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A B S T R A C T

Ensuring the long-term preservation of the built heritage addresses two key aspects: the safeguard against natural 
hazards like earthquakes and the update of performances to contemporary standards.

The paper discusses the use of the Nested Building retrofit technique, aiming to achieve an integrated refur
bishment strategy for existing masonry buildings, by introducing a Cross-Laminated Timber endoskeleton 
designed to update structural, thermal, and functional performances. The study discusses the application of this 
technique to a heritage building, adopted as a pilot case. The capability of Nested Building in integrating seismic 
and thermal enhancement was assessed by employing global numerical simulations. Seismic strengthening was 
evaluated through non-linear static analyses in a finite element environment, whilst the energy savings were 
computed through a dynamic energy simulation tool. A range of layouts was explored, implementing incremental 
levels of strengthening and insulation.

The study revealed the effectiveness of Nested Building technique in integrating the seismic and thermal retrofit 
of masonry buildings. Notably, even when applied to a specific portion of the building system, the intervention 
still provides valuable improvements.

1. Introduction

The Italian and European building standards has evolved over cen
turies in parallel with advancements in technology and increases in 
society wealth. However, the major part of European built heritage is 
nowadays dated, with 31% built before 1945, 20% between 1945 and 
1965, while 28% dates to the new millennium [1]. The most of this stock 
does not meet safety, energy efficiency and comfort standards, due to a 
persistently low renovation rate [2].

The safety level of these dated buildings is further exacerbated when 
exposed to seismic actions. In the Italian area, one of the most prone to 
earthquake, 60% of the building stock was built before first seismic 

regulation in 1974, while 88% before the first energy provision in 1991 
[3,4]. Additionally, buildings often underwent alterations that may 
compromise their load-bearing capacity. For example, reinforced con
crete (RC) components combined with poor-quality masonry and inad
equate connections were found to negatively affect seismic performance 
[5–7]. This highlights the need to enhance the seismic capacity of the 
built heritage that does not comply with regulatory standards, also 
reversing the effects of previous improper structural interventions.

Moreover, the global built environment accounts for approximately 
49% of worldwide CO2 emissions, with 21% attributed to materials and 
28% to operational activities [8]. In the European area (European Union 
and United Kingdom), the building stock is responsible for the 40% of 
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total energy consumption [9]. In parallel, the continuous expansion of 
cities through new constructions and associated infrastructures – while 
obsolete buildings are often overlooked rather than addressed – con
tributes to the consumption of virgin land, thereby reducing the resil
ience of such environments to climate change. As a result, ensuring the 
sustainability of both building operations and construction practices has 
become a critical objective, which also led to the definition of the Eu
ropean Missions on Climate Adaptation and Climate-Neutral and Smart 
Cities.

Within this context – where structural safety, energy efficiency, and 
comfort need to be simultaneously addressed within building systems – 
integrated retrofit strategies have gained significant attention for their 
potential to deliver multi-performance improvements [10] while refur
bishing obsolete building stocks. Most of these strategies embed struc
tural performance within thermal insulation layers [2,11,12], or 
conversely integrate thermal performance within structural components 
[13,14]. Alternative solutions rely on separate yet coupled layers dedi
cated to structural strengthening and energy efficiency, forming double- 
skin retrofit systems or exoskeletons [15], particularly applied to RC 
structures [16–18]. While sectorial retrofit interventions can provide 
similar performance improvements, it has been shown that integrated 
interventions can enable further benefits [17]. They are capable of 
improving i) the economic sustainability by minimizing construction 
phase costs while exploiting synergies, ii) the environmental sustain
ability by minimizing the construction phase impacts (Global Warming 
Potential, Water usage and Waste production), and iii) the social sus
tainability, by reducing the downtime and inhabitant disturbance dur
ing construction [19].

Among integrated solutions, timber-based strategies stand out for 
their sustainability and potential for innovative applications, offering 
eco-friendly alternatives for the retrofit of existing buildings [20–23]. A 
broader discussion of the improvements in seismic capacity and energy 
efficiency achieved through the use of timber-based solutions is pro
vided in Sub-Sections 1.1 and 1.2. Indeed, the traditional coupling of 
materials such as timber and load-bearing masonry has been recently 
explored by various authors to devise innovative and engineered retrofit 
strategies.

To tackle the dual challenge of improving structural safety and en
ergy efficiency in URM buildings, the authors have proposed an inte
grated retrofit strategy known as Nested Building [21,24]. This approach 
couples existing masonry walls with Cross-Laminated Timber (CLT) 
components and incorporates dedicated insulation layers, aiming to 
enhance seismic performance, reduce thermal energy dispersion, and 
improve indoor comfort. A key feature of this strategy is the preservation 
of the building outer architectural identity, while allowing substantial 
internal transformations. The intervention entails the demolition of 
obsolete interior structural elements − such as walls, floors, and the roof 
− and the insertion of new insulation and load-bearing layers behind the 
façades, in the shape of an endoskeleton.

The concept of integration in this context serves a dual role: it refers 
both to the simultaneous improvement of structural and energy per
formance, and to the physical embedment of new systems within the 
existing fabric. Rooted in the principles − sustainability, aesthetics, and 
inclusion − of the New European Bauhaus, the Nested Building strategy is 
particularly suited for buildings with severely compromised perfor
mance, where reconstruction would otherwise be necessary or 
economically convenient, yet where preserving the external envelope 
maintains its cultural or architectural value [23,25,26].

While several studies have numerically assessed the retrofitting of 
URM structures with timber elements, most focus on structural aspects, 
or they are lumped at the component (local) scale. Full-scale simulations 
using Equivalent Frame Models have explored timber retrofit techniques 
[27,28], without specifically investigating the potential of CLT panels 
and their integration within URM structures through endoskeletons 
[23]. Other studies [24,29,30] investigated the structural and energy 
performance of URM-CLT coupling at the local scale (e.g., masonry 

piers), yet a comprehensive, building-scale assessment remains missing. 
This paper seeks to fill these gaps, providing an integrated analysis of 
seismic and energy performance improvements at the building scale 
using the Nested Building approach. Through the combination of detailed 
structural and energy modeling, various retrofit configurations are 
examined by crossing the impact of different endoskeleton layouts and 
envelope insulation strategies on primary energy demand and seismic 
capacity.

In this paper, the effectiveness of Nested Building as an integrated 
retrofit strategy was tested at global scale on a pilot case. This consists of 
a XVII-century heritage masonry building, Cattedra, in the North-East 
Italian Alpine Region, whose structural, thermal, and functional per
formances have become obsolete. Based on pier-scale coupled URM-CLT 
solutions for the improvement of structural [21,31,32] and hygro
thermal performances [24,29], the intervention was here extended to 
the entire structure. Incremental structural and insulation interventions 
were simulated until the achievement of the full Nested Building layout. 
To overcome the limitations of deterministic analyses, this study in
corporates the inherent variability of URM materials by adopting upper- 
and lower-bound values for mechanical properties, thereby capturing a 
representative range of structural responses.

The structural behavior of the pilot-case study and its retrofit con
figurations was assessed using the finite element method (FEM) [33], 
through quasi-static (pushover) analyses conducted in accordance with 
the Performance-Based Assessment (PBA) framework outlined in 
NTC2018 [34]. In parallel, space heating and cooling energy demands, 
at hourly timestep, were provided through EnergyPlus [35], a whole 
building energy simulation tool combined with the open-source suite 
Open Studio [36].

The results aim to demonstrate the potential of this approach as a 
viable solution for the sustainable refurbishment of historic masonry 
buildings. Using the pilot case as a reference, the study offers insights 
into the application of Nested Building concept as a retrofit strategy 
capable of integrating structural, thermal and functional improvements 
in existing masonry buildings. By addressing structural and thermal 
needs within a single intervention, this approach may also reduce con
struction time and overall costs through the integration of shared op
erations and labour. Additionally, the study quantifies the benefits of 
partial intervention strategies when a comprehensive approach is not 
feasible.

1.1. On the use of timber components for the structural retrofit of 
masonry structures

Recent studies have been focused on the design and testing of various 
structural retrofit techniques based on timber strong-backs or panels, 
whose advantages have been previously discussed by the authors [21]. A 
summary of key studies from the literature is provided in Table 1. In 
general, the coupling of URM walls with timber panels proved to be an 
effective strengthening strategy, yielding increases in both load (from +
20% to + 129%) and displacement (from 25% to 166%) capacities. The 
initial stiffness was found unaltered − compared to bare specimens −
when distributed fasteners were used.

Novel insights were provided by the recent timber cladding system 
designed for the retrofit of Canadian masonry buildings [30], which 
provided a marked increase in displacement and ductility capacities, 
although a slight decrease of peak load was recorded.

1.2. On the use of timber for the improvement of thermal performance

Since the energy consumption of buildings is significantly related to 
the envelope characteristics, the choice of building materials is funda
mental to achieve energy savings alongside with the pursuit of 
embedded CO2 reduction measures and sustainability goals [42,43].

Shin et al. [44] calculated the effect on embodied energy and carbon 
reduction, as well as operational energy, achievable by replacing 

M. Salvalaggio et al.                                                                                                                                                                                                                           Energy & Buildings 358 (2026) 117208 

2 



concrete and steel with CLT combined with various insulators. They 
estimated that using CLT to build 30% of the exterior walls of the po
tential 800′000 new dwellings in Seoul by 2030 could result in energy 
savings of up to 11′495 TJ and a greenhouse gas reduction of about 0.86 
Mt CO2 eq.

Furthermore, the use of CLT walls can enhance indoor comfort. Kang 
et al. [45] proposed a study with two approaches to achieve a 
comfortable indoor environment while reducing energy use. They 
applied passive and active technologies, replacing external walls with 
CLT and modifying the control temperature for space heating and 
cooling, validating the predictive simulations with on-site tests. Subse
quently, the resulting changes in indoor hygrothermal environments 
and energy performance were analyzed, obtaining an increase of indoor 
air temperature by more than 1◦C compared to that with the existing 
concrete wall and an energy reduction for space heating ranging from 
5% to 16%, depending on the CLT technology applied. Since the liter
ature widely demonstrated the impact of indoor comfort of occupants on 
building energy consumption, novel approaches should be studied to 
provide a desirable indoor environment limiting the operation of indoor 
heating, ventilation, and air conditioning (HVAC) systems or using heat 
recovery [46] to provide the desired indoor environment avoiding an 
increase of energy consumption [47]. For example, Myroniuk et al. [48]
explored passive systems for regulating microclimates in residential 
settings, with a focus on modular constructions. In addition, the 

definition of construction details is of paramount importance for both 
the indoor comfort and the durability of the intervention. Thus, it is 
important to note that a vapor barrier and/or a breathable water-stop 
layer should always be included in the intervention layout to increase 
the durability of the timber [29].

2. Materials and methods

The Nested Building (NB) approach aims to refurbish existing 
buildings by introducing an internal endoskeleton coupled with the 
perimeter walls, while replacing obsolete inner components. This 
method enhances structural integrity, thermal performance, and energy 
efficiency, bringing the retrofitted building in line with current 
standards.

Among the conventional materials and solutions, the use of CLT 
panels emerges as the most balanced solution from the previous studies 
of the authors [21]. It can improve stiffness and strength with a limited 
increase, or even decrease, in masses. Nonetheless, load variations on 
URM walls should be carefully controlled, due to the positive correlation 
between shear strength and vertical compression stress.

In this study, the validation of the Nested Building as integrated 
strategy is carried out on a heritage building part of the Cattedra building 
system in Canove di Roana (Vicenza) (Section 3.1), assumed as a pilot 
case. The selected structure is representative of a large stock of heritage 

Table 1 
Main structural characteristics and experimental in-plane performance of URM piers coupled with timber retrofit layer.

Paper Sustersic 
and Dujic 
2014 [37]

Sustersic 
and Dujic 
2014 [37]

Pozza, 
Evangelista, 
and Scotta 
2017 [38]; 
Pozza et al. 
2021[32]

Borri, Sisti, and 
Corradi 2021 
[39]

Giongo 
et al. 2021 
[31]

Guerrini et al. 
2021 [40]

Rizzi et al. 
2022 [41]

Liu et al. 2025 
[30]

Type of unreinforced masonry Double- 
wythe 
Flemish 
bond clay 
brick

Double- 
wythe 
Flemish 
bond clay 
brick

Semi-hollow 
bricks

Calcareous stone 
masonry and 
sand-hydraulic 
lime mortar

340 mm- 
thick clay 
brick and 
lime 
mortar

Single-wythe 
running bond 
calcium silicate

Rubble 
stone and 
lime mortar

Double-wythe 
common bond clay 
brick

Type of timber retrofit 120 mm- 
thick 
three- 
layers CLT 
panel

120 mm- 
thick 
three- 
layers CLT 
panel

27 mm-thick 
three-layer 
solid wood 
panel

60 mm-thick 
three-layers CLT 
(one side) + steel 
wires repointing 
(Reticulatus) 
(one side)

60 mm- 
thick 
three- 
layers CLT

80 × 60 mm 
strong-backs +
18 mm thick- 
OSB panel 
connected via 
Ø4 × 75/100 
mm anker nails

60 mm- 
thick three- 
layers CLT

38 × 90 mm 
lumber elements 
and plywood panel 
connected via Ø8 
× 45 screws and 
polyurethane 
adhesive

Type of 
connection

Lumped (top/ 
bottom edges)

Steel 
bolted 
lumped at 
edges

− Timber screws 
(2 rows, 50 mm 
spacing)

− Top 
ribbed 
steel plate 
pre- 
loaded 
with wires

Fastened 
within RC 
beams

− −

Distributed − Epoxy 
resin

− 9 × ∅8 mm steel 
bars

No. 17 
Ø12 ×
180; no. 
16 or 25 
Ø10 ×
230 steel 
screws

Angle fasteners 5 x 8.8 
grade 
threaded 
∅14 mm 
anchors 
with epoxy 
resin

Chemically 
anchored ∅12.7 ×
230 rods with 
custom spacing

Peak force 
[kN]

Bare 100 100 24 134.3 69.3; 75.9 78 22.02 237.5; 224.2
Strengthened 134 134 55 267.26 95; 91.1; 

106
105 29.82 188.1; 192.2

Difference +34% +34% +129% +99% +37%; 
+20%

+35% +35% − 20.8%; − 14.28%

Ultimate 
displacement 
[mm] / Drift 
[-]

Bare 10/0.6% 10/0.66% 28/2% − >40/ 
2.2%; 
>50/ 
2.7%

20.2/0.75% − 0.29; 0.34 / 
0.25‰; 0.28‰

Strengthened 20/1.2% 12.5/0.8% 44/3.1% − >80/ 
4.4%

54/2% − 21.74; 22.99 / 
1.81%; 1.9%

Difference +100% +25% +57% − − +166% − +7396%; +6661%
Increase of initial stiffness No Yes No − No (for R- 

3)
No − No
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masonry buildings lacking significant cultural or artistic value, which 
have undergone multiple structural alterations aimed solely at accom
modating changing functional needs, ultimately compromising their 
structural and seismic performance while ignoring any energy-saving 
measures.

The investigations on integrated seismic-energy retrofit are based on 
FEM, in the DIANA FEA environment [33], while the software used for 
dynamic energy modelling is EnergyPlus [35].

Both structural and energy models were developed following an in
cremental retrofit approach, to assess the contribution of each compo
nent to the overall performance improvement. Moreover, alternative 
intervention layouts were considered, i.e., limited to the second and 
third floor, named Partial (P), or extended to the entire building, named 
Complete (C).

The systematic crossing of standalone energy and structural retrofit 
scenarios allows for the evaluation of their interaction and the identi
fication of the optimal integrated strategy. The sectorial and integrated 
retrofit scenarios are anticipated in Table 2.

The layout of structural models are depicted in Fig. 1, namely, i) As- 
Built (AsB), the bare current configuration; ii) Floor Substitution (FS), 
where existing floors and roof are replaced with CLT ones; iii) Partial 
Nested Building intervention (NB-P), with the implementation of the 
endoskeleton and substitution of central URM wall with CLT panels, 
although limited to the second and third stories, with existing first floor 
unaltered; iv) Complete Nested Building (NB-C), with interventions 
implemented along the entire building height. Given the negligible 
structural influence of the energy retrofit layer, this was not considered 
in the structural models, resulting in comparatively less structural 
retrofit scenarios than those adopted for energy simulations.

The Energy Retrofit (ER) strategy consists of installing 10 cm of 
expanded polystyrene (EPS) within an insulated wall lining system 
finished with plasterboard, ensuring compliance with fire safety re
quirements. This solution is considered sufficient to achieve a significant 
energy performance of about 0.2 W/(m2 K) while avoiding massive 
space reduction, with the replacement of existing windows. For com
parison purposes, the performance of the bare timber endoskeleton 
(NBb), without the incorporation of the ER is also analyzed. The energy 
performance scenarios evaluated are then: the as-built scenario AsB, 
without any structural and energy improvement; two purely thermal 
retrofit (ER-P, ER-C) models; two purely structural retrofit layouts (NBb- 
P and NBb-C); two integrated scenarios (NB-P, NB-C). The structural and 
energy models constructed, based on the crossing between structural 
retrofit and insulation layers, are listed in Table 2.

Numerical structural simulations are based on 2-D shell elements, 
capable of accurate prediction of both historical masonry [49–51] and 
CLT [52,53] structures, and their coupling [54]. The capability of FEM 
to simulate the response of URM piers coupled with CLT panels was 
benchmarked against the outcomes of experimental tests carried out by 
Giongo et al. [31] on existing URM piers, consistent with the application 

of NB. Once validated the numerical strategy as described in Appendix 
A, full-scale FE model of the Cattedra case study was constructed.

Dynamic energy simulations for the various scenarios were carried 
out with the EnergyPlus software to evaluate the seasonal energy de
mand for space heating and cooling. Sub-Section 4.2 presents the energy 
performance results in terms of energy demand and primary energy 
consumption, considering the installation of different systems for space 
heating and cooling.

2.1. The pilot-case

Originally built in the XVII century, Cattedra had undergone several 
transformations over the years with the aim of maximizing its func
tionality and minimizing costs, regardless of its structural behavior, 
energy efficiency or historical value. Thereby, the height of the structure 
was increased by adding another story while traditional timber floors 
were replaced with cast-in-place RC joists ones.

The pilot-case (Fig. 2) is currently a three-story building in the North- 
East Italian Alpine region, with regular rectangular plan (10 x 13 m) and 
eave height 8.2 m. Longitudinal façades are parallel to North-South axis. 
East (Fig. 2a) and West (Fig. 2b) longitudinal façades have a regular 
layout of piers and lintels, due to aligned openings. A row of filled 
openings (i.e., the third one) runs along all façades. South façade 
(Fig. 2c) has three large piers and thin lintels, with only two windows 
still open. Horizontal structures consist of three diaphragms and a 
double-pitched roof. First and second floors are made of cast-in-place RC 
joists and clay blocks with slab, the third floor and the roof are made of 
clay block joists without RC slab (known in Italy as SAP – Senza armatura 
provvisoria). Therefore, the building lacks an effective roof diaphragm. 
Walls consist of an average 60 cm-thick (i.e., varying between 55 and 70 
cm) double-wythe masonry made of white hewn stone (roughly cut 
stone), locally known as biancone, with a good average size of the units 
and a binder in a poor state of conservation. The two wythes rely on the 
presence of through-stones, while corner attachment is guaranteed by 
quoins. The height of the interface between the historical unit (stone 
masonry) and the additional story (modern 60 cm-thick hollow clay 
block masonry) was also detected at 7 m. Fig. 2d reports a structural 
scheme of the case study.

2.2. Structural modeling and design

The nonlinear behavior of masonry was simulated by a smeared 
approach, i.e., Total Strain Crack Model, embedded in DIANA code, 
which proved to be effective in URM static nonlinear analysis of heritage 
masonry [55,56]. The numerical methodology was first validated 
against the experimental investigations of Giongo et al. [31] on the 
behavior of coupled CLT-URM walls under lateral loads. A detailed 
description of the experimental benchmark and the validation proced
ure is reported in Appendix A.

Table 2 
Summary of structural and dynamic energy models in function of retrofit scenarios.

Structural retrofit Insulation layer Structural 
model

Energy 
model

Description

None None AsB AsB As-Built baseline scenario.
Floor Substitution (CLT 

diaphragms)
None FS – Structural stiffening of floor diaphragms scenario by substitution of existing cast- 

in-place RC floors with CLT ones.
None Insulated wall lining system 

(10 cm EPS) and windows 
replacement

– ER-P a; 
ER-C a

Sectorial energy retrofit scenario with application of thermal insulation.

Timber Endoskeleton None NB-P a b; NB-C a 

b
NBb-P a; 
NBb-C a

Sectorial structural retrofit scenario through construction of the bare timber 
endoskeleton, without dedicated thermal insulation.

Timber Endoskeleton Insulated wall lining system 
(10 cm EPS) and windows 
replacement

NB-P a; NB-C a NB-P a; NB-C 
a

Integrated retrofit scenario with timber endoskeleton associated with thermal 
insulation.

a = Partial retrofit layout restricted to 2nd and 3rd floors (− P); complete retrofit layout applied to the whole building (− C).
b = The influence of the EPS layer on structural performance is considered negligible. The outcomes of structural models for NB are valid whether thermal insulation is present or not.
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Compression was modeled by a parabolic compression law based on 
fracture energy, with values derived according to [33,56]. Tensile 
behavior was considered elastic until peak strength, whilst post peak 
was described through an exponential softening law governed by tensile 
fracture energy.

Density, Young’s modulus E, shear modulus G, compressive strength 
fc and initial shear strength (cohesion) τ values were adopted according 
to [57], reduced by a confidence factor (CF) of 1.35 to account for a 
limited knowledge level (KL1) according to [58]. Tensile strength ft was 
derived from shear strength τ [59,60], as per Eq. (1). 

ft = 1.5τ (1) 

Compressive fracture energies Gfc was derived through Eq. (2) discussed 
by [56,61]. 

Gfc = d • fc (2) 

where d is the ductility index assumed equal to 1 [56,61]. For tensile 
fracture energy Gft and shear behavior, two sets of properties were 
defined to represent the lower (LB) and upper (UB) bound conditions. 
This was devised to address the marked sensitivity of URM modeling to 
these parameters (see Appendix A).

In relation to the LB properties, tensile fracture energy Gft was 
derived according to Eq. (3) [56,61]. 

Gft = 0.025(2ft)
0.7 (3) 

In addition, fixed shear crack orientation was assumed with a shear 
retention value β equal to 0.01 [55]. In relation to the UB properties, Gft 
value was taken by [62]. Crack orientation was assumed to be rotating 
[63], as suggested in [62,64]. Table 3 summarizes the values adopted for 

masonry components.
Floors with RC slabs, in the AsB layout, were modeled using 5 cm- 

thick shells with bidirectional stiffness. Existing floors without slabs 
were considered ineffective (i.e., third floor and roof). Table 4 lists the 
values of mechanical parameters adopted for the floor diaphragms.

Floor masses (according to seismic combination of [34] and a live 
load of 200 kg/m2) are lumped at wall-to-diaphragm intersection, 

Fig. 1. Scheme of Nested building intervention for Cattedra pilot case: As-Built configuration (As-B); Floor Substitution (FS); Partial intervention limited to second 
and third floor (NB-P); Complete intervention involving the entire structure (NB-C).

Fig. 2. “Cattedra” pilot case: a) East longitudinal façade [21], b) West longitudinal façade [21], c) South transverse façade [21], d) structural scheme, e) typo
logical plan.

Table 3 
URM mechanical properties for the Cattedra structure in function of LB and UB 
sets.

Hewn stone masonry Semi-hollow clay block

LB UB LB UB

E [MPa] 1740 4550
v [-] 0.25 0.25
fc [MPa] 1.12 1.85
Gfc[N/mm] 3.01 4.84
ft [MPa] 0.018 0.037
Gft [N/mm] 0.00135 0.02 0.004 0.02
Crack orientation Fixed Rotating Fixed Rotating
β [-] 0.01 − 0.01 −

ρ [kg/m3] 2000 1500

Table 4 
Mechanical properties of RC floor diaphragms (AsB layout).

Property Cast-In-Place RC Joists and Clay Blocks with Slab

Structural thickness (cm) 5
Young’s modulus Ex (MPa) 20′000
Young’s modulus Ey (MPa) 39′200
Shear modulus Gxy (MPa) 8′300
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whereas URM walls and CLT panels masses are assumed distributed (i.e., 
implemented as material density). Models constructed are discretized 
through a 20 cm-size mesh. Fig. 3 illustrates the numerical models 
constructed.

Although the floors in NB retrofit configurations are connected to, 
and supported by, the masonry façades, it is essential that the CLT 
endoskeleton is capable of bearing both gravity and seismic loads in the 
event that URM components lose their structural capacity. The design of 
steel brackets and timber panels was done according to [65,66], based 
on response spectrum analysis with a behavior factor (q) equal to 2.5 
and a medium ductility class (DCM). The seismic action considered is 
described in Sub-Section 3.2.1. Table 5 shows the characteristics of 
designed CLT panels and brackets.

CLT members (in the FS, NB-P and NB-C cases) were modeled ac
cording to the so-called component modeling approach [69]. Panels 
were discretized as orthotropic linear shells, according to [53,70], while 
nonlinear behavior was lumped at connection systems. Traditional steel 
brackets for timber were modeled assuming a tri-linear law based on 
producer testing reports [71]. Hold-down elements were modeled as 
point interface elements, with symmetrical laws in compression and 
tension; shear brackets as springs with shear laws. Panel-to-panel and 
panel-to-lintel shear interfaces were calibrated based on experimental 
push-out tests [72], assuming zero stress and stiffness after failure. 
Table 6 lists the properties of CLT panels according to producer data 
[73].

2.2.1. Characterization of seismic demand and assessment procedure
The pilot case arises in the Italian Alpine region, in the municipality 

of Roana, with a moderate seismicity (ground acceleration for 475-years 
return period at bedrock is equal to 0.142 g). The seismic demand for the 
area is characterized according to [34] for the Serviceability Limit State, 
i.e., Operational Limit State (OLS), Damage Limitation Limit State (DLS), 
and Ultimate limit states, i.e., Life-Safety Limit State (LLS) and Near- 
Collapse Limit State (CLS). Ground type B, topographic category T2 
(average slope > 15◦) and reference life period of 50 years were 
assumed. Fig. 4 reports the main seismic spectra in function of limit 
states.

The seismic capacity of the retrofit scenarios was assessed according 
PBA and N2 method [74]. Although Capacity Spectrum method could be 
considered more suitable for masonry structures [75], N2 method was 
adopted since incorporated in the Italian and European guidelines 
[34,66].

2.3. Dynamic energy model

The detailed energy model of the building was carried out combining 
the Open Studio [36] interface with the software for dynamic simula
tions Energy Plus [35]. Each floor was divided into thermal zones based 

on the assigned use of the space, and then internal loads associated with 
the presence of people, lighting and office electrical equipment were 
assigned. EN 16798: 2019 standard [76] was used to define the sensible 
load fraction due to the presence of people − 70 W/person − and the 
occupancy schedule of a working day, as presented in Fig. 5.

The contributions of lighting and electrical equipment (computers, 
printers, etc.) was adopted according to [77], i.e., 3 W/m2 for specific 
light loads and 4 W/m2 for appliances. Sensible loads related to people 
are implemented by splitting the contribution as 60% radiative and 40% 
convective, while equipment loads are equally spread as 50%. The 
heating season is considered from October to April, according to the 
Italian Legislative decree 412/93 [78]. The calculation of the energy 
demand for space heating is based on the definition of temperature set 
points equal to 21◦C for the occupied hours (9 am − 5 pm) during the 
winter season, switching to a constant value equal to 18◦C during the 
night and weekend days, to be closer to the real operation. The setpoint 
temperature for the cooling season is set at 26◦C and 60% relative hu
midity during the occupied hours, while it increases to 28◦C during non- 
occupied periods (8 am-9 am and 5 pm-6 pm). The envelope 

Fig. 3. Finite element models per each configuration (NB-P and NB-C models were sectioned to allow the view of inner part). Control points considered for the 
calculation of capacity curves are marked in blue and orange, for X and Y directions, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Table 5 
Characteristics of connectors and CLT elements at each floor, according to the 
NB-P and NB-C interventions.

Steel brackets [67,68]

Layout Floor Longitudinal Transverse

Hold- 
down

Angle- 
bracket

Hold-down Angle- 
bracket

NB- 
C

​ F0 16 ×
WHT440 

12 ×
WHT540

17 ×
TTN240

20 ×
WHT540

13 ×
TTN240

NB- 
P

F1 28 ×
WHT440

17 ×
TTN240

20 ×
WHT540

13 ×
TTN240

F2 28 ×
WHT340

8 ×
TTN240

10 ×
WHT340

16 ×
TTN240

Layout CLT panels
​ Element Material No. of 

layers
Thickness 

[mm]
Layers 
[mm]

NB- 
C

NB- 
P

Wall Spruce 
C24

3 100 30 – 40 – 
30

First 
floor

Spruce 
C24

5 160 40 – 20 – 
40 – 20 – 

40
Second 
floor

Spruce 
C24

5 140 40 – 20 – 
20 – 20 – 

40
​ ​ Roof Spruce 

C24
3 100 30 – 40 – 

30

M. Salvalaggio et al.                                                                                                                                                                                                                           Energy & Buildings 358 (2026) 117208 

6 



stratigraphy implemented in the model was defined based on the in
formation collected from historic documents. Material properties were 
adopted according to UNI 11552 Standard [79]. The oldest parts of the 
building, made of massive stone masonry, have a high thermal inertia 
that can be exploited to optimize the operating condition of the system, 
since a significantly high thermal capacity may influence the operative 
temperature of the thermal zones and, consequently, the overall energy 
demand. A vapor barrier was installed between the interior lining and 
the thermal insulation, as per the typological coupling (or nested 
building) detail discussed in [23]. This positioning prevents moisture 
migration into the EPS − masonry interface, where the low vapor 
permeability of EPS would otherwise increase the risk of interstitial 
condensation.

For AsB scenario, single glazing windows with thermal transmittance 
equal to 6 W/(m2 K) were considered, replaced by a double-glazing low 
emitting structure (1.4 W/(m2 K)) in the area of intervention (ER, NBb 
and NB). Similarly, different values of air change rates were associated 
with the selected scenarios due to the combination of the coupled CLT- 
URM wall structure and replacement of windows openings (0.7 h− 1 for 
AsB, 0.5 h− 1 for ER and NBb, 0.2 h− 1 for NB).

Moreover, primary energy use was calculated comparing various 
combinations of generation systems for space heating and cooling. Case 
A represents the energy consumption of the building assuming to 
maintain the generation system, a traditional gas boiler (η = 0.8). Case B 
implies the replacement of the system with a condensing gas boiler 
(maintaining the emission system, thus existing high temperature radi
ators, η = 0.9) with a split air conditioner for space cooling. Case C in
cludes the replacement of radiators with radiant systems or fan coils to 
support the installation of a heat pump (based on the datasheets of real 
heat pumps, seasonal values have been considered: COP = 3.6 and EER 
= 4.2) [80].

3. Results and discussion

The results of structural analyses and thermal simulations are dis
cussed in this Section.

3.1. Structural and seismic behavior

The assessment of the structural intervention is performed by com
parison among the various layouts, AsB, FS, NB-P, NB-C. Nonlinear static 
analyses were performed, according to [34,57], along the two main 
horizontal directions, longitudinal (X) and transverse (Y), and according 
to uniform mass load distribution.

The outcomes of pushover analyses are presented in terms of 
equivalent horizontal acceleration, i.e., base shear V on weight W, and 
global roof-drift (i.e., ratio of top horizontal displacement d to building 
height h), as per [75]. Fig. 6 shows the capacities curves for AsB, FS, NB- 
P, NB-C, distinguished for LB and UB property sets. For the sake of 
clarity, the layout codes are merged with the set codes in the following 
to enable a straightforward identification (e.g., NB-C-LB).

For LB sets, the curves showed a rather brittle behavior, without a 
clear post-peak phase. Such behavior is likely to occur in FE models of 
historical masonry structures with scarce mechanical properties 
[49,55,81]. Thanks to the mechanical compatibility of timber retrofit 
with masonry, the variation of initial stiffness is limited for the four 
layouts, in accordance with experimental investigations described in 
Table 1.

The FS-LB layout enhanced the capacity compared to the AsB-LB 
configuration, primarily due to the box-like behavior and mass reduc
tion provided by the CLT floors. Higher acceleration load capacities 
were achieved in both NB-P-LB and NB-C-LB cases, while a significant 
increase in drift capacity was observed only in the latter. Concerning UB 
set, the beneficial effect of NB-C-UB in terms of load capacity is evident, 
although a reduction of displacement capacity was noticed. The NB-P- 
UB model confirmed the benefits of the Nested Building intervention 
also in its partial configuration, providing an improved capacity com
parable to FS-UB intervention.

Capacities in terms of Peak Ground Acceleration (PGA) were calcu
lated for AsB, FS, NB-P and NB-C, to compare the analyzed configura
tions for incremental limit states (Fig. 7). Indeed, the variation in 
capacity values can help to understand the structural benefits of in
terventions. The capacity PGA progressively increased with incremental 
retrofits introduced. The introduction of FS had a beneficial effect 
compared to AsB, since effective floor diaphragms were introduced, and 
box behavior developed. In this way, the resisting mechanism of X-di
rection piers were exploited, thus increasing the seismic capacity along 
X direction compared to Y. Such hierarchy was kept for all retrofit 
strategies. The improvements provided by FS and NB-P are comparable, 

Table 6 
Mechanical properties of CLT panels (x: in-plane, parallel to outer grains; y: in-plane, orthogonal to outer grains; z: out-of-plane).

CLT Panel Structural function Thickness [mm] Ex [MPa] Ey [MPa] Ez [MPa] Gxy, Gxz, Gzy [MPa]

3-Layer Wall, Roof 100 7667 5250 417 690
5-Layer Diaphragm 140 9047 3869 417 690

Fig. 4. Smooth seismic spectra for OLS, DLS, LSLS and CLS according to [34].

Fig. 5. Schedules of internal loads.
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although for the LB set the latter capacities were always higher. How
ever, it should be noted that FS had a stiff plane at roof eave level, 
whereas NB-P did not (Fig. 1).

The most significant improvement was observed in the NB-C inter
vention. Considering the site PGA demand, both NB-P and NB-C layouts 

at the LB provided sufficient seismic capacity for the LLS and CLS, 
whereas the FS layout remained insufficient.

Understanding how the NB approach enhances the performance of 
the analyzed URM structure is of particular interest. Fig. 8 compares 
tensile principal strains (E1) in the main façades, at CLS. While in the 

Fig. 6. Capacity curves for LB (up) and UB (down) sets, according to X (left) and Y (right) load directions.

Fig. 7. Bar charts of average capacity PGA, with indication of LB and UB, for a) OLS, b) DLS, c) LLS, d) CLS limit states.
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AsB layout (Fig. 8a,b) strains are lumped at first and (partly) at second 
story, NB (Fig. 8c,d) induces strains spread among all stories. In addi
tion, AsB shows strains distributed indistinctly to piers and lintels, 
whereas in NB strains are concentrated within piers, with lintels un
dergoing only minor deformations. This is one of the mechanisms by 
which the seismic behavior of the building is improved through NB 
intervention, and it is an extension of what was found at pier scale 
[31,32], where a diffuse distribution of cracks in the coupled CLT-URM 
walls was recorded.

The contribution of the endoskeleton to the seismic performance of 
the structure, as a function of the damage sustained by the masonry 
envelope, is detailed in Appendix B. The timber components carry only a 
minor portion of the seismic shear forces until damage occurs in the 
masonry, resulting in only a limited variation in the initial stiffness of 
the structure. Forces underwent by endoskeleton brackets were found to 
be all below the characteristic and design yielding limits, so that the CLT 
nest appeared almost undamaged by the seismic event at CLS, as per 
preliminary structural design.

3.2. Energy performance

The outcomes of dynamic analyses performed with EnergyPlus, 
carried out for each combination presented in Table 2, are reported in 

this Section. Results of the baseline case AsB are compared with similar 
outcomes of Geo4Civhic [82,83], as well as with the WebTool provided 
by the project TABULA [84]. Table 7 provides the specific energy de
mand for space heating and cooling per floor (F0 is the ground floor, F1 
is the first floor, F2 is the second floor), as well as the energy saving 
compared to the AsB baseline case (in brackets). As a general trend, 
comparable results were obtained for energy retrofit (ER) – EPS insu
lation within an insulated wall lining system − and bare Nested Building 
(NBb) scenarios − use of timber endoskeleton without specific thermal 
insulation, for both Partial and Complete interventions. Hence, the 
application of the timber structure can be considered beneficial also 
from an energy point of view.

The energy demand for the ground floor F0 was slightly higher for 
the NBb-P scenario compared to the AsB. This is most likely due to the 
presence of timber in the floor of F2, which resulted in the slab thermal 
mass being heated primarily by thermal energy from F0. Moreover, heat 
losses at the slab-wall interface had a greater impact on the heating 
demand of F0. Using EPS insulation within an insulated wall lining 
system (ER) reduced heating energy demand by 10% to 15%, compared 
to the timber skeleton alone (NBb), for F1 and F2. The latter allowed a 
reduction in energy consumption between 35% and 38% compared to 
AsB scenario. A similar performance was seen also for the cooling energy 
demand. Looking at NBb-C, the same trend was maintained; however, 

Fig. 8. Ultimate tensile strain diagram for Uniform X and Y load pattern, in the a, b) AsB and c,d) NB models.

Table 7 
Se (F0 = ground floor, F1 = first floor, F2 = second floor).

Floor AsB Partial intervention Complete intervention

ER-P NBb-P NB-P ER-C NBb-C NB-C

Space heating 
[kWh/m2]

F0 55.0 58.4 
(+6%)

60.2 
(+9%)

58.2 
(+6%)

20.9 
(− 62%)

26.8 
(− 51%)

11.7 
(− 81%)

F1 56.2 28.9 
(− 48%)

34.8 
(− 38%)

14.7 
(− 74%)

26.7 
(− 52%)

33.7 
(− 40%)

17.7 
(− 49%)

F2 55.7 27.6 
(− 50%)

36.0 
(− 35%)

16.3 
(− 71%)

27.2 
(− 51%)

35.9 
(− 36%)

16.4 
(− 54%)

Space cooling [kWh/m2] F0 5.2 4.3 
(− 19%)

4.2 
(− 20%)

4.1 
(− 21%)

2.9 
(− 45%)

2.9 
(− 45%)

2.4 
(− 54%)

F1 14.6 9.9 
(–32%)

11.3 
(–22%)

11.5 
(− 21%)

9.2 
(− 37%)

11.0 
(− 25%)

10.7 
(− 26%)

F2 13.6 8.8 
(− 35%)

9.8 
(− 28%)

9.9 
(− 27%)

8.6 
(− 7%)

9.7 
(− 29%)

9.8 
(− 28%)
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the additional retrofit of F0 increased the energy saving both in summer 
and winter.

In the case study, the adoption of a 10 cm EPS insulation layer leads 
to a substantial reduction in energy demand (Case ER-C, from 51 to 
62%), indicating that transmission losses through the opaque envelope 
− a primary driver of the building energy demand − are already 
significantly reduced. Further increases in insulation thickness primarily 
target this component, while their impact on the overall energy demand 
becomes progressively smaller as other factors, as ventilation and 
infiltration losses, solar and internal gains, and system efficiencies, 
become increasingly dominant in the energy balance. Hence, the pro
posed integrated solution, which combines traditional insulation with a 
timber endoskeleton, emerges as the most effective strategy for reducing 
energy demand; it maximizes energy savings while providing further 
benefits inherent to integrated interventions. However, even the timber 
skeleton alone − without additional insulation − yields a measurable 
enhancement in thermal and energy performance. Although it does not 
deliver the optimal thermal performance, it still offers a significant en
ergy savings benefit while enhancing economic, environmental and 
social sustainability [19].

Fig. 9 represents the indoor operative temperatures of F1 for a typical 
winter week, in function of the simulated scenarios. The lowest trend 
was obtained for AsB (i.e., without insulated envelope). The highest 
indoor temperature, thus potentially better indoor comfort and lower 
energy consumption, was obtained with integrated NB (both Partial and 
Complete), which combined structural layer and thermal insulation. 
This impact was more pronounced during the weekend, characterized by 
free-running operations (i.e., when the HVAC system is not operating). 
During the winter season, ER and NBb showed an intermediate behavior 
in terms of operative temperatures between AsB and NB, because of the 
lower envelope losses achieved either with the dedicated thermal 
insulation (ER) or the wooden endoskeleton (NBb). Results confirmed 
the findings of Kang et al. [45], with indoor temperature increments of 
more than 1◦C.

Considering a typical summer week (Fig. 10), AsB still exhibits the 
least desirable behavior, reaching temperatures up to 32◦C. Regardless 
of the retrofit scenario considered − thermal insulation (ER), timber 
endoskeleton (NBb), or their combination (NB) − the indoor tempera
ture decreases by approximately 1–2◦C compared to the existing con
dition. Thanks to the low thermal transmittance of the applied 
insulation, the effect of retrofit actions both on temperatures and energy 
reduction was most beneficial during the winter, which is the dominant 
season due to the altitude of the location (≈1000 m MSL) and conse
quent cold to mild climate.

Table 8 lists the primary energy values estimated for A (traditional 
gas boiler), B (condensing gas boiler), C (heat pump) cases of generation 
systems, as described in Section 3.3. The best scenario is NB-C combined 
with Case C (i.e., heat pump), with a 67% primary energy saving 
compared to the baseline case (AsB, Case A).

Comparing the energy use resulting from the simulations of NBb and 
ER with AsB, shows that both strategies achieve similar improvements in 
energy performance. This indicates that the wooden endoskeleton alone 
(NBb) already provides a significant added value, nearly halving energy 
consumption when the integrated structural–energy retrofit (NBb-C) is 
applied compared to the AsB case.

4. Conclusions

This paper evaluated the capability of the Nested Building approach to 
integrate seismic, energy, and functional retrofit at full building scale. 
Several layouts were examined, beginning with the replacement of 
existing clay-block and RC-joist floors with timber alternatives, followed 
by the construction of a partial endoskeleton at the second and third 
stories, and culminating in the assembly of a complete endoskeleton. 
The outcomes of the structural and energy simulations conducted on the 
pilot-case support the effectiveness of this integrated technique, leading 
to the following generalized conclusions: 

• Timber-based integrated interventions do not significantly alter the 
URM structure initial stiffness, as the endoskeleton contribution 
becomes active during the nonlinear phase of the masonry response, 
when URM walls stiffness decreases due to cumulative damage.

• The Complete Nested Building (NB-C) layout proves to be the most 
effective integrated strategy, offering the highest structural and 
seismic improvements while reducing the building primary energy 
demand to approximately one-third of the baseline case (As-Built).

• Partial applications of the intervention also deliver meaningful im
provements in both seismic and energy performance. While the 
partial energy retrofit (ER-P) offers higher energy savings (48%), the 
partial bare Nested Building solution (NBb-P) provides a comparable 
reduction (38%) along with enhanced seismic performance −
particularly beneficial in cases of poor masonry quality.

• Structural improvements in NB-P and NB-C configurations are 
attributed to the endoskeleton capacity to redistribute tensile strains 
across all stories, preventing their concentration at the lower stories 
and promoting strain localization within piers rather than lintels.

• The CLT endoskeleton whether applied alone (NBb) or combined 
with dedicated thermal insulation (NB) enhances indoor environ
mental conditions, raising winter operative temperatures by 1◦C to 
3◦C (depending on the operational schedule), and mitigating sum
mer overheating by reducing peak indoor temperatures by approxi
mately 1◦C to 2◦C.

• Even without dedicated thermal insulation, the bare application of 
the timber endoskeleton significantly reduces cooling energy de
mand, achieving up to 40% savings in the NBb-C scenario. On 
average, it delivers energy performance only 10–15% lower than 
that of traditional insulation solutions, demonstrating the inherent 
efficiency of the proposed strategy.

Fig. 9. Indoor operative temperatures of a typical winter week for Partial (a) and Complete (b) scenarios.
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• The pilot case demonstrates substantial reductions in primary energy 
for space heating and cooling, with heat pump installation yielding 
up to 82% energy savings compared to traditional gas boilers.

This paper has demonstrated the potential contribution of the Nested 
Building integrated intervention to the progress of European Union 
Mission on Adaptation to Climate Change, providing a robust and in
clusive pathway towards more resilient and sustainable built environ
ments. This is driven by the principles of the New European Bauhaus – 
sustainability, aesthetics and inclusion – through a solution which en
hances energy efficiency and structural resilience of heritage buildings 
employing low-carbon materials such as CLT. At the same time, it pre
serves the aesthetic integrity and cultural value of historic urban envi
ronments, including the conservation of the memory of place within 
local communities. Finally, this integrated approach enables a series of 
further economic, environmental and social sustainability benefits, 
which sectorial approaches cannot provide.

Designed to be flexible and adaptable, the strategy can be easily 
tailored to the specific characteristics and vulnerabilities of different 
regional building stocks.
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Fig. 10. Indoor operative temperatures of a typical summer week for Partial (a) and Complete (b) scenarios.

Table 8 
Primary energy estimation in function of scenarios and generation systems.

Scenario Case A Case B Case C

Traditional Gas 
boiler 

(no cooling 
system)

Condensing gas 
boiler þ
split air 

conditioner

Heat 
pump

Primary energy 
[kWh/m2]

AsB 96.2 86.7 52.7
ER-P 66.2 59.7 36.3
NBb-P 75.2 67.7 41.1
NB-P 53.8 48.7 29.9
ER-C 44.9 40.6 24.9
NBb-C 56.9 51.4 31.4
NB-C 30.7 28.1 17.5
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Appendix A 

While experimental investigations of URM-timber systems were typically conducted in controlled laboratory settings using contemporary mate
rials, Giongo et al. [31] performed a series of destructive tests on URM specimens cut and isolated within load-bearing walls of an existing and 
decommissioned building dating back to XIX century (i.e., the Comano Terme bath area in northern Italy). Samples (1.8 x 1.8 m) were made of clay 
bricks and lime mortar. In case of timber strengthening, two types of fasteners were inserted with pre-drilled holes: type “A” equal to Ø 12 x 180 mm 
partially threaded screws, type “B” equal to Ø 10 x 230 mm full-threaded screws. Three types of configurations were tested: as-built (bare specimens 
AsB-1 and − 2), repaired (addition of timber panel after testing, RP-1 and − 2), retrofitted (addition of timber panel to bare specimen, before test, R3). 
The number and type of fasteners employed varied according to the respective RP designation. Moreover, for repairing layouts, the connectors po
sition was irregular due to post-test cracks position. R-3 layout had 25B dowels regularly distributed (8 fasteners per m2) in five rows, with 300 mm 
spacing. It was proven that the addition of timber element, even as repair tool, allowed to increase the peak bearing load of the panel, with little or no 
reduction in initial stiffness. However, ultimate displacement capacity was slightly reduced compared to as-built configuration. The retrofitted 
configuration, instead, offered a consistent load (106 kN on a 75.9 kN maximum for both AsB tests) and displacement increase. The coupling of URM 
wall with CLT panels resulted in the propagation of damage throughout the pier, thereby enhancing the structural capacity in comparison to the bare 
specimens, which exhibited the typical diagonal cracks. Riccadonna et al. 2019 [85] performed shear tests on steel connectors to join timber panels 
with clay brick and stone masonry. Stone exhibited higher load-bearing capabilities than clay brick, despite greater variability due to irregular ge
ometry and consistency. Stone failure resulted from tensile cracks or mortar joint crushing due to weak historical lime mortar. Clay units experienced 
crushing or splitting failures. Although fasteners choice should have low impact, mild steel ones should be used in case of bricks, due to earlier rise of 
plastic hinge and better dissipative capacity, while hardened carbon steel fasteners could limit the risk of brittle failure in stone units. Besides, if stone 
masonry has thick and irregular binder joints, grouted connectors should be considered.

The robustness of FEM strategy for simulating coupled CLT-URM panels was verified by benchmarking numerical outcomes against experimental 
results. The samples of masonry piers investigated by Giongo et al. [31] were considered, specifically AsB-1 and R-3, for the un-retrofitted and ret
rofitted configurations.

According to a method already provided in the numerical study by Giongo et al. [54] and replied by the authors [86], the experimental setup was 
reproduced in DIANA FEA environment [33]. URM pier in AsB-1 and R-3 models were discretized by means of 4-noded linear shell elements (Q20SF 
element type) with a 50 mm-size mesh, i.e., minor than units size, according to [64].

Properties of URM and connectors were adjusted based on experimental outcomes, starting from values derived by [31] and [85], Italian regu
lations [57] and [65]. URM parameters (i.e., compressive and tensile strengths, shear retention) were calibrated through the benchmark model of AsB- 
1 specimen, as listed in Table A.1.

Table A1 
Calibrated mechanical characteristics of AsB-1 and R-3 FE models.

Historical clay brick and lime mortar masonry 60 mm-thick CLT
AsB-1 R-3

E [MPa] 381.2 Ez [MPa] 7700
v [-] 0.25 Ex [MPa] 3850
fc [MPa] 1.10 Gxz [MPa] 300
Gfc[N/mm] 2.96 ρ [kg/m3] 450
ft [MPa] 0.03 Hold-down
Gft [N/mm] 0.02 Infinite ktens [N/mm] 2630
β [-] 0.10 kshear [N/mm] 263
ρ [kg/m3] 1800 Fmax [N] 53,000

A sensitivity analysis was performed, varying the compressive and tensile strengths, as well as the shear retention factor. The outcome capacity 
curves are shown in Fig. A.1a, where the red continuous line correspond to the calibrated model, whose properties are listed in Table A.1. Tensile and 
shear values were the most influential, as expected since the experimental failure of the specimens occurred by tensile cracking and shear joints 
separation, with small variations (e.g., β less than 0.2) significantly altering the response. As mentioned in Sub-Section 3.2, this variability was 
accounted in the modeling of the Cattedra pilot case by setting an upper and a lower bound to the URM properties.

Then, the properties of connectors were adjusted simulating the R-3 sample. Based on the fixed set of parameters defined for AsB-1, R-3 was 
simulated (Fig. A.1c). Linear no-tension interface (L12IFS, 36 elements) was implemented at the base of the CLT panel. Steel connectors were modeled 
by nodal interfaces (N6IFI) with constitutive shear laws derived by [85], then adjusted by a 0.2 multiplier and addition of a hardening component up 
to 50 mm displacement (Fig. A.1b), to match the experimental R-3 curve. The results showed an increase in displacement capacity, while the force 
capacity remained unchanged (Fig. A.1, orange line). This behavior was likely due to the URM insufficient fracture energy, which prevented it from 
reaching peak force. To investigate this further, the fracture energy was first increased to 0.1 N/mm, and then considered infinite − assuming an ideal 
elastic–plastic behavior as proposed in [87] (Fig. A.1d, red line). 
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Fig. A1. Numerical benchmark against coupled URM-CLT walls by Giongo et al. 2021[31]: a) loaddisplacement capacity curves of sensitivity analysis and calibrated 
curve (‘Num’) for As-B-1 specimen, b) shear constitutive laws for connectors. c) FE model of URM-CLT coupled wall based on R-3 specimen (URM azure, CLT blue), d) 
capacity curves of R-3 specimen by scaling of connectors laws and URM tensile fracture energy.

The procedure allowed for two conclusions to be drawn: i) the FE model demonstrated to be capable of reproducing the behavior of URM and 
coupled URM-CLT walls for the material properties of Table A.1; ii) the effect of connector capacity on the response of the coupled walls may be 
limited by the tensile capacity of the URM, particularly the fracture energy. Finite values were assumed for the structural models of the case study in 
order to obtain conservative results to be used in practice design [55,81,88].

Appendix B

The variation in the endoskeleton contribution to the seismic resistance of the structure, as the mass, Young’s modulus, and shear modulus of the 
URM walls vary, is discussed in this Appendix. Analyses were conducted solely for NB intervention and LB set, to limit computational effort. For the 
same reason, parametric pushover analyses were restricted to the longitudinal direction, assuming a uniform load pattern. Three values were derived 
from [57] for both Young’s modulus (E1 = 870 MPa; E2 = 1230 MPa; E3 = 1740 MPa) and masonry density (M1 = 10 kN/m3, M2 = 15 kN/m3, M3 = 20 
kN/m3), resulting in nine combinations.

Fig. B1 illustrates the proportion of base shear absorbed by CLT components (VCLT) relative to the total base shear (V), plotted as a function of V 
increasing relative to the peak shear load (VMAX). The initial base shear absorbed by the endoskeleton depends on the relative stiffness between URM 
and CLT, which varies from approximately 10%, (when E is higher) to about 20%, (when E is lower). The ratio between VCLT and V shear showed a 
flex point occurring between 8% and 15% of peak shear load of the structure. The URM mass influences this behavior: greater mass tends to shift the 
flex point toward higher load levels. For mass values M1 and M2, the percentage increase in CLT shear contribution between these phases slightly 
grows as the elastic modulus increases. However, no clear trend was observed for M3. Beyond the flex point, the contribution of the endoskeleton 
increases approximately linearly. These findings demonstrate that the NB can effectively support the refurbishment of existing buildings, providing 
structural enhancement that is proportional to the URM quality (i.e., stiffness). 
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Fig. B1. Endoskeleton shear load in function of overall shear load increasing to ultimate VMAX.

Data availability

Data will be made available on request.
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