In 

many cases, connections are key determinants of a building’s global behavior, affecting aspects 

such as stiffness, energy dissipation, and load distribution [7,8,9,10]. Nevertheless, further in-

vestigation is required into the role of connections in enhancing the sustainability of retrofit 

solutions, given that only a limited number of authors have addressed the significance of con-

nections regarding the environmental impact of buildings [11,12,13].  

This paper presents the conceptual design and the preliminary finite element model (FEM) 

of a modular, plug and play, reversible, and standardized connection between an existing build-

ing and an exoskeleton. The connection is conceived to streamline easy assemblage, guarantee 

lumped damage and ease of reparability in the case of extreme events such as an earthquake, 

incremental implementation, deconstruction, and reusability of components at the end of life. 

The study aims to validate the conceptual design and assess its mechanical behavior. 

2 CONCEPTUAL DESIGN OF THE CONNECTION 

The present study focuses on the system that connects the horizontal floor of an existing 

building (floor slab band) to a steel exoskeleton. The proposed connection was developed based 

on the hypotheses outlined in [14]. The connection has been designed following Life Cycle 

Thinking (LCT) principles, incorporating modularity, prefabrication, standardization, and ease 

of assembly and disassembly [14]. These design choices enhance adaptability of the retrofit 

solution, enable incremental implementation, and potential for reuse of components at the end 

of the service life. 

The connection components are shown in Figure 1 and are designed for easy assembly. Each 

component weighs less than 25 kg is standardized and modular. The system consists of four 

prefabricated elements, manufactured in a controlled environment to ensure precision and qual-

ity; namely: 

3675



Michele Bianchessi, Simone Labò, Alessandra Marini, Andrea Belleri and Chiara Passoni 

Element 0 

Element 1 

Element 2 

Element 3 Element 4 

Figure 1 - Components of the connection system 
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Element 0: A pre-drilled steel plate, s* thick and H* high; the bottom and upper hole align-

ments are shifted by ∆ to account for possible repositioning of the Element 0-to-RC side beam 

connectors (studs) in the case of interferences with RC corbel beam stirrups [14]. On the steel 

plate eight bolt shanks are welded. The central bolts are spaced 200 mm (dx*) and the outer bolts 

are spaced 700 mm (dx1*). 

 

Element 1: A T-profile with sharp edges (100×100×11 mm) with a length (LX0) of 800 mm, 

height (h0) of 100 mm, width (LY0) of 50 mm, and thickness (s0) of 11 mm. The vertical surfaces 

contain eight slotted holes (⌀13 mm, 20 mm length) arranged with central holes spaced at 200 

mm (dX0) and outer holes at a 700 mm pitch (dX1). The horizontal surface includes five slotted 

holes (⌀17 mm, 26 mm length) with a spacing of 150 mm (dX2). Hole-bolt clearances of ± 5 

mm, streamline construction in the presence of construction tolerances. 

 

Element 2: A T-profile with sharp edges (100x100x11 mm), with a length (LX0) of 800 mm, 

height of 100 mm (h0), width of 46 mm (LY1), and thickness of 11 mm (s0). The vertical surfaces 

have eight slotted holes (⌀13 mm, 20 mm length) in the same configuration as Element 1, while 

the horizontal surface contains five slotted holes (⌀17 mm, 36 mm length) with a spacing of 

150 mm (dX2). Hole-bolt clearances of ± 10 mm, streamline construction in the presence of 

construction tolerances. 

 

Element 3: A pre-holed plate with a thickness (s1) of 10 mm, length (LX1) of 660 mm, and 

width (LY2) of 95 mm. The holes have a diameter of ⌀17 mm and are spaced 150 mm apart 

(dX3). The distance between the outermost holes (dX4) is 600 mm. 

 

Element 4: A laser-cut shaped plate with a thickness (s1) of 10 mm, length (LX2) of 646 mm, 

and width (LY3) of 95 mm. The holes have the same geometric characteristics as those in Ele-

ment 3. 

 

In the context of non-linear connection applications, Element 4 substitutes Element 3. Spe-

cifically, Element 4 functions as a custom-designed device conceived to dissipate energy 

through the controlled yielding of steel slats. The number of slats can be calibrated to attain 

target stiffness and resistance, thereby tailoring the connection's mechanical response to spe-

cific performance requirements. 

3 STRUCTURAL CONCEPT 

3.1 Elastic connection 

The connection system has been engineered to effectively transfer inertial forces from the 

existing building to the exoskeleton, as depicted in Figure 2. Inertia forces are transferred from 

the RC chord to Element 1, through the steel studs and eight M12 class 10.9 bolts (VRd = 42 kN 

each). Shear actions are subsequently transmitted from Element 1 to the two steel plates (Ele-

ment 3) by five M16 class 10.9 bolts (VRd = 157 kN each). Additionally, the rigid joint formed 

by two steel plates (Element 3) transfers the forces to Element 2 through another set five M16 

class 10.9 bolts (VRd = 157 kN each). To ensure activation and enable the system to function 

through frictional resistance, the vertical connecting bolts require controlled tightening to target 

preloading. Each bolt is preloaded with FPC = 100 kN, applied by imposing a torsional moment 
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of Mr = 255 kNm. At the end of the load path, the forces are transferred from Element 2 to the 

exoskeleton by eight M12 class 10.9 bolts (VRd = 42 kN each). 

Figure 2 - Conceptual design of the connection system: elastic behavior 

During the design phase, shear and bending actions were decoupled, and distinct functions 

were assigned to different structural elements. This was made to optimize the structural re-

sponse of the components. Specifically, the connection was designed to transfer shear forces. 

Since the exoskeleton will not be installed in direct contact with the existing building, it is 

necessary to account for the eccentricity between the force acting on the beam and that acting 

on the exoskeleton. This condition gives rise to torsional effects in the exoskeleton, manifested 

as a combination of compression (C) and tension (T) forces, as depicted in Figure 2 and Figure 

3. The latter forces are resisted by dedicated tie rods embedded within the RC chord and con-

nected to the steel structure. 

3.2 Non-linear connection 

The connection is assembled as in the case of elastic system (section 3.1) as per Elements 0, 

1 and 2 (Figure 1); whereas Elements 3 are substituted with Elements 4. Subsequently, the 

dissipative devices (Elements 4 in Figure 1) transfer the forces to Element 2 through five M16 

class 10.9 bolts.  

Figure 3 - Conceptual design of the connection system: non-linear behavior 
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The calibration of the dissipative device's strength and elastic stiffness is contingent upon 

the target design performance. These parameters can be adjusted through modification of the 

number and thickness of the thin steel slats. 

4 FINITE ELEMENT MODEL 

In order to investigate the behavior of the connection in both elastic and non-linear configu-

rations, two finite element models were developed. The purpose of the present model was to 

validate the outcomes of the structural concept study of the connection between the existing 

building and the exoskeleton. The system was designed for a design force of FD = 100 kN, as 

per the criteria outlined in [14]. The applied loads and the constraints of the mesh were defined 

to mimic the static and kinematic conditions of the connection in the real case application.  

4.1 Elastic connection 

The model was created by simulating a 960 mm-long structural element. The RC chord 

cross-section was defined with dimensions of 600×300 mm, while the exoskeleton element was 

modeled as a hollow steel profile measuring 110×110×10 mm. The connection was composed 

of Element 1, Element 2, and Element 3 described above. 

The materials used in the model were concrete C25/30, with a characteristic compressive 

strength fck = 25 MPa, steel S275JR, with a design yield strength fyd = 275 MPa, and 10.9 steel 

bolts, with a design yield strength fyd = 900 MPa, as summarized in Table 1. 

Table 1 - Materials of the connection systems 

Description Symbol Value 

Unconfined concrete strength Fck 25 MPa 

Concrete Elastic Modulus Ec 30000 MPa 

S275 yielding stress Fyd 275 MPa 

S275 ultimate stress Fu 430 MPa 

S275 Elastic Modulus Es 200000 MPa 

Bolt yielding stress Fyd 900 MPa 

Bolt ultimate stress Fu 1050 MPa 

Bolt ultimate strain εu 1.5% 

Bolt Elastic Modulus Es 200000 MPa 

a) b) 

Figure 4 - Assignment of materials: a) Elastic connection b) non-linear connection 
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In this model, the RC chord is constrained with fixed supports at both ends. As for the exo-

skeleton, a sliding support condition has been applied at both ends, allowing movement along 

the longitudinal axis only. It is worth noting that alternative boundary conditions should be 

investigated in future studies. 

Assumptions were made in the modelling of the contacts and connections between the sys-

tem's components. The RC beam-to-Element 1 connection was modelled with rigid connectors, 

which represented a preliminary simplification to replace the explicit modelling of M12 bolts 

(VRd = 42 kN each). The rigid connection was assumed between Element 2 and the exoskeleton. 

The bolted connections among Elements 1, 2, and 3 were explicitly modelled. The structural 

integrity of the assembly was ensured by applying a preload force FPC = 100 kN to each bolt. 

The friction-based connection was modeled through a Coulomb friction model, with a friction 

coefficient (μ) of 0.4. This property was applied uniformly across all contact interfaces among 

Elements 1, 2, and 3. Additionally, tangential behavior was specified at the interface between 

the bolt head and Element 3 to accurately represent the load transfer mechanisms. Finally, a 

normal contact behavior with "hard contact" properties was modeled for all contact surfaces, 

ensuring a zero-penetration condition between the elements.  

In order to evaluate the behavior of the connection beyond the design force (FD = 100 kN), 

an overproportioning factor of 3 was chosen.  

The RC chord cross-section was discretized using hexahedral elements (C3D8), while the 

steel profiles were modeled with tetrahedral elements (C3D10). This choice was made based 

on a sensitivity analysis. In the initial phase, a mesh refinement study was conducted. This 

involved varying the mesh size while maintaining the integration method of the individual ele-

ments. To optimize computational efficiency, the study was carried out using 3D tetrahedral 

elements with a linear integration method (C3D4). As shown in Figure 5, a comparison between 

models with mesh sizes (ms) of 5 mm and 2.5 mm revealed negligible variations in stiffness 

(kel). Therefore, a mesh size of ms = 5 mm was adopted for subsequent simulation steps. 

Figure 5 - Results of the analysis changing FE size 

Additionally, the connection response was investigated by varying the integration method 

used in the finite element analysis. For tetrahedral elements, the behavior of the connection was 

evaluated by comparing models with first-order (linear integration) and second-order (quadratic 

integration) elements. 
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  a) b) 

Figure 6 - Results of the analysis changing the integration methods 

As demonstrated in Figure 6-a), the outcomes obtained from models with a mesh size of 10 

mm are presented. Evaluating the stiffness (kel), a 2.8% variation is observed depending on the 

integration method employed. The model developed with C3D10 elements exhibits lower stiff-

ness. In Figure 6-b), the results from models with a mesh size of 5 mm are shown. In this case, 

the difference in stiffness between the two models is 0.8%, indicating an almost negligible in-

fluence of the integration method at a finer mesh resolution. 

4.2 Non-linear connection 

The development of the non-linear model was based on the elastic model described previ-

ously. The connection between these components is made using Elements 1, 2 and 4. 

Similarly to the elastic connection described above, the connections between the RC chord 

and Element 1 and the exoskeleton and Element 2 are modelled using rigid connectors. The 

force transfer between the existing building and the exoskeleton is provided by the bolted con-

nection of Elements 1, 2 and 4. As in the previous case, a steel-to-steel friction coefficient of 

μs = 0.4 was considered. This property was assigned to all interfaces between Elements 1, 2 

and 4 to accurately simulate the frictional interaction. 

Based on the sensitivity analysis results obtained from the elastic model, the nonlinear con-

nection behavior was studied by varying the mesh size. Figure 7-a) presents the results obtained 

from models with mesh sizes of ms = 10 mm and ms = 5 mm. In both cases, a second-order 

integration method was adopted using C3D10 elements. In accordance with the outcomes de-

rived from the elastic model analysis, a mesh size of 5 mm was determined to be optimal. Ad-

ditionally, the connection response was investigated by varying the integration method used in 

the finite element analysis. For tetrahedral elements, the behavior of the connection was evalu-

ated by comparing models with C3D4 (linear integration) and C3D10 (quadratic integration) 

elements. The results obtained from models with different integration methods are depicted in 

Figure 7-b). 
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a) Results of the cyclic analysis changing FE size b) Results of the analysis changing the integration

methods 

Figure 7 - Results of the cyclic analysis changing FE size 

As shown in Figure 7-a), the results confirm that, as expected, finer mesh discretization re-

sults in greater accuracy for the same integration method. Specifically, the model with a mesh 

size of 5 mm produces outcomes that are in agreement with the expected results from the design 

phase. 

However, a significant discrepancy becomes apparent when analyzing the results shown in 

Figure 7-b). A detailed examination of the curves in the nonlinear regime reveals that the model 

employing C3D4 finite elements (linear integration) demonstrates greater stiffness compared 

to the model using C3D10 finite elements (quadratic integration). This phenomenon can be 

attributed to the occurrence of volumetric locking, a well-documented issue in the literature 

when utilizing a tetrahedral mesh with linear integration methods. Conversely, the quadratic 

integration method yields results that are less prone to such effects [15]. 

4.3 Comparison of elastic connection and non-linear connection 

Once the sensitivity analyses were completed, a comparison was made between the elastic 

and non-linear connections. The results validated the preliminary hand calculations, confirming 

that the elastic connection remains within its capacity even during an exceptional seismic event 

where the applied load is three times the design force. Regarding the non-linear connection, the 

analysis confirmed its ability to limit the transmission of forces above FD = 100 kN, ensuring 

that damage is localized within the dissipative devices during an exceptional seismic event. 

Upon analysis of the stiffness of the elastic branch of the two connections, it was determined 

that the nonlinear connection exhibited a stiffness equal to 1/3 of the stiffness of the elastic 

connection.  It is important to note that achieving identical stiffness in both configurations 

would have been feasible by reducing the plate thickness in the elastic configuration. This high-

lights the inherent design flexibility of the standardized connection system.  

The ratio α between the elastic and post-yielding stiffness of the nonlinear connection is 1/35. 

The results are shown in Figure 8. It must be noted that this configuration is provided for illus-

trative purposes only, and elements 3 and 4 can be reconfigured as required to achieve specific 

performance objectives, provided that no other critical points emerge in the structure. 
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Figure 8 - Results of cyclic analysis comparing elastic connection with nonlinear connection 

5 CONCLUSIONS 

This study is part of ongoing research that aims to shift from a traditional to a life-cycle 

structural engineering approach, focusing on the conceptual design of a connection system be-

tween an existing building and an exoskeleton. In addition to mandatory requirements such as 

structural safety, the connection must also account for local construction tolerances, enable 

lumping the structural damage, ensure flexibility and incremental implementation, as well as 

deconstruction at the end of its service life. 

In this work, both the structural concept and the behavior of the elastic and nonlinear con-

nections were investigated through finite element models.  

A sensitivity analysis was conducted by varying both the mesh size and the numerical inte-

gration method. The results from the elastic connection provided insights into the minimum 

required mesh element size, while the nonlinear analyses emphasized the necessity of modeling 

finite elements using a second-order integration method. Neglecting this aspect can lead to in-

accuracies in determining the stiffness of the nonlinear connection. 

 The results confirmed that the elastic connection maintains an elastic response even under 

forces much greater than the design load, as long as the collapse mechanism governed by the 

capacity design relies on the yielding of different structural elements. For the nonlinear con-

nection, the study showed that the maximum force transferred from the existing building to the 

exoskeleton remains equal to the design force, ensuring the intended damage localization in the 

dissipative devices. 

Future developments will require an in-depth investigation of the global behavior of the con-

nection. A further key aspect for future research involves further analysis of the connection's 

response under different boundary conditions. In addition, future research activities will focus 

on the design and testing of a physical prototype. 
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