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ABSTRACT

The main scope of this thesis was the development of innovative solutions for
lightweight steel construction with higher structural, thermal, and
environmental performances, in the framework of the Italian project
“ECCELSA”. To this aim a new load force resisting system was developed,
which mainly consists of cold-formed steel frame braced by pre-tensioned
ultra-high strength steel bars in “V” configuration. To complete the system ad
hoc pre-tensioning devices and hold-down devices were designed.

Moreover, two solutions for the building envelope, which minimize the
thermal bridges in the innovative system were developed and thermal
performances were evaluated through the simulation in COMSOL software.
The energy demand of a prototype building, considering both solutions for the
building envelope was calculated, by means of simulation in EnergyPlus
environment.

A wide experimental campaignwas carried out to study the seismic behaviour
of the innovative wall system, including tensile tests on structural materials,
creep testson ultra-high strength steel, bar-nut assembly tensile tests and full-
scale wall tests. The experimental tests were conducted at Laboratory of
Department of Structures for Engineering and Architecture of University of
Naples “Federico II”. The obtained results demonstrate a satisfactory
experimental response in terms of stiffness, strength, and deformation
capacity, confirming the theoretical predictions.

To prove the validity of the solutions developed and analyse the production
processes and the execution phase, a prototype building was designed and
erected. The design phase followed an integrated approach, thanks also to the

BIM model developed.
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1 Introduction

The increasing market demand for high-performance and low-cost
constructions oriented the choice of the last decades to a competitive and eco-
friendly solution: Lightweight Steel (LWS) systems made of Cold-Formed
Steel (CFS). It is now well known that LWS systems offer many advantages,
associated with typical characteristics of CFS systems (e.g. lightness, high
structural performance under seismic actions, simplicity of assembly and
disassembly) and with dry construction (short execution times, product quality
and reduction of execution times and noise on the site and minimum site
waste), which made this solution really competitive. In addition, the use of
recyclable materials, the flexibility of the systems and the possible reuse of
elements ensures a low environmental impact. For the peculiarities of LWS
constructions listed above, it is important a multi-performance design is used,
which allows to guarantee good performances from the seismic, thermal/
energetic, and environmental point of view.

Thiswork of thesis is a part of an Italian Research Project, named as ECCEISA
[1], inwhich the main aim was the development of an innovative LWS system
with higher structural, energetic and environmental performances. The core of
the project was the evaluation of seismic and thermal performances of a wall
system braced with pre-tensioned Ultra-High-Strength (UHS) steel bars. In
particular, Chapter 1 starts with a general overview on integrated building
design and prototyping, applying it on the LWS systems, and it provides all
the main goals and objectives of the ECCEISA project. Chapter 2 summarizes
the studies available in literature on seismic behaviour of dissipative and non-
dissipative strap-braced wall system, energy efficiency and thermal
performances of LWS systems and creep phenomenon on UHS steel. Chapter

3 provides the details on the structural and thermal design of the innovative
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wall system, starting from the choice of materials to use for structural and
thermal efficiency and describing rules and methodology adopted. Chapter 4
describes the whole experimental campaign carried out to evaluate the seismic
behaviour and validate the effectiveness of the innovative wall and
summarizes experimental results obtained. Chapter 5 discusses the numerical
simulations performed to analyse the thermal behaviour of the wall and the
energetic performance of the prototype building. In Chapter 6 the report of
design and the erection on site activities of the prototype building are given.
Chapter 7 presents the main conclusions of the work and the possible future
further developments on this topic.

1.1 Integrated building design

A joint synergy among different fields can lead the path of innovation and
hence making our constructions increasingly safe, sustainable, and
comfortable. This concept can be easily applied to the building design through
the integrated building design. In fact, generally speaking, the integrated
design is a comprehensive holistic approach to design which considers
together specialisms usually considered separately, taking into account all the
factors and modulations necessary to a decision-making process. Specifically,
for building design, it means examining all the aspects related to the
construction ineach moment of its lifecycle and the consideration of end users
of the building. In particular, the three key concepts are architectural,
structural and energy and environmental concepts, as shown in Figure 1-1.

For the peculiarities of LWS systems, building design phase well lends itself
to be integrated, guaranteeing fast and low impact constructions with high

structural, energy and environmental performances.
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Enérgy and Environmental Concept

Figure 1-1 Integrated building design [2]
1.1.1 Structural design
The structural design is one of the key concepts of integrated building design.
Typical LWS constructions for housing consist of a dry constructive system,
in which both floors and walls are made with CFS profiles (Figure 1-2).
Generally, LWS constructive systems for housing can be classified according
to the level of prefabrication in stick-built (Figure 1-3a), panelised (Figure

1-3b) and modular constructions (Figure 1-3c).
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~ Figure 1-2 Typical LWS constructions for housing

BFS School
Lago Patria, Naples, 2008

Oakridge Village Campus Point POLIMI
Basinstoke, Berkshire, 2006 Lecco, 2007

a) b) )
Figure 1-3 LWS stick-built (a), panelised (b) and modular constructions (c)
The main frame of walls is composed of vertical elements, named as studs,

and horizontal elements, named as tracks, whereas floor frame is generally

composed of joists and tracks (Figure 1-4). Spacing between studs and joists
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is usually in the range 300-600 mm. Dimensions and spacing of profiles
change according to the intensity of gravity loads. Connections are usually
made by means of self-drilling screws. Walls which have to resist only to
vertical loads can be classified as gravity load resisting walls. The floors are
made in a similar manner as gravity load resisting walls except they are
oriented in a horizontal direction and are covered with panels or composite

steel trapezoidal sheathing-concrete deck.

Figure 1-4 Wall and floor elements
The main lateral force resisting system (LFRS) is offered by a wall

opportunely braced to resist horizontal actions (i.e. wind and earthquake
loads). Bracing system can be provided by gypsum, wood-based, cement-
based or other material panels (Figure 1-5a) , steel sheets (Figure 1-5b) or
alternatively by steel elements, such as flat straps (Figure 1-5c). The choice of

19
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the bracing leads to different wall lateral behaviours and, indeed, design
approaches:

- in case of sheathing panels, the walls are defined as shear walls and
the resistance is mainly provided through the interaction between the
steel frame and sheathing panels (sheathing-braced design approach);

- in case of steel straps, the walls are defined as strap-braced walls and
the main resistance is provided by the steel straps placed in an X
configuration (“all-steel” design approach).

The LFRSs need hold down devices placed at the wall corners to transfer the
uplift forcesto the foundation. In addition to lateral force resisting walls, floor

elements have also to provide reasonable amount of seismic resistance [3].

a) OSB panel sheathing-braced b) Steel sheet sheathing-braced ~ ¢) Strap-braced system

system system [4]
Figure 1-5 LFRS typologies
Therefore, once the actions have been evaluated, the structural design consists
of designing the gravity resisting frame, defining steel grade, number, spacing
and dimensions of CFS elements for walls and floors, and choosing the

number and typology of LFRs for horizontal loads.
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1.1.2 Thermal/Energy design

Thermal/Energy design has as main objective the evaluation and the
optimization of thermal performance of the building, in order to increase the
energy efficiency. Thermal performance stands for the ability of a building to
adapt to changes in the outdoor environment, maintaining indoor thermal
comfort conditions, involving as little energy demand for heating and cooling
as possible. Indeed, it is vital the good design of building envelope,
considering appropriate materials.

With referenceto LWS systems, i.e. walls and floors, they are composed of
three main material families: CFS profiles, panels, which can have or not
load bearing function, and insulation materials.

Several types of panel can be used in LWS systems if it has not to work as
sheathing. In the practice, for low-rise residential buildings the most common
are OSB and gypsum plasterboards for the outer and inner layers of external
walls, respectively. Thicker OSB panels are also used for dry floors, whereas
for traditional floors a top concrete slab is provided, which could increase
thermal performance and acoustic behaviour.

The most common thermal insulation material used in LWS construction is
mineral wool, usually put between the steel studs, that also provides an
increased fire resistance. Other types of generally employed insulation is an
ETICS with expanded polystyrene, which is used continuously as the exterior
thermal insulation layer, minimizing stud thermal bridges. Moreover, recent
applications showed that the incorporation of vacuum insulation panels (VIPs)
in ETICS can drastically reduce the thermal transmittance of a wall, reducing
the effect of thermal bridges and the wall thickness [5].

According to the position of thermal insulation layer, the LWS construction
element can be classified in cold, hybrid, and warm frame construction [6], if
the thermal insulation is placed inside the wall between the steel studs,
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distributed between the external surface and the wall cavity, or placed outside
the steel framing, respectively (Figure 1-6). The best thermal performance is
provided by the last solution, which is also the most expensive and thicker
than the others.
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a) Cold frame construction b) Hybrid construction ¢) Warm frame construction
U=0.5255 W/(m’.K) U=0.3856 W/(m’.K) U=0.2828 W/(m".K)

Figure 1-6 Temperaturedistribution in cold, hybrid and warm frame [6]

The two main problems of the LWS constructions are the presence of thermal
bridges, due to steel frame, and the low thermal inertia of the system, due to
the lightness. Indeed, the strategy to increase the thermal performance of LWS
construction consists in the reduction of thermal bridges and the increasing the
thermal inertia of the building.

Thermal bridges are zones in which the heat transfer through the building
envelope increases, creating comfort problems and moisture, especially during
winter. They can be reduced if some devices are adopted in the design, as using
of a continuous insulation layer on the external side of the steel framing,
avoiding the interruption of the insulation layers, installing windows and doors
in contact with the insulation, covering junctions and studs with insulation.
Improving the thermal performance of the building envelope results in the

improvement of the energy performance of buildings, obtaining long-term
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energy efficiency, lower energy demand for heating and cooling, and higher
thermal comfort conditions. Other strategy available to improve energy

performance of buildings is provided by active solutions such as the use of
smarter HVAC equipment.
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1.2 Prototyping and industry 4.0

The advantages of the prototyping and digitalization of processes are evident,
if considering the environmental performance and the development of
integrated building design. This is commonly referred as industry 4.0 and it is
characterized by the fusion of virtual reality and industrial production in a
single system, named as cyber-physical system. The main idea of cyber-
physical system is the creation of an autonomous communication between
intelligent machines and storage systems, which can replicate the physical
world and take decisions to modify operational strategies.

The automation of processes to produce LWS constructions can be applied
specially to produce CFS elements. In this way the risk of error is reduced,
productivity increases in terms of speed and efficiency, guaranteeing greater
correspondence between project and product and the risk for the human lifein
operations is reduced.

Moreover, through the simulation of processes, it is possible to solve in
advance, with a considerable saving of time and material, the problems
relating to production as well as to the realization of the products or to the
verification of their performance.

Thanks to the use of advanced tools, as Building Information Modelling
(BIM), itis possible to take into account also this aspect in the design phase,
making it as more integrated as possible.

BIM is a virtual model that allows the participation of all the players in the
project, who can simultaneously control and share information related to
environmental, technological, structural, architectural, and economic
performance. Anew frontier of design is the concept of “file to factory”, which
builds a network of information using evaluation libraries, in order to create a

final product, ready to be used.
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Based on these values, LWS construction becomes more and more
competitive compared to traditional construction systems, exhibiting an

advantageous approach with respect to the complete production life cycle.
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1.3 ECCELSA project

The University of Naples “Federico II” has started in cooperation with the
Lamieredil S.p.A. Italian company a research project, funded by the Calabria
region, named as ECCEISA. The main topic of the proposed project was the
optimization and the improvement of LWS system performances, involving
structural, thermal, and environmental aspects. In particular, it aimed to obtain
increasingly safer, comfortable and eco-sustainable buildings, through
advanced processes, which allow to produce high quality standards. This may
also be possible thanks to advanced design tools for computational/ parametric
design (BIM) and advanced tools for the control of quality and productivity,
including the recent innovations related to digital fabrication in the file to
factory (CAD / CAM) processes.

The main core of the ECCEISA project was the development of an innovative
anti-seismic wall system, in which the frame structure is made of CFS profiles
and the bracing uses the UHS steel, designed to optimize performances and
production processes, through prototyping and digital fabrication. Moreover,
another goal of the research project was the analysis and development of new
technological solutions to improve also the thermal behaviour of the
innovative wall system and the building envelope. In fact, an important part
was dedicated to the analysis and selection of materials/products, generally in
the form of rigid or flexible panels, more appropriate to incorporate in LWS
construction elements. To validate the structural choices an extensive
experimental campaign was carried out at Laboratory of Department of
Engineering and Architecture of University of Naples “Federico 11, including
tests on materials, nut-bar assemblies, and full-scale walls. Numerical analysis
and simulations were performed in COMSOL software to evaluate the thermal
performances of the developed solutions for the wall system. Moreover, to
demonstrate the effectiveness of the proposed construction system, for all the
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performance aspects (structural and thermal) and in term of simplicity of
production and construction process, a prototype building, representative of
residential building, was designed and erected on the Lamieredil S.p.A.
ground. The energy performance of the prototype building was evaluated

through numerical simulations in EnergyPlus software.
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2 Literature Review

This Chapter provides the current state of the art, concerning the relevant
experimental studies on LWS strap-braced wall systems, the analytical studies
on the mechanical behaviour of UHS steel and the relevant studies on the
thermal behaviour of CFS systems.

The experimental studies carried out around the globe for the seismic
behaviour of LWS strap-braced wall systems are summarized (Section 2.1).
In particular, experimental studies reviewed in this chapter includes
monotonic, cyclic and shake-table tests on scaled and full-scale specimens and
buildings, designed as dissipative or non-dissipative systems.

Likewise, the studies on the mechanical behaviour of UHS steel examined in
this chapter includes the analysis on the time-dependent properties, and in
particular the creep of the material, subjected to different temperature and load
conditions (Section 2.2). Moreover, an overview of the studies on the thermal
behaviour of CFS systems, including experimental tests and numerical

simulations, is also provided (Section 2.3).
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2.1 Dissipative and Non-dissipative strap-braced wall systems

In recent times LWS buildings, made of CFS systems, have been often
preferred to traditional structures in seismic area, since they exhibited great
structural performances with lower erection time and construction costs. The
main lateral force resisting system (LFRS) is generally represented by shear
walls, sheathed with panels or steel sheets (sheathing-braced solution), strap-
braced walls or special bolted moment frames (all-steel solution) [7], which
are commonly designed as energy dissipating systems, following the capacity
design approach.

Focusing on strap-braced wall system, it is made of a CFS frame, in which the
vertical elements are called as studs and can be internal or external (chord
studs), whereas the horizontal elements are called as tracks, braced by flat
straps in X configuration. The dissipative element is represented by the
diagonal strap in tension, which dissipates by its yielding; the contribution
given by the strap in compression is neglected, since its slenderness. Any
lateral load absorbed by the strap in tension is then transmitted as axial
compression force to chord studs, which are usually back-to-back lipped C-
channel or box cross section, in order to avoid buckling. Unlipped U cross
sections are generally employed for tracks. The connection between straps and
the four corners of the wall is given by self-drilling screws and gusset plates,
whereas the connection among consecutive floors and between the wall and
the foundation is given by hold-down devices and shear anchors.

According to the capacity design approach, studs, tracks, gusset plates and
connections have to be overstrength with respect to straps, in order to avoid
brittle failures in the system and obtain the desired failure mechanism. Typical
configuration of CFS strap-braced wall is shown in Figure 2-1.

Many researches have been focused on experimental characterization of strap-
braced wall seismic behaviour, through static and dynamic tests on joints or
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portion of LFRS [8], single, multi-bay or multi-storey LFRS [9-15] or whole
building [16].

Since joints play a key role to allow the desired behaviour, the work of
Casafont et al.[8], in the framework of the European research project “Seismic
Design of Light-Gauge Steel Framed Buildings”, produced a set of
recommendations for the seismic design of joints, through an extensive
experimental activity on strap-gusset joints and lower and upper corner joints.
Although the net-section failure of the diagonal strap after yielding is the only
collapse mechanism accepted if rules of seismic design are followed, many
different phenomena and failure modes were observed.

Recommendations were then verified by cyclic tests on two identical 1079mm
x 644mm X-braced frames. In view of the results obtained, it is believed that
the shear frames tested show satisfactory performance, because all the failure
modes observed in the previous phases of the experimental campaign have
been avoided. Furthermore, a correct development of the dissipative action of
the straps has taken place. However, it should also be pointed out that local
damage occurred in joints because of their semi-rigid nature. This local
plasticisation in studs and gussets is common and difficult to avoid in this type
of structures. For the frames tested, it specially affects lower corners, where
the stiffening effect of the hold-down plates is high. In real x-braced frames,
whose studs are about four times higher than the studs of the frames tested,
this local plasticisation in joints will not be so relevant at too small horizontal
displacements.

So the Authors [8] concluded that tested strap-braced walls performed well,
since joint brittle failures were avoided. However, some plastic deformations
occurred at the joint location, due to the reduced specimen dimensions.

Fulop and Dubina [11] investigated by means of six series full-scale wall tests
of monotonic and cyclic tests the lateral behaviour of different walls, which
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are largely adopted in housing. Among these, one monotonic test and two
cyclic tests were carried out on 3600mm x 2400mm strap-braced wall
specimens. The aim was to guarantee failure of the specimen due to yielding,
avoiding premature failure in end region of straps, and ensuring high level of
ductility. The tests showed that, after buckling of strapsin the early stage, the
local deformation of the lower track followed, and the damage concentrated
entirely in the corner area. After important deformation of corner there were
some signs of connection elongation, and redistribution of load to the second
and third stud. Although plastic elongation of the straps was observed, results
showed a premature failure of the corner, due to the large deformations, so
that the expected ductility and capacity were not achieved.

Moghimi and Ronagh [9] carried-out twenty cyclic tests on 2400mm X
2400mm strap-braced walls, with several different arrangements,
investigating also on the presence of cladding and double-side bracing.
Several factors affecting the performance of cold-formed steel frame shear
wall have been considered for each arrangement. These tests showed that a
strap-braced wall panel clad with gypsum board possesses a lateral load
resistance capacity higher than the strap-braced wall and gypsum board clad
wall put together, especially in large lateral displacements (of more than 1%
inter-story drift) because the gypsum board postpones local and distortional
buckling of studs and the chords' flanges. The conventional bracing type
currently in practice, rendered unacceptable results. The main reason for its
unsatisfactory performance is attributed to premature distortional buckling of
studs at stages of the racking displacement, which causes most of the strap
load to be transferred to track, bending it significantly. This causes tilting of
screws which is often followed by tearing of the track or pull-out of screws
from the track. After this, the strap load is transferred to the stud and a similar
problem as happened to the track happens to the stud. As a result, straps do
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not reach yield. Adding brackets at four corners of the wall panel improves the
lateral performance. Results carried out on this last configuration showed good
ductile behaviour and highly pinched hysteretic response when capacity
design approach was employed. Furthermore, the presence of cladding
improved the lateral performances, especially when large displacement
occurred (after 1% inter-storey drift ratio), while the contribution from double-
side bracing is insignificant.

Rogers and colleagues [10,12] performed experimental activities [12] and
numerical analysis [10] to evaluate the seismic behaviour of strap-braced
walls, estimating the seismic performance factors and validating seismic
design provisionsin AISI S213 [17].

In particular, in the work of Velchev et al. [12] monotonic and reversed cyclic
tests were carried-out on forty-four specimens with different dimensions,
ranging from 610mm x 2440mm to 2440mm x 2440mm (aspect ratio ranging
from 4:1 to 1:1) in order to evaluate the influence of the wall aspect ratio on
inelastic behaviour. Since capacity design principles and material
requirements were considered, results showed that in the walls with aspect
ratio 1:1 (2440mm) and 2:1 (1220mm), strap yielding was predominant and
produced inelastic deformations. In braced walls having aspect ratios greater
than 2:1, like in the 4:1 (610mm) tested walls, combined axial compression,
flexure of the chord studs and only minimal strap yielding were observed.
Moreover, the ductility and overstrength seismic force modification factors
proposed by AISI S213 (2.0 and 1.3, respectively) were appropriate for the
walls with length greater than 1220 mm.

In the work of Comeau et al. [10], the Authors applied the FEMA P695
procedure [18] to sixteen multi-storey buildings, located in Calgary, Halifax,
Québec City and Vancouver for the evaluation of the seismic force
modification factors. In some buildings LFRSs were designed following
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capacity design approach, in others lateral system was not detailed for ductile
seismic performances. The study confirmed the values of seismic force
modification factors proposed in AISI S213 and the unsuitability of buildings
designed without specific seismic rules in high seismic zones because of their
high probability of brittle failure.

For the same purpose, Lee and Foutch [13] proposed a numerical study, based
on a new procedure developed from the SAC Joint Venture, for the evaluation
of seismic response modification factor of strap-braced buildings by adopting
the FEMA 355F procedure [19] .In particular, single and multi-storey (from
two to six storeys) Seattle buildings, chosen for this study, were designed with
response modification factor equal to 2, 3 and 4 and analysed. Additionally,
four and six-storey buildings with stiff and strong top storey were considered.
The aim of this procedure is to reach a high level of confidence (90%) to
prevent collapse. Several observations and results were obtained by the
Authors. Investigating the drift capacities of all the CFSBF buildings, they
found that the capacity drift limit of 0.13 was a common value for the
structures analysed, so the precise determination of the drift limit is necessary.
They also found that all the two-storey buildings and four- and six-storey
buildings with stiff and strong top floor complied with the target confidence
level of 90% also with response modification factor of 4, since the added
stiffness helped to reduce the median drift demand. For the other four- and six-
storey buildings, without added stiffness, also the value of 2 is appropriate so
they did not reach the performance objective. So, the Authors finally stated
that a response modification factor of 4 could be considered for CFSBF
structural system if the top story brace has to be stiffer and stronger than the
one implemented by the current design code.

In the work of Eom et al. [15] three-bay single storey strap-braced and steel-
sheathed specimens were cyclically tested. Specimens had a centre-to-centre
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height and length of 3000mm and 5713mm, respectively. Innovative corner
details were used to strengthen and mitigate damage of the corner joint and
increase ductility of the system. Tested specimens exhibited high deformation
capacity and ductility, with a pinched hysteretic behaviour, due to premature
buckling of straps and steel sheathing. The energy dissipation capacity was
improved in the specimen where the beam-column joints of the boundary
frame were strengthened by reducing the column section. The load-carrying
capacity, stiffness and yield displacement of the framed stud walls were
predicted and, in addition, recommendations for the design and particulars of
the framed stud walls were provided.

Davani et al. [14] investigated the seismic damages, which occur in strap-
braced structures, to define seismic performance levels by means of ten cyclic
tests and numerical modelling. Three different 2400mm x 2400mm specimen
configurations, differing in bracing system, were tested at the Structural
Engineering Laboratory of the University of Queensland. Test results revealed
that many damages occurred in specimens, i.e. strap tearing, pulling out of
screws, or severe distortional buckling of studs, although only strap yielding
in tension is generally considered as failure mode during design. Severe
damages in connection, especially frame-to-strap connections, often
happened. Adding cladding and other bracing elements improved seismic
performances of strap-braced walls, increasing lateral stiffness and strength.
In the work of Kim et al. [20], shake-table tests were conducted at the Tri-
axial Earthquake and Shock Simulator (TESS) of the Engineer Research and
Development Centre, Construction Engineering Research Laboratory (ERDC-
CERL), Champaign, lllinois, on two-storey one-bay strap-braced full-scale
building, which had a rectangular plan of 4400 mm and an inter-storey height
of 3000mm. LFRS was composed of two 3000mm x 2800mm CFS strap-
braced walls, spaced at 3900mm on centre, for each storey and 200mm
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reinforced concrete slab diaphragm was installed at the top of each floor level.
Dynamic identification and earthquake tests were conducted. Only during the
earthquake test with the highest scaling factor, the yielding of straps occurred,
and they showed a non-linear ductile behaviour with a highly pinched
response. Moreover, also yielding of local buckling columns happened for the
same intensity.

While research on energy dissipating systems have been largely spread during
the last years, non-dissipating system behaviour remains almost unexplored,
counting only few tests on single LFRS [21] or on whole buildings [22].

In particular, Al-Kharat and Rogers [21] evaluated the inelastic performance
of CFS strap-braced walls by means of nine monotonic and seven cyclic tests
on 2440mm x 2440mm specimens, with three different lateral resistances.
Tested wall failure was governed by many damages to the tracks, chord studs,
gusset plates, hold-downs, and the walls exhibited limited ductility.
Furthermore, the seismic force modification factor was evaluated
experimentally, and it was in the range of 1.72 (stronger walls) to 3.65 (weaker
walls).

Gad and colleagues [22] performed quasi-static tests on 2400mm x 2400mm
specimens and shake-table tests on single storey building, at the University of
Melbourne. The building was the expression of typical Australian domestic
construction and had plan dimensions of 2300mm x 2400mm and inter-storey
height of 2400mm. No specific seismic rules were adopted for the design,
except for the hold-downs, which were oversized to avoid the possibility of
their failure. Shake-table tests were carried- out in different stages of
construction, ranging from bare structure to construction completed with non-
structural components. Test results revealed that collapse mechanism is
governed by the failure of the strap braces if non-structural elements are not
present. In fact, the addition of finishing materials affected the fundamental
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vibration period, and equally the stiffness, damping ratio and loading bearing

capacity.
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Figure 2-1 Typical configuration of CFS strap-braced wall
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2.2 Energy efficiency and thermal performances of LWS systems

LWS construction shows numerous structural, architectural, and technological
advantages over more traditional or heavyweight construction. However, the
high thermal conductivity of steel elements and the lower thermal mass can
lead to some problems, mainly summarizing in significant thermal bridges,
several comfort-related problems, larger temperature fluctuations and higher
energy demand for heating and cooling.

In the last decades, several researches have been devoted to the evaluation of
energy efficiency and thermal performances of LWS steel construction and
the solutions to improve them. Since the vital parameters to understand the
thermal performance of the wall are the evaluation of thermal transmittance
U-value (or equally R-value) and thermal bridges, many of them proposed the
methods to evaluate it, through numerical simulations [23], experimental
measurements in laboratory [24-29] or in situ [30] or combining both ,
whereas others proposed mitigation strategies [26,31,32] and numerical
modelling of thermal bridges [33].

In fact, the U-value or equally the R-value of LWS wall can be calculated
analytically through two methods: the zone method proposed by the American
Society of Heating, Refrigerating and Air-Conditioning Engineers [34] and
the method provided by EN 1SO 6946 [35].

The first method does not take into account the influence of thermal bridges,
whereas the second is not applicable for many LWS walls in which insulation
layers are bridged by metallic elements.

Alternatively, insitu measurement, standardized by ISO 9869 [36] and ASTM
C 1155 [37] can be used, but the evaluation of the U-value is really
complicated for LWS walls.

To overcome those limitations, Kosny et al. [38] modified the zone method to
take into account thermal bridges. The same Authors [23] evaluated
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numerically R-value of walls and the zones affected by thermal bridges for
several configurations, with different spacing between steel profiles and
insulation layer thickness. The Authors concluded that spacing affects the R-
value more when the insulation layer is thinner.

Zalewski et al. [25] quantified heat losses due to the thermal bridges for
complex walls and employed IR thermography to identify them, pointing out
features and limitations of that experimental method.

Gorgolewski [27] developed a simplified method to calculate U-values of
LWS systems, based on similar assumptions of EN ISO 6946 [35]. The
method gives an accurate estimation, also covering hybrid and cold frame
LWS construction.

The group of prof. da Silva was really active in that field, classifying thermal
bridges, evaluating all the geometrical parameters which affect them (i.e.
space between steel frames, thickness of the steel elements, the length of the
web and flanges, the cross section profile and number of steel frames),
computing the temperature distribution inside different LWS walls, suggesting
some strategies to reduce the effect of repeated thermal bridges and
developing 3D heat transfer model [26,32].

Moreover, the Authors provided an extensive review of the energy efficiency
and thermal performance of LWS construction [6].

The work of Li et al. [24] investigated, through field measurement and
numerical simulation, the thermal and energy performance of LWS-bamboo
wall residential building and compared it with two commonly used wall
structures. The thermal and energy performance of the LWS-bamboo wall was
higher than conventional walls, with an improvement of U value, resistance to
outdoor air temperature fluctuation and total energy performance.

The group of prof. Founti [30] introduced two new non-destructive methods,
the Representative Points Method (RPM) and the Weighted Area Method
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(WAM), for the in-situ measurement of the overall thermal transmittance of
LWS wall, considering the repeating thermal bridges due to the metal studs.

The two methods can be used if the insulation is located inside the wall
between the steel studs.
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2.3 Creep in UHS steel

The expression Ultra-High-Strength (UHS) steels is referred to all the steels
with yielding stress higher than 780 MPa. These materials are becoming more
and more popular for all the applications in which high strength can be useful
to obtain lighter and more effective constructions, especially in the automotive
field. A big challenge is now represented using UHS steels in the construction
field, in order to have safer and lighter building, taking advantage of high
resistance through the reduction of cross sections. In this perspective, in the
present research work the UHS steel is employed in the shape of bar as bracing
for a LWS wall system. In particular, two bars in “V” configuration are used
and pre-tensioned for many reasons:

1. making the system stiffer in the elastic field because both bars work

in tension field;

2. allowing to bars to work both since the beginning of the load

application;

3. allowing to bars to work only in tension and never in compression.
Since pre-tension is applied, creep phenomenon may spread, and the wall
properties may change during the time. In fact, creep of materials is classically
associated with time-dependent plasticity under a fixed stress at an elevated
temperature, but for some materials it is pronounced and affects the behaviour
also at the ambient temperature. In the structural engineering the experimental
and numerical studies on creep of cables are quite diffused since they are used
in cable-stayed bridges or in pre-stressed concrete structures [39-41].
Moreover, in the literature many researches were devoted to evaluate creep in
metalsand alloys (i.e. titanium alloys, stainless steels, and so on...) at elevated
temperature, generally greater than half time the absolute melting temperature,
and recently also at ambient temperature, but all the studies are referred to
microscopic phenomenon [42—46].
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The only study conducted on creep of UHS was the work of Liu etal. [47], in
which ambient-temperature creep mechanism of ultra-high strength steel
titanium alloys was investigated, considering ambient-temperature creep in
several metals and alloys. Creep tests were performed at an ambient
temperature under a constant stress load condition for 24 h and the Authors,
analysing changes happened at microscopic level, concluded that the
accumulated creep strain in a given period of time increases with increasing

stress and a reduction in the hardness.
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3 Designof the innovative wall system

CFS strap-braced walls are LFRS, largely used for low to mid rise LWS
building and worldwide recognized as a valid alternative to traditional
systems, since their good performances. To increase structural performances
and design higher buildings, as requested by the Italian construction market, a
new system was developed. It mainly consists of CFS framing (tracks and
studs) braced by pre-tensioned UHS steel bars in “V” configuration.

This Chapter provides all the details about the design of the innovative wall
system and it is articulated as follow: Sections 3.1 and 3.2 describe the
structural and the insulation materials employed; Section 3.3 summarizes the
innovative wall system concept, providing rules and methodologies used for

structural (Section 3.3.1) and thermal design (Section 3.3.2).

42



Innovative Lightweight Steel System braced with UHS Steel Bars

3.1 The concept

The innovative wall system is mainly composed of (Figure 3-1): (1) UHS steel
bracing; (2) pre-tensioning devices; (3) chord studs; (4) tracks; (5) hold-
downs; (6) blocking profiles and flat straps.

The UHS steel bracing consists of two diagonal braces, which are pre-
tensioned dog bone shaped round bars having thread ends to allow their
connection and pre-tensioning (Figure 3-2). For the chord studs, a back-to-
back C section was selected, while for tracks a stiffened box section was
chosen (Figure 3-3). The pre-tensioning device is a U shape profile connected
to the hold-down through a cylindrical hinge (Figure 3-4), which allows the
rotation in the plane of the wall.

The main innovations of the wall system consist of the use of UHS steel bars
in the construction field and the concept of bracing system; in fact, the bracing
acts as an anti-seismic device, limiting the global displacement of structure in
the elastic field and dissipating the seismic energy through the yielding of steel
and the spreading of plastic deformations.

The global lateral behaviour of the wall can be described by three main phases:
(2) initial phase, in which the system presents a linear elastic response and
both diagonal bars work in elastic field, i.e. one bar (bar C) is subjected to a
reduction of tensile stress, whereas in the other bar (bar T) the tensile stress
increases. In this phase the stress acting in the bar C is lower than the pre-
tension imposed.

(2) intermediate phase, in which the bar C does not work, i.e. for the geometry
developed the bar does not work under compression, whereas the bar T works
in elastic field. This phase starts when the stress acting in the bar C becomes
equal to zero.

(3) final phase, in which only the bar T works in inelastic field and it is
subjected to strain hardening. This phase starts when the stress acting in the
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bar T becomes higher than the yielding stress and it ends with the tension

failure of the bar, indeed the collapse of the wall. In order to guarantee the

behaviour described above, the brittle failure of nut should be avoided. Indeed,

choosing appropriately the number and property Class of nuts is crucial to
obtain the desired response.
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Figure 3-1 The innovative wall system developed
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Figure 3-3 Transversal section of stiffened box profile for tracks

Figure 3-4 Hold-down device and pre-tensioning device

From the thermal point of view, two solutions were developed for the wall
system, in which one is more traditional and less expensive (Figure 3-5),
whereas the other is better performing (Figure 3-6). Both solutions are
classified as warm frame construction, since the insulation layer is placed
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outside the steel framing, in order to have the best thermal behaviour and limit
thermal bridges.

In the first solution, named as A solution, the total thickness is about 315 mm,
insulation is provided by mineral wool and the insulation layer thickness is
190 mm, there is an air cavity of 40 mm, finishes are traditional. The second
solution, named as B solution, is a totally dry solution, in which the total
thickness is about 400 mm, insulation is provided by mineral wool and the
insulation layer thickness is 200 mm, there is an air cavity of 40 mm and an

internal counter wall.
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Figure 3-5 Solution A for wall
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Figure 3-6 Solution B for wall
3.1.1 Structural design rules and methodologies

Different grades of steel were used for the structural elements:
- CFS members, i.e. studs, tracks, blocking and flat straps are made of
S280 GD+ Z steel grade (f,=280 MPa, f,=360 MPa);
- devices for pre-tensioning and hold-downs are made of S355 steel
grade (fy=355 MPa, f,=470 MPa);
- diagonal braces are made of 1300UHS steel grade (f,=1300 MPa,
f,=1450 MPa).
In order to guarantee different lateral resistance levels, three different
configurations were designed: Light wall (L), Medium wall (M), Heavy wall
(H). Since the system under investigation is not covered by European building
code [48,49], following the prescriptions of Italian building standards [50] for
the seismic design of non-dissipative systems, which suggests a behaviour
factor in the range 1.0 through 1.5, a behaviour factor equal to 1.0 was used in
the design, in order to have an assumption on the safe side. On the other hand,
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since the plastic behaviour of the system is matter of investigation, the walls
were designed following the Capacity design approach, in order to evaluate its
dissipative capacity and avoid brittle failure.
Therefore, according to Capacity design approach, diagonal braces are the
dissipative elements and act as fuse of the system, in which a pre-tension is
applied. Due to the geometry of the system, diagonal braces work only in
tension field. Lateral capacity of the wall means the tension collapse of the
diagonal brace, in correspondence to its middle zone, where bar diameter is
reduced. Under this assumption both the collapse in the bar threaded area and
the failure of nuts, used for pre-tension the diagonals, should be avoided.
In particular, the length of the bar with reduced diameter, Iy, is designed to
allow a lateral story drift ratio of the wall equal to about 2.5%. Therefore,
applying the Equation 3-1, a length of 1100 mm was chosen for light and
medium walls, whereas a length of 1150 was chosen for the heavy
configuration.

Equation 3-1

lb > drjim h/ fy cos a

where: drim = minimum lateral drift ratio of the wall set equal to 2.5%; h =
height of the wall; f, = ultimate strain of the steel; o = angle of the brace with
respect to horizontal.

The design yield capacity of the brace, Nirq, is defined according to EN1993-

1-3 [48], as shown in Equation 3-2.
Equation 3-2

NtRrd = Ag fy/YmO
where Ay = gross cross-sectional area of the fuse; fy = nominal yield
strength; ymo =1.05, partial safety factor according to the Italian building code
[50].
In order to avoid the brittle failure of the threaded area, was used:
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Equation 3-3
Nt,Rd < fub Ares/'YmZ

where fy, = nominal ultimate strength of the bar, Ars = resistant area of the
threaded bar, ym2 = 1.25, partial safety factor according to the Italian building
code.

Furthermore, since there are neither studies nor prescriptionsavailable for the
interaction between nuts and UHS steel bars, in order to prevent the nut failure,

Equation 3-4 was applied:
Equation 3-4
Nt.rd<FnrKk/Ym2

where F, rx=nominal resistance of nut, provided by the manufacturer.
The design lateral resistance of the wall Hy 4 was evaluated considering the
acting pre-tensioning through .
Equation 3-5
Hyd= Ag (fy-fot) cosa/ymo

where fpt = applied pretensionin the bar.
The diameter of diagonal braces, the applied pretension in the bar and the
design lateral resistances for the L, M and H wall Configurations are
summarizedin Table 3-1.
According to capacity design approach, all non-dissipative elements of the
wall systems, i.e. pre-tensioning devices, hold-downs, tracks and chord studs
are designed for the expected resistance of the diagonal braces. In particular,
for non-dissipative elements the design resistance Rq is evaluated according to
EN1998-1 [49], with the Equation 3-6.
Equation 3-6
Ra > 1.1 Yov NtRrd
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where Ry = resistance of the non-dissipative element; yo, = overstrength factor,
set equal to 1.15; Nt rq = design plastic resistance of the connected dissipative
member (brace), evaluated on the basis of Equation 3-2.

The vertical and horizontal components of the brace force must be transferred
through the chord stud and track elements. For the chord studs back-to-back
C sections are considered to avoid buckling due to addition axial forces under
the action of an earthquake. Since blocking profiles and flat straps are included
at middle wall height, the chord stud unbraced length is assumed equal to a
half of wall height for in-plane global buckling and equal to the wall height
for out-of-plane global buckling. Studs and tracks resistance capacities are
evaluated according to EN1993-1-3 [48]. Ad hoc hold-down and device for
pre-tensioning are designed and their resistances are evaluated according
EN1993-1-3 [48]. All the structural elements obtained from the design phase

for the three wall configurations are summarized in Table 3-2.

Table 3-1 Diagonal brace diameters and design lateral resistance for L, M and H walls

Configuration  di® d@  de® Hy,a®
[mm] [mm] [mm] [MPa] [kN]
Light (L) 16 20 21 300 83
Medium (M) 19 24 26 250 117
Heavy (H) 24 30 31 250 199

di= minimum diameter of the bar; @ d;=diameter of threaded part, ©®) de =maximum diameter
of the bar
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Table 3-2 Design elements obtained for L, M and H walls

COMPONENTS
Element Section [mm] Steel
Track C152X50X35X3,5 S280GD+Z
Track stiffeners U82x46x4 S280GD+Z
> Stud C155X50X15X3,0 S280GD+Z
O 250x500x20 (longitudinal side)
Z Hold-downs 480x70x20 (transversal side)
nD: 250x70x20 (base) $355
o 375x100x20 (side)
o U-shaped profile 125X100X25 (base)
% 110x50x20 (lateral stiffener)
O CONNECTIONS
- Type Number Class Diameter [mm] | L [mm]
Nut 4 10 - -
Hold-down-stud connection 16 12.9 22 100
Tension anchorage 4 12.9 30 120
Shear anchorage 18 12.9 12 60
COMPONENTS
Element Section [mm] Steel
Track C150X50X35X4 S280GD+Z
Track stiffeners U82x46x4 S280GD+Z
— Stud C165X50X15X4 S280GD+Z
= 250x500x25 (longitudinal side)
é Hold-downs 480x70x25 (transversal side)
S 250x70x25 (base) $355
) 370x110x25 (side)
= U shaped profile 172X110X30 (base)
O 120x50x20 (lateral stiffener)
; CONNECTIONS
Type Number Class Diameter [mm] | L [mm]
Nut 2 12 - -
Hold-down-stud connection 16 12.9 22 100
Tension anchorage 4 12.9 30 120
Shear anchorage 18 12.9 12 60
COMPONENTS
Element Section [mm] Steel
Track C180X60X50X5 S280GD+Z
Track stiffeners U55x80x5 S280GD+Z
= Stud C190X50X15X4 S280GD+Z
o 250x500%30 (longitudinal side)
'E Hold-downs 470x70x30 (transversal side)
% 250x70x30 (base) S355
1) 375x100x20 (side)
L U shaped profile 125X100X25 (base)
% 110x50x20 (lateral stiffener)
O CONNECTIONS
T Type Number Class Diameter [mm] | L [mm]
Nut 2 12 - -
Hold-down-stud connection 16 12.9 27 100
Tension anchorage 4 12.9 32 120
Shear anchorage 18 12.9 12 60
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3.1.2 Thermal design rules and methodologies

The two developed solutions were analysed and the thermal performance of
the building envelope considering both of them, without and with thermal
bridges was evaluated. According to ISO 10211:2007 [51], the analysis of the
building envelope is performed considering a steady state approach, in order
to take into account thermal bridges. The basic concept of the methodology is
the partitioning of the envelope into three geometrical models: 1D, 2D and 3D
model, as shown in Figure 3-7. The 1D geometrical model stands for the
central part of the envelope assembly, while the 2D and 3D geometrical
models concern the 2D junctions (geometrical linear thermal bridges) and 3D

junctions (geometrical point thermal bridges) of the envelope, respectively.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

3D model

2D model 1D model

Figure 3-7 Partitioning of building into 1D, 2D and 3D geometrical models

In 1D model, the thermal performance for the central part of the envelope is
assessed by means of the calculation of the thermal transmittance for the whole
central surface of the element. In the case of homogenous elements (without
thermal bridges), the U-value of the wall, Ucar, is calculated according to ISO
6946 standard [35]. In the case of LWS solutions, the studs or other structural
components (i.e. hold-down, bracing,...) provide repeating thermal bridges

and the thermal transmittance of the central part has to take into account them.
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For this reason, the Uoyerann is evaluated taking into account the effect of thermal
bridges and it is calculated according to ISO 10211 [51], as described by the

Equation 3-7.
Equation 3-7

ZNst Wi i
_ i=1 'stst
Uoverall - Uclear + A

where Ugiear is the U-value of the element without the effect of thermal bridges,
calculated according to ISO 6946 standard [35], Wy is the linear thermal
transmittance of the repeating thermal bridges caused by the structure, Ist is
the length over the which the Wst value applies, A is the total surface of the
elementand N is the number of linear thermal bridges. The Wst is calculated

according to Equation 3-8.
Equation 3-8
Wst = Lipst — Uclear * st
where Lipg is the thermal coupling coefficient, obtained from steady state 2D
simulation of the examined configuration.
The non-repeating linear thermal bridges due to the junctions between two
elements of the envelope are calculated by the 2D model. The linear thermal

transmittance, W2p, is determined by the Equation 3-9.
Equation 3-9

Nj
W,p = LG_EUj' lj
j=1

where Lp is the thermal coupling coefficient, obtained from the simulation of
the junction in steady state conditions, U; is the thermal transmittance of each
simulated element j of the junction and I; is the length over which the value
¥yp applies.

The 3D model calculates the non-repeating point thermal bridges caused by
the corners of the envelope, the point insulation discontinuities etc. The point

thermal transmittance, y, is calculated by the Equation 3-10.
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Equation 3-10
Nj

Nj
X=Lip— ) (Ui-A)= ) (¥i-1)
1 j=1

i=
where Lsp is the thermal coupling coefficient, obtained from a 3D simulation
of the point thermal bridge separating the two environments being considered.
After the calculation of all the individual thermal bridges, the equivalent
thermal transmittance, Ueq, for each element i of the building envelope, is
calculated by the Equation 3-11, taking into account all incorporating thermal

bridges on the element.
Equation 3-11

Ze(Wh - 1) N Zm(W3p - 1™ 4 YnXn
A; A; A;

Ueq,l = Uclear,i +

or alternatively according to Equation 3-12.
Equation 3-12
Ueq,i = Uclea‘r,i + Urepeating,i + UZD_geometrical,i + U3D_geometrical

where Urepeating, U2D_geometrical @0 Usp_geometrical are the terms for the effect of
the repeating, linear and point non-repeating thermal bridges, respectively,
expressed in thermal transmittance values.

The total heat flow, @, which passes through each configuration, is obtained
by the simulation results. Hence, the 2D and 3D thermal coupling coefficients,

Lop and Lsp, are calculated by the Equation 3-13.

Equation 3-13
)
I =

Tin - Tout
where @ is the total heat flow.
Details about the simulations to evaluate the thermal coupling coefficient and

the equivalent properties are desribed in the Chapter 5.
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4 Experimental tests for the evaluation of the seismic

behaviour of the innovative wall

The effectiveness and the limitations of the innovative wall system were
validated through an extensive experimental campaign carried out at
Laboratory of the Department of Structures for Engineering and Architecture
of University of Naples “Federico II”’, which consisted of small-scale testson
materials and nut-bar assemblies and full-scale wall tests. In particular,
Section 4.2 describes tension tests on structural materials (Section 4.2.1), and
creep testson UHS steel (Section 4.2.2), since pre-tension is applied to the bar
and no information is available in literature on time-dependent behaviour of
that material at ambient temperature; Section 4.3 summarizes the details about
set-up (Section 4.3.1), instrumentation (Section 4.3.2) and results of tests
(Section 4.3.3) carried-out on nut-bar assemblies to understand the interaction
between UHS steel bar and nut and choose the nut class and number; in
Section 4.4 tests on full-scale walls are presented, providing all the details
about specimen (Section 4.4.1), set-up developed (Section 4.4.2),
instrumentation installed (Section 4.4.3), monotonic and cyclic test performed
(Sections 4.4.4 and 4.4.5). Moreover, a discussion on relevant results is

provided in Section 4.4.6.
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4.1 Experimental plan

The general plan for the experimental assessment of the seismic response
consisted of twenty-four tension tests for the mechanical characterization of
structural materials used in the wall systems, two creep tests of UHS steel,
eight tension tests on bar-nut assemblies, three monotonic tests on full-scale
walls (two for the light configuration and one for the medium configuration)
and two cyclic tests on full-scale walls (for the light configuration and one for

the medium configuration). Table 4-1 summarizes the experimental program.
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Table 4-1 Test matrix

240 ~ Label S3 S4 S20 S25 S30
‘ ]eo f )152:’ I Thickness 3 4 20 25 30
‘ — Steel grade S280 S280 S355 S355 S355
No. of tests 3 3 3 3 3
00 Label TL ™ TH
R 21
igg Steel grade UHS1300 UHS1300 UHS1300
70 -
i — R )
150 No. of test 3 3 3
130 0. oTtests
[ - [18 31|
00 No. of tests 2
Label D1-10 D1-12 D2-10
110 30 110 Nut property 10 12 10
2] ‘zgz 16 ‘ﬁ I 1 Class
e Nut number 1 1 2
No. of tests 2 3 3
B Label WL WM
No. of 2 1
§-- ------- monotonic
~
tests
No. of cyclic 1 1
=] tests
2400
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4.2 Material tests

Since the local behaviour of the used materials can affect the global behaviour
of the innovative wall system and the actual properties of materials are vital to
predict its experimental resistance, material tests were performed. In
particular, tensile tests on structural materials (Section 4.2.1) and creep tests
at ambient temperature on UHS steel bars (Section 4.2.2) were carried out and

results are discussed in the following sections.

4.2.1 Tensile testson structural materials

The tensile tests on materials were performed on all steel types and thicknesses
used for structural elements of the wall, i.e. frame members (tracks and studs),
diagonal bars and hold-down devices:

e Steel S280GD+Z, thickness 3.0 mm (S3);

e Steel S2800GD+Z, thickness 4.0 mm (S4);

e Steel S355, thickness 20.0 mm (S20);

e Steel S355, thickness 25.0 mm (S25);

e Steel S355, thickness 30.0 mm (S30);

e Steel UHS1300, internal diameter 12 (TL);

e Steel UHS1300, internal diameter 14 (TM);

e Steel UHS1300, internal diameter 18 (TH).
For each type and thickness of steel were performed 3 tests. All the specimens
tested are reported in Figure 4-1. The specimens are in accordance to the
European Standard EN 1SO 6892-1:2009 (Annex B) "Metallic materials -
Tensile testing - Part 1: Method of test at room temperature™ [52], as shown in
Figure 4-2.
Tensile tests on materials were performed by the universal testing machine
MTS 810 series (UTM) to determine the engineering stress-strain response of
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materials. The deformations were read by means of two strain gauges
positioned close to the original gauge length Lo.

Figure 4-3 shows some specimens before and after tensile test. Table 4-2
summarizes the nominal yield stress (fy,), nominal ultimate stress (fyn),
experimental yield stress (fyexp), experimental ultimate stress (fyexp) and
average values of experimental results. The average experimental values of
the yield and ultimate stress were always equal or higher than nominal values.
For steel S280GD+Z the average experimental values show an increase of the
yield strength and ultimate strength respectively of 13% and 12% compared
to the nominal values (fy, = 280 MPa and fy, = 360 MPa).

For steel S355 the average experimental values show an increase of the yield
strength and ultimate strength respectively of 51% and 5% compared to the
nominal values (fy, = 355 MPa and f,, = 510 MPa).

For UHS steel the average experimental values show an increase of the yield
strength and ultimate strength respectively of 19% and 12% compared to the
nominal values (fy, = 1300 MPa and fy,, = 1450 MPa).

In Appendix A: "Tests on materials and components™ a specific datasheet is
given for each test.

Figure 4-1 Tested material specimens
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S, 1

\ do

'————-
[ % =
N

by

PSSR 28
‘ Lo

Le
Ly

Ll LI

a) Before testing

b) After testing

Key

ap original wall thickness of a tube

by original average width of the longitudinal strip taken from a tube
Lo parabel length

ls original gauge length

Iy total length of test piece

Ly final gauge length afler fracture

S, original cross-sectional area of the parallel length

S, minimum cross-sectonal area after fracture

1 gripped ends

Figure 4-2 Specimens according to EN 1SO 6892-1:2009 (Annex B) [52]
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¢) S3.1 before test d) S3.1 after test
Figure 4-3 Testson TM1 and S3:1
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Table 4-2 Tensile test results

Nominal values

Experimental results

Stell fv.na fu.nb fu,n/ t-d fv.exoc fu.expd fy,exp fu,exp fu,exp/
fy Label Ky P o

grade [MPa] [MPa] % [mm] [MPa] [MPa] v Y y.exp
S3.1 307.2 399.9 110 1.11 1.30

S3.2 307.8 400.7 110 111 1.30

3 S3.3 296.7 387.3 1.06 1.08 131

Ave 303.9 396.0 1.09 110 1.30

S280GD 280 360 13 $4.1 330.5 414.7 118 1.15 1.25
4 S4.2 327.8 415.0 117 115 1.27

$4.3 326.2 412.2 116 1.15 1.27

Ave 328.2 414.2 117 115 1.26

S20.1 357.0 561.9 158 1.10 157

20 S20.2 3364 533.3 150 1.05 159

S20.3 339.8 533.8 150 1.05 157

AVe 344.4 543.0 153 1.06 158

S25.1 342.4 548.2 154 1.07 1.60

§25.2 3345 533.3 150 1.05 159

S355JR 355 510 L4 25 S25.3 356.3 571.6 161 1.12 1.60
Ave 344.4 551.1 155 1.08 1.60

S30.1 374.0 560.8 158 1.10 1.50

30 S30.2 4141 6209 1.75 122 150

S$30.3  249.2 3545 1.00 0.70 1.42

Ave 345.8 512.1 144 1.00 147

TL1 1236.9 14019 1.08 097 1.13

12 TL2 1630.6 2089.7 161 144 1.28

TL3 1424.6 1693.2 130 1.17 1.19

Ave 1430.7 17283 133 119 1.20

™1 14945 1734.72 133 120 1.16

TM2 1300.7 1548.66 1.19 107 1.19

UHS 1300 1450 11 14 ™3 1301.4 150599 1.16 1.04 1.16
Ave 1365.5 1596.46 123 110 1.17

TH1 1346.4 1623.07 1.04 112 1.21

18 TH2 1290.0 1487.99 0.99 1.03 1.15

TH3 1300.0 1533.02 1.00 1.06 1.18

Ave 1312.1 1548.03 1.01 1.07 1.18

af, ,;-nominal yield stress;

b f, ,: nominal ultimate stress;

¢, exo: €Xperimental yield stress;

9 f, exp: EXperimental ultimate stress;
t: thickness

d: diameter

e AV: average of the experimental values.

4.2.2 Creep testson UHS steel

Since the UHS steel diagonals are pretensioned in the system, it is important

to evaluate the viscous properties of material, which is still unknown from this
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point of view, as introduced in Section 2.2. For this purpose, in the research
project two creep tests in controlled temperature room were introduced.
Specimens consist of two 26 mm diameter and 1200 mm long UHS steel bars
with a threaded end, in order to apply the pre-tension with nuts. Both
specimens were preloaded at 800 Nm, corresponding to a pre-tension of 175
kN, equal to about 50% of fyq. Figure 4-4 shows the specimens used for the
tests.

The room temperature was set equal to 23 degrees. The experimental tests are
still on going and the measurements are under monitoring; tests will end for
February 2022.

150 900

24
26

Figure 4-4 Creep test specimens

4221 Set-up

Ad hoc set-up was designed, and it consists of a 152.4x11 mm (diameter x
thickness) tubular section with opportune holes to read the measurements of
instrumentation and T-shaped welded profiles. The dimensions of tubular
section (i.e. diameter and thickness) and T-shaped welded profiles were
designed in order to not have instability of tube, due to the compression
transmitted by pre-tensioned bar, and to have an efficient restraint for the set-
up. Figure 4-5 shows the set-up drawings (Figure 4-5a), the geometrical

properties of tubular section and T-shaped welded profiles (Figure 4-5b) and
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a picture of both test configurations in the controlled temperature room ( Figure
4-5¢).

a) Drawings of set-up

Tube section properties:
- diameter 152.4 mm
- thickess 11 mm

T-shaped welded profile properties:

30 180
30 180

b) Properties of set-up components
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i
|
|
L

c) Picture of bothtestconfigurations in the controlled temperature room
Figure 4-5 Creep test set-up

4.2.2.2 Instrumentation

Specimens were equipped of one centesimal dial gauge (Figure 4-6) and
invar wire to measure strains during the time. Ad hoc aluminium elements
were designed and produced to place the centesimal dial gauge at one end

and to fix the invar wire at both ends (Figure 4-7).
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Figure 4-6 Centesimal dial gauge
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threaded hole for
} hexagonal head M8
2 £~ bolt
B 25
15 125
(M. @
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a) Drawings of aluminium elements produced to

place the centesimal dial gauge on the bar

threaded hole for
-2 hexagonal head M8
bolt 25

- -

D

ol Js

|

35

3943

b) Drawings of aluminium elements produced to fix
the invar wire on the firstend
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threaded hole for
hexagonal head M8
25 bolt

@

12 25
I —
o
B 8 = 8
i
A
a

C) Drawings of aluminium elements produced to fix
the invar wire on the second end

d) Photograph of aluminium elements produced to fix the invar wire on the first end
Figure 4-7 Ad hoc aluminium elements produced
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4.2.2.3 Results
Results are reported in Figure 4-8 in term of elongation Al in the time t.
Instrumentation intest 2 (T2) has not worked until October 2020, in which the
first valid measurement was done. Until now it can be concluded that the creep
phenomenon at ambient temperature is present and, after 1 year in T1 it
produced a variation in tension inside the bar equal to about 6.27 kN, whereas
after less than 6 months in T2 it produced a variation in tension inside the bar
equal to about 2.68 kKN. Moreover, from both tests it can be noted that creep
started after almost 2 months. In particular, to estimate the reduction of tension
in the bar, it can be used the following equations (Equation 4-1, Equation 4-2,
Equation 4-3):

Equation4-1
Al

E =

!
where ¢ is the strain, Al is the elongation produced and | is the gauge length

equal to 800 mm.

Equation 4-2
o= E¢

where o is the stressacting in the bar and E the Young modulus.

Equation 4-3
AN = dA

where AN is the reduction of tension in the bar and A is the area of bar, equal
to about 531 mm?.
In Appendix Al.2 all the measurements and the photographic report are

provided.
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Al [mm-~2]
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Figure 4-8 Elongation of bar in the time due to creep phenomenon
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4.3 Tests on nut-bar assemblies

From the literature [53] it is well known that the nut resistance could be
smaller than bolt resistance, in case of high resistance bolts. Since the
assembly between nut and UHS steel bar is not codified and the behaviour of
the innovative wall system can be affected by nut failure, a series of eight tests
on different configurations was carried-out. In particular, the experimental
tests aimed to select the nut property Class (10 or 12) and the number of nuts
(1 or 2) to use, in order that the collapse mechanism of the wall consisted of
the tension failure of diagonal bar in reduced section. Specimens are named as
D number of nuts (D1 or D2), nut property Class (10 or 12),_test number (1,
2 or 3), e.g. D1_10_1 means the test no. 1 carried out on the specimen with
one nut having nut property Class equal to 10.

The tests were performed by using a UTM. In particular, specimens were
subjected to imposed displacements at a rate of 0.05 mm/s without any
preloading due to the tightening of nuts. The data were recorded with a
sampling frequency equal to 5 Hz. In Figure 4-9 specimen types are shown.
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Specimen D1_10

110 30 110
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Figure 4-9 Nut-bar assembly test specimens

4.3.1 Set-up and instrumentation

Ad hoc set-up was designed for the nut-bar assembly tests and it is shown in
Figure 4-10. It consists of a couple of steel casings pulled by the test machine
(UTM), in which the specimenis inserted.

The plates of the casings were designed to have thickness values in order to
be infinitely rigid and not deform during the tests.
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Figure 4-10 Bar-nut assembly test set-up
4.3.2 Results
Results for all the specimens in term of load vs. displacement curve are
presented in Figure 4-11, where F represents the load measured, whereas o
represents the displacement imposed. According to experimental results, all
assemblies with one nut having property Class equal to 10 (D1_10 1 and
D1 10 _2) had a brittle failure of nut and the ultimate tension resistance of bar

was not achieved. Instead, for all the specimens with two nuts having property
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Class equal to 10 (D2_10 1, D2 10 2 and D2_10 3) and one nut having
property Class equal to 12 (D1 12 1, D 1 12 2 and D1 12 3) the tension
failure of bar happened, as represented in Figure 4-12 .

Starting from results of bar-nut assembly tension tests, the use of one nut with
property Class equal to 12 was selected for the walls in a first stage. However,
this preliminary choice was not successful and in the first wall monotonic test
(M_L1 in Section 6.1) a brittle failure of nut happened. For this reason, in all

further wall tests two nuts with property Class equal to 12 were adopted.

350
D1 10 1

D1 10 2
—D2.10 1
--D2.102
—-D2.10 3
—D1 121
--D1122
—.D1.12 3

300

v

100

50

P

P o a— — . —

0 5 10 38[mm] 15 20 25

Figure 4-11 Results of bar-nut assembly tests

74



Innovative Lightweight Steel System braced with UHS Steel Bars

a) D2_12 1 beforetest b) D2_12 1 aftertest
Figure 4-12 Example of testwith two 12 property Class nuts
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4.4 Full-scale wall tests

The main core of the research project was the evaluation of seismic behaviour
of the innovative wall system. To this purpose, five tests, including three
monotonic tests and two cyclic tests, were carried out on full-scale 2400 mm
long and 2800 mm high wall specimens. In this Chapter all the aspects of the
full-scale wall tests are provided. In particular, Section 4.4.1 describes the
specimen tested, Section 4.4.2 gives information about set-up produced fot the
tests, Section 4.4.3 defines the instrumentation used and its location, Section
4.4.4 and Section 4.4.5 summarize the protocols and the results of monotonic
and cyclic tests, respectively, Section 4.4.6 discusses results obtained,
evaluating the response, the validity and the limitations of the innovative wall
system.

4.4.1 Specimen descriptionand test program

Two configurations of the innovative wall system have been investigated,
which were representative of Light (L) and Medium (M) configurations
developed, as introduced in Section 3.1.1.

The label defines the specimen typology. Namely, the first letter indicates the
test typology (M for monotonictestand C for reversed cyclic test), the second
letter is referred to the wall specimen (L for specimen representative of Light
configuration and M for specimen representative of Medium configuration)
and the number represents the test number; e.g. M_L1 means the monotonic
test no. 1 carried out on the specimen representative of the Light wall
configuration. Specimen configurations are represented in Figure 4-13 and
Figure 4-14.

In both configurations and for both protocols used, the bars were pre-tensioned

before starting the test via a torque wranch, as shown in
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The test program is summarized in the Table 4-3, in which the load type,
loading protocol and number of tests are shown.

Details about specimen elements are presented in Appendix 3.

448,26
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i S

-

Figure 4-14 M Configuration wall tested

Figure 4-15 Torqgue wranch used for pretension
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Table 4-3 Test matrix for the monotonic and cyclic tests on full-scale walls

Test Label Wall type Load Type Protocol Number of
tests
M_L Light Monotonic - 2
M M Medium Monotonic - 1
CL Light Cyclic CUREE 1
C_M Medium Cyclic CUREE 1
442 Set-up

An available steel frame set-up for in-plane wall tests was modified and used
for the experimental activity (Figure 4-16). The wall prototype was restrained
to the laboratory strong floor by the bottom beam, which has a 300 x 180 x 30
(width x height x thickness) rectangular hollow section. Horizontal loads were
transmitted to the wall through the loading beam, which has a 200 x 120 x 10
mm (width x height x thickness) rectangular hollow section. The out-of-plane
displacements of the wall were restrained by two steel portal frames equipped
with roller wheels. The tests were performed by using a hydraulic actuator
having a stroke displacement of 500 mm and a load capacity of 500 kKN. A
sliding-hinge was placed between the loading actuator and the loading beam,

in order to avoid vertical load components.

Section AA!

Load Actuator Load Cell LoadIT; Beam Loading Beam

&

Sliding Hings /

Bottom Beam

Reacting Structure

® o © Teoul

Iﬂbnratnry Strong Floor
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Figure 4-16 Wall test set-up

4.4.3 Instrumentation

Six LVDTs and two potentiometers were used to measure the specimen
displacements. In particular, three LVDTs (L1, L2 and L3) were installed to
record hold-down horizontal and vertical displacements, two LVDTs (L4 and
L5) for the upper beam vertical displacements, one LVDT (L6) for wall
vertical displacements and two potentiometers (P1and P2) for wall horizontal
displacements. The strains in selected points of the diagonal bars and studs
were recorded by means of fourteen strain-gauges. Two strain-gauges were
installed on each diagonal (SG1 and SG2 placed near the middle section,
where the diameter is reduced, and SG3 and SG4 placed where the section is
maximum), four strain gauges were placed on the intermediate stud in two

sections (SG5 and SG6 placed on the upper section, SG7 and SG8 on the lower
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section) and six strain gauges were placed on the right chord stud (SG9, SG10
and SG11 placed on the upper sectionand SG12, SG13 and SG14 placed on

the lower section). The instrumentation location is shown in Figure 4-17 and

some pictures are shown in Figure 4-18. A load cell was used to measure the

applied loads.
L4 Ls
1 !
i 1 P
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/
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Figure 4-17 Wall test instrumentation
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V

$G9, $G10 and SG11 |

II

Figure 4-18 Photographs of wall test instrumentation

| P1and P2

4.4.4 Monotonic tests

Monotonic tests were carried out with displacements imposed at a rate of 0.10
mm/s until the collapse of specimens occurred. The data were recorded with a
sampling frequency equal to 10 Hz.

Three monotonic tests were carried out on two L and one M walls. Results for
M_L1, M_L2and C_L1 specimens are provided in Figure 4-19, Figure 4-20
and Figure 4-21, in term of load (H) vs. inter-storey drift ratio (dr) curves. The
displacements used for the evaluation of inter-storey drifts were measured by
potentiometer P1, whereas load was provided by load cell. Since the P1 had a
damage during the M_L1 test, extrapolation of the initial data of P1 (red

continuous line), also considering the displacement measurements obtained
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from UTM, was considered and it is represented by the dashed curve in Figure
4-19.
Numerical values are provided in Table 4-4, according to the following

parameters:

- Ho: wall strength corresponding to the end of the Phase (1);

He: wall conventional yield strength evaluated according to ECCS
procedure [9];
- Hy: wall strength corresponding to the end of the Phase (2);
- Hp: maximum recorded load corresponding to the end of the Phase (3);
- de: yield displacement evaluated according to ECCS procedure [54];
- dmax: maximum displacement, evaluated in correspondence of H,
de: yield inter-storey drift ratio, equal to d¢/h;
- drmax: maximum inter-storeydrift ratio, equal to dmax/h;
- ke: initial elastic stiffness corresponding to the tangent to initial part of
the response curve, equal to He/de;
- ductility, equal to the ratio between the conventional ultimate

displacement and displacement at conventional elastic limit load dmax/

de or equally dr max/ dre.

Globally, for all the specimens the monotonic response confirmed the three-
phase lateral behaviour described in Chapter 3. In particular, the curves are
characterized by three different branches: (1) the first linear branch with a
stiffness ke; (2) once achieved Ho, the second branch characterised by a linear
response having a stiffness smaller than ke; (3) once achieved Hy, the third
branch characterised by a nonlinear response.

M_L2 and M_M1 specimens showed the same collapse due to the tension
failure of the bar, whereas in M_L1 specimen, during the phase (3), nut failure
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happened, since only one 12 property Class nut was employed. The collapse

mechanisms are provided in Figure 4-22, Figure 4-23 and Figure 4-24.

Comparing the results of two nominal identical tests, M_ L1 and M_L2, can
be noticed that:

small differences in terms of Hy and H, were revealed, equal to about
3% and 1%, respectively;

high differences in term of inter-storey drift ratios achieved were
registered, equal to about 19 and 51% for d,e and drmax, respectively,

since the M_L1 showed a brittle nut failure.

Comparison among monotonic curves is reported in Figure 4-25.
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Figure 4-23 M_L 2 test: collapse mechanism
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Figure 4-24 M_M1test: collapse mechanism

Table 4-4 Monotonic test results

Test M_L1 M_L2 M_M1
Ho [KN] 37.99 47.73 71.01
He [KN] 100.00 99.00 125.00
H, [KN] 103.99 106.90 144.32
H, [KN] 120.54 121.89 162.18
d, [mm] 26.60 33.04 23.80

Omax [Mm] | 8721 179.01 118.86
d, . [%] 0.95 1.18 0.85
Oy rmax [%6] 3.11 6.39 4.25
k,[KN/mm] | 376 3.00 5.25
u[-] 3.28 5.42 4.99
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Figure 4-25 Comparison among monotonic curves

445 Reversed cyclic tests

Cyclic tests were carried out by adopting a loading protocol known as
“CUREE ordinary ground motions reversed cyclic load protocol” developed
for wood walls by Krawinkler et al. [55], modified according to the
prescription given in Velchev et al. [12]). The cyclic loading test protocol
consists of a series of stepwise increasing deformation cycles. The
displacement amplitudes of each cycle D; are defined starting from a reference
deformation A =2.667 Ay,, where Ay is the yield displacement obtained from
the nominally identical monotonic wall tests. The complete cyclic loading
history for a particular wall configuration was then based upon multiples of
the reference deformation, A. For tested walls the cyclic protocol involved
displacements at three different rates (v): 1.0 mm/s, for displacements up to
0.2 A, 2.0 mm/s for displacements in the range from 0.2 A to A , and 3.0 mm/s

for displacement larger than A. The general cyclic protocol is summarized in
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Table 4-5. Since A obtained from monotonic results was not really different
between L and M configuration, the same specific protocol was adopted for
both C_L1 and C_M1 tests and it is shown in Figure 4-26.

Table 4-5 General cyclic protocol

No of cycles Step i D; v (mm/s)
6 1 0.05 A
1 2 D2=0.075 A
6 0.75D; 1.0
1 3 D3:=0.1 A
6 0.75D3
1 D4=0.2 A
4
3 0.75D 4
1 Ds=0.3A
5
3 0.75D5s 20
1 6 Ds=0.4 A '
2 0.75Ds
1 7 D7=0.7 A
2 0.75D 7
1 8 Dg=A
2 0.75*D g
1 9 Do=05 A + Ds 3.0
2 0.75*D g
1 N Dn=05 A + Dy
2 0.75Dq
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Figure 4-26 CUREE cyclic protocol adopted for C_L1and C_M1 tests

Results of cyclic tests are described in terms of load (H) vs. inter-storey drift

ratio (dr) curve (Figure 4-27 and Figure 4-28) and according to the same

parameters used for monotonic results, considering the pushing phase

envelope, since in both tests walls collapse happened in pushing:
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Ho: wall strength corresponding to the end of the Phase (1);

He: wall conventional yield strength evaluated according to ECCS
procedure [9];

Hy: wall strength corresponding to the end of the Phase (2);

Hp: maximum recorded load corresponding to the end of the Phase (3);
de: yield displacement evaluated according to ECCS procedure [54];
dmax: maximum displacement, evaluated in correspondence of H,

de: yield inter-storey drift ratio, equal to d¢/h;

dr,max: maximum inter-storey drift ratio, equal to dmax/h;

ke: initial elastic stiffness corresponding to the tangent to initial part of

the response curve, equal to He/de;
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- w ductility, equal to the ratio between the conventional ultimate
displacement and displacement at conventional elastic limit load dmax/

de or equally dymax/ dre.

The cyclic curves obtained (Figure 4-27 and Figure 4-28) showed a behaviour
rather symmetrical. The three-phase behaviour also characterized the cyclic
response, but only in pushing. In fact, for both specimens collapse happened
immediately reached the Phase (3) in pushing (positive range), whereas in
pulling (negative range) the Phase (3) was not reached. Table 4-6 summarizes
numerical results obtained. Comparison between the two cyclic envelopes is
shown in Figure 4-29.

Both C_L1 and C_M1 specimens had the same collapse due to the tension

failure of the bar, as shown in Figure 4-30 and Figure 4-31.
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Figure 4-27 Cyclic response and envelope for C_L1 test
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Figure 4-28 Cyclic response and envelope for C_M1 test

Table 4-6 Cyclic test results
Test cLL|CML
H, [KN] 22.00 | 21.00
H. [kN] 90.00 | 128.00
H, [KN] 86.75 | 146.22
H, [KN] 116.24 | 15140
d. [mm] 25.76 | 24.36
Omax [Mm] | 70.60 | 71.84
d . [%6] 0.92 0.87
dr.max [%0] 3.32 2.57
Ke [KN/mm] | 3.49 5.25
u[-] 3.61 2.95

94



Innovative Lightweight Steel System braced with UHS Steel Bars

180

160

140 /

120

100

80

HIKN]

60

40

20

b= e e e e e e - — - - - -

b= e e e e, e ———————-—-

d

---C_L1

Cc_M1
——C_L1_Envelope
——C_M1_Envelope

d

r,max (L)
r,max (M)

dr [%]

25

Figure 4-29 Comparison between cyclic tests

;

Figure 4-30 C_L1 test: collapse mechanism
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Figure 4-31 C_ML1 test: collapse mechanism

4.4.6 Discussion of results

The global behaviour of the innovative wall was evaluated through the
measurements obtained during monotonic and cyclic tests. Thanks to
potentiometers P1 and P2 the wall lateral behaviour was individuated and
commented in Sections 4.4.4 and 4.4.5. More considerations can be done, if a
comparison between monotonic and cyclic results of nominally identical
specimens (Figure 4-32 and Figure 4-33) is conducted and, in particular,
considering M_L2 and M_M1 as monotonic tests and C_L1 and C_M1 as
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cyclictests. Results of M_L1 were not considered, since it showed nut failure,

instead of tension collapse of bar. It can be observed that:

- Cyclic protocol does not affect greatly the resistance of wall, in fact,
monotonicand cyclic H, difference is equal to about 5% and 7% for L
and M configuration, respectively;

- Cyclic protocol greatly affects the displacement capacity of wall,
indeed the ductility of wall. In fact, difference interm of dmax is equal

to about 92% and 65% for L and M configuration, respectively;

- Monotonicand cyclic elastic stiffness exhibited similar values for both
L and M configurations (3.00 and 3.49 kN/mm for L configuration and

5.25 and 5.25 for M configuration).
The data obtained from LVDTs make possible the evaluation of hold-down
stiffness and, in particular, three stiffnesses were evaluated: vertical stiffness
kv, horizontal stiffness ky and rotational stiffness k.. The adding source of
deformability 1/ki: produced by hold-downs was evaluated, according to

Equation 4-4, and it was in the range 2-3x10°°.

Equation4-4
1 1

Koe ki + Ky + 2K,

Where k1 and k2 are the adding source of global stiffnesses to vertical
translation and rotation offered by hold-downs and are evaluated with
Equation 4-5 and Equation 4-6.

Equation 4-5

Ky
k1=ﬁ

Equation 4-6
LZ

kz = ﬁkv

Therefore, from the results, it can be assumed that hold-downs are rigid and

offer a perfectly rigid restrain to the system.
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Furthermore, through the local measurements given by SG, it was possible to
evaluate the distribution of stresses and quantify the horizontal load absorbed
by the frame and by the bracing. According to results, the contribution offered
by the frame is really important, absorbing 50% of total horizontal load applied
to the wall.

In the end, the experimental yield strength Hy achieved during tests was also
compared with the theoretical expected wall strength Hy,n, evaluated
according Equation 3-5, considering the measured average properties instead
of nominal properties, and the design wall strength Hy,s (Table 3-1in Section
3.1.1). The comparison between Hy, and Hy exhibits that theoretical prevision
well catches experimental values with a ratio Hy,w/ Hy in the range 0.94-1.01.
The comparison between Hy 4 (Table 3-1 in Section 3.1.1) and Hy, whereas,
shows that design values always underestimate the experimental values with
aratio Hy/ Hy 4 in the range 1.22-1.29.

As far as inter-storey drift ratios are concerned, experimental values achieved
were in the range 2.6%-6.8% and were always higher than design limit drift

ratio considered (2.5%).
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44.7  Experimental evaluation of behaviour factor
A preliminary experimentally based evaluation of behaviour factor was
conducted. The behaviour factor (q) was defined by the ductility-related (Rq)
and overstrength-related (Ro) modification factors.
In particular, the ductility-related modification factor Rq represents the ability
of the structural system to dissipate seismic energy, whereas the overstrength-
related modification factor Ry represents the reserve of strength of the
designed structure. The behaviour factor (q) can be estimated using Equation
4-7, as given in Uang [56]:

Equation 4-7

q = Rg- Ry
Since fundamental periods for this structural system is generally in the range
0.1-0.5 s, the ductility-related force modification factor Ry can be evaluated

according to the principle of equal energy (Equation 4-8):
Equation 4-8
Ry=2u—-1
where p is the ductility.
The Ry factor can be evaluated through the formulation provided by Mitchell

etal. [57]:

Equation 4-9
Ry = Rgq - R(p 'Ryield "Rgp

where Rsg= Hc/Hqg, with He and Hq design wall resistance and seismic
demand, respectively;

R, = Hyn/Hc, with Hy, design resistance associated by yielding of the braces
multiplied by the safety factor ymo;

Ryiels= Hy/Hyn, with Hy experimental yielding resistance;

Rsh= Hp/Hy, with Hy, experimental wall strength.
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In order to neglect the design overstrength, in this study the assumption of
Rss= Ho/Hg = 1 has been made. Therefore, the Ry factor can be evaluated

through Equation 4-10:

Equation 4-10
H H, _H_p _ H,

yn

H, H,, H, H,

R0:

Table 4-7 shows the values of the behaviour factors obtained by the test-based
evaluation. For the cyclic tests Ro, Rq and q were evaluated considering the
average values in pushing and pulling phases. The test M_L1 was not
considered since it showed a brittle premature failure. The average test-based
values of behaviour factors are in the range of 3.09- 4.07 for the L
Configurationand 3.67- 4.07 for the M Configuration. On the safe side, it can
be concluded that a value of behaviour factor equal to 3 can be assumed for

the L configurationand a value equal to 2.5 for the M Configuration.

Table 4-7 Test-based evaluation of behaviour factor

Test M_L2 M_M1 c L1 C_M1
" 5,42 4,99 3,61 2,95
Ry 3,14 3,00 2,49 221
Ro 1,30 1,22 1,24 1,14
q 4,07 3,67 3,09 253
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5 Thermal analysis of the building envelope solutions

and energetic analysis of the prototype building

The most important strategy to reduce the building energy consumption is
improving the thermal performance of the building envelope. Indeed, firstly
thermal analysis of building envelope needs to be carried out, which mainly
consists of the evaluation of thermal properties, considering also the thermal
bridges. Then, the energy performance of the whole building may be
evaluated, through numerical simulations. In this Chapter, after the
introduction of basic information on the numerical simulation in COMSOL
and EnergyPlus software (Section 5.1), the simulations performed on the
building envelope solutions developed (Section 5.2) and the prototype

building (Section 5.3) are provided, and results obtained are discussed.
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5.1 Basics

As introduced in Chapter 3, the analysis of the building envelope is conducted
according to ISO 10211:2007 [51], in which the steady state approach allows
to calculate the equivalent thermal transmittance, taking into account all
repeating and non-repeating (geometrical) thermal bridges. Since the material
properties are defined, the U-value of the external wall, without taking into
account the thermal bridge (Ucear), can be calculated according to the ISO
6946 [35]. The Ucear Obtained for the materials used for both A and B solutions
are shown in Table 5-1.

After that, it is necessary to evaluate the thermal bridges, identifying and
classifying them (repeating/non-repeating and linear/point), simulate all the
thermal bridge configurations by means of COMSOL software at steady state
conditions and calculate the equivalent thermal transmittance, including
thermal bridges. The detailed procedure to evaluate the equivalent thermal
properties is provided in Section 5.3. Once equivalent thermal properties are
defined, the EnergyPlus model can be built and analysed, in order to obtain

the energy performance of the whole building.
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Table 5-1 Evaluation of U, for both solutions

SOLUTION A
thickness thermal conductivity Rlayer U-clear
Material [cm] [W/ImK] [m2K/W] [W/m2K]
AquaPanel 15 0.19 0.08
Rockwool 50 0.03 1.52
OSB panel 20 0.10 0.20
Rockwool 140 0.03 4.24 0.15
Air Cavity 40 0.33 0.12
OSB panel 20 0.10 0.20
Gypsum
Board 30 0.27 0.11
SOLUTION B
thickness thermal conductivity Rlayer U-clear
Material [cm] [W/mK] [Mm?K/W] [W/m2K]
Rockpanel 1 0.37 0.00
Air Cavity 40 0.33 0.12
Rockwool 60 0.03 1.82
OSB panel 20 0.10 0.20
Rockwool 140 0.03 4.24 0.14
Air Cavity 40 0.33 0.12
OSB panel 20 0.10 0.20
Air Cavity 50 0.33 0.15
Gypsum
Board 30 0.27 0.11
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5.2 Numerical simulation of the thermal behaviour of the innovative

wall

Evaluating the thermal behaviour of the innovative wall means calculating the
thermal transmittance of the wall (U-value). Once known the geometry and
the layers of the building envelope, the U-value of the external wall, without
taking into account the thermal bridge (Ucear), can be easily calculated
according to the ISO 6946 [35]. Although, this value is greatly affected by the
presence of thermal bridges, which increases the U-value. The first step
consists of the identification of 1D thermal bridges in the system, as described
in 1SO 10211 [51].

In the case of the innovative wall, studs are repeating thermal bridges, whereas
hold-downs and pre-tension device and blocking profiles are point thermal
bridges (Figure 5-1). The 1D models of the wall developed to evaluate 1D
linear and point thermal bridges are shown in Figure 5-2.

As result, the total heat flow, ®, which passes through each configuration, is
obtained by the simulation. In this way, through use of Equation 3-7 (Section
3.1.2), itis possible to define the Ugyeran. Table 5-2 provides the Uciear and the
Uoveran for both A and B solutions. Figure 5-3 and Figure 5-4 show the
temperature distribution in the solution A and B, respectively, without and

with considering linear and point thermal bridges.
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LINEAR THERMAL BRIDGES POINT THERMAL BRIDGES

_Figure 5-1 1-Dlinear and point thermalbridges
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Figure 5-2 1D models of the wall developed

Table 5-2 Uear and the Ug,e.o for both Aand B solutions
Solution[-] U-value [W/n?k]

A Clear 0.15
Overall  0.23
B Clear 0.14
Overall  0.21
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Figure 5-3 Temperature distribution in the solution A, without and with considering
linear and point thermal bridges
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Figure 5-4 Temperature distribution in the solution B, without and with considering
linear and point thermal bridges
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5.3 Numerical simulation of the energetic behaviour of the prototype

building

In order to simulate the energy behaviour of the prototype building, it is
necessary individuating the U-value of the system, considering 1D, 2D and
3D thermal bridges, the geometry of the building, the material properties and
window properties. Equally to the procedure introduced in Section 5.2, 1-D
models of floor and roof were developed to calculate the Ugveran. Moreover,
2D thermal bridges, as linear non-repeating thermal bridge due to the junction
(Figure 5-5), were evaluated and modelled in COMSOL. In the same way 3D
thermal bridges were individuated.

Figure 5-5 2D thermal bridges due to junctions
The geometry of the simulated building is drawn by means of the SketchUp

software and imported in EnergyPlus. The roof was modelled as flat,
considering the average height of the building. For walls, the two solutions (A
and B solutions) developed and introduced in Section 3.1 were adopted. The
stratigrafiesadopted for floor and roof, instead, are represented in Figure 5-6.
In all the cases the same global geometry and triple windows were considered.
Starting from the material properties and the COMSOL simulation results, the

equivalent thermal transmittance Ueq of each envelope element to upload in
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the EnergyPlus model was individuated, in order to take into account the effect
of all thermal bridges. The equivalent thermal resistance for every layer of

each envelope element i, Riayereq, 1S calculated by the Equation 5-1:
Equation5-1

_ Rlayer,clear,i

Rlayer,eq,i - : Req,i

Rclear,i

where Riayer clear,i 1S the clear thermal resistance of the layer of the elementi (i.e.
wall, floor and roof); Reqi is the equivalent thermal resistance of the envelope
element i evaluated with the Ueq,i; Rceear,i IS the clear thermal resistance of the
envelope element i. Since the thickness diayer Of each layer is the same for the
original and the equivalent element the equivalent thermal conductivity for

each layer of the element i, Kiayereq,i, Can be calculated with Equation 5-2.
Equation 5-2
dlayer,i

klayer,eq,i - R : ]
clear,eq,i

Also, dynamic thermal properties of the materials were likewise modified, in
order to introduce the dynamic impact of thermal bridge, due to the presence
of studs. Since studs are generally placed in insulation layer or air cavity or
both, only the properties of rockwool layers were modified., according to the
methodology described by Gomes et. al [58]. According to this method, the
equivalent density, pmweqi and specific heat capacity, Cpmweqi Can be
calculated by Equation 5-3 and Equation 5-4:

Equation 5-3
Pmw eqi = Wstuds,iPsteel T WRw,i PRW
Equation 5-4
CPMW,eq,i = Wstuds,i Cpsteel + WRW,iCpRW

where Wsiugs, I and Wrwi IS the ratio between the studs mass and the rock wool

mass for of each layer i.
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Four simulations were performed to evaluate and quantify the influence of

different envelopes and thermal bridges on the Energy Demand (ED).

L

. Gress

. Mortar slab

. Rockwool 100 mm

TNT

. Reinforced concrete

. Igloo 140mm + reinforced concrete
. Reinforced concrete step

NOURWNER

Eaves

TT coppo 100 mm

TNT 3 mm

Aquapanel 15 mm
Aquapanel 15 mm
Rockwool 100 mm
Vapour barrier 12,5 mm
0SB panel 20 mm

XNV HEWNE

Figure 5-6 Developed solutions for floor and roof

Results are summarized in Table 5-3, which provides the influence of thermal
bridges and building envelope in term of percentage increase of U-value and
ED. In particular, considering the solution A, the presence of thermal bridges
leads to anincrease of U-value of about 52%, whereas considering the solution
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B the increase is equal to about 50%. Moreover, considering the solution A,

the presence of thermal bridges leads to an increase of ED of about 20%,

whereas considering the solution B the increase is equal to about 28%.

Changing the building envelope from A to B, if considering thermal bridges,

the reduction in U-value is equal to about 10%, whereas the reduction in ED
is equal to about 37%. Figure 5-7 shows the ED for heating and cooling for
both solutions, evaluated with Uciear and Uoyerall.
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Table 5-3 Results of EnergyPlus simulation

Solution[-]

U-value [W/m?2K]

U-value Increase [%0]

ED Heating [GJ]
ED Coooling [GJ]
ED total [GJ]

ED Increase [%]

A
Clear Overall

015 0.23
52.71
9.52 11.2
339 424
1291 15.44

19.60

B
Clear Overall
0.21 0.14
49.91
6.16 8.09
2.67 3.22
8.83 1131
28.09
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Figure 5-7 Energy demand for heating and cooling
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6 The prototype building

A prototype building was designed and erected on the Company ground to
prove the effectiveness of all the solutions developed and to validate the
production and the erection processes. This Chapter describes the prototype
building (Section 6.1), it provides detailed information on the design phase
(Section 6.2), conducted following an integrated approach and taking into
account also the production. It summarizes the results of the design
considering architectural/technological (Section 6.2.1) and structural (Section
6.2.2) aspects and describes the BIM model developed (Section 6.2.3).

Moreover, the execution and the erection phases are reported (Section 6.3).
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6.1 Integrated design and prototyping of the building

To prove the effectiveness of the solutions developed in all the field
considered, the design phase of prototype building followed the integrated
approach, taking into account the architectural, technological and structural
design and optimizing the production process, through prototyping. To this
aim a BIM model of the prototype building was developed.

6.1.1 Architectural design

The prototype building represents an integrated application of different design
and technological solutions, which aimed to minimize impacts, optimize the
use of renewable energy sources and achieve high structural and
environmental performance. The building covers an area of about 53m? and it
consists of two levels. The entrance is located on the south-east side of the
building in front of the factory access road. The wide openings on this side,
protected by movable shielding elements in wooden slats, ensure the
optimization of natural inputs and the control of solar radiation during the
summer months. The north-west side presents small openings, useful for the
exploitation of natural ventilation (cross-ventilation). On the inclined roof is
installed 11 m? of photovoltaic panels and a mini-wind turbine. The presence
on the roof of a solar chimney will increase the air circulation and will also
contribute to illuminate the spaces with natural light.

The vertical envelope elements (external walls), floors, roof and windows
shall ensure high performances not only relating to thermal transmittance, but
above all in relation to its behaviour in terms of thermal inertia, phase shift
and attenuation of the thermal wave, according to the relevant legislation.

3D rapresentations of the prototype building are shown in Figure 6-1.

For the technological design, the study and analysis of the climatic conditions
of the place where the prototype will be built, Sellia Marina (Catanzaro, South
Italy), was performed and consequently solutions were chosen in order to
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provide innovative thermal and acoustic insulation materials, such as to

guarantee a remarkable thermo-acoustic comfort. As regards the opaque

vertical closures, two solutions were used and analyzed, the external insulation

system and the system with ventilated facade, as introduced in Chapter 3 and
5.
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Figure 6-1 Renders of prototype building
6.1.2 Structural design

The structural design has been carried out according to Italian Codes [50] and
for details not considered in this code, in accordance with Eurocode 3 [48].
From the structural point of view, the prototype building represents a LWS
solution, in which the gravity frame is made of CFS profiles and LFRSs are
represented by the innovative wall system developed in configuration H and
L for the firstand second storey, respectively.

Steel grades used for the structural elements were:

- S280 GD+ Z steel grade (fy,=280 MPa, f,=360 MPa) for CFS members,
i.e. studs, tracks, joists, blocking and flat straps;

- S355 steel grade (fy,=355 MPa, f,=470 MPa) for pre-tensioning devices
and hold-downs;

- 1300UHS steel grade (f,=1300 MPa, f,=1450 MPa) for diagonal
braces.

The building analysed is a Class Il building. The nominal life considered was
50 years, indeed the seismic action was evaluated in relation to a reference
period equal to 75 years.
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The evaluation of the actions was carried out in accordance to Italian Codes
[50]. The evaluation of the permanent structural and non-structural loads was
carried out on the final structural dimensions, considering the analysis of the
loads. The variable loads, as prescribed by the NTC2018, have been adopted
equal to 2 kN/m? for the floors and 4 kN/m? for the balconies. The wind and
the snow actions has been evaluated in accordance with the indications given
in the Italian Code [50].

The seismic action has been evaluated in accordance with the Italian Codes
[50]. The identification of the basic seismic parameters, such as the maximum
horizontal acceleration at the site ag, the maximum value of the amplification
factor of the spectrum in horizontal acceleration Fo and the start period of the
constant velocity segment of the spectrum in horizontal acceleration T*; for
all the Limit States provided (SLO, SLD, SLV and SLC) has been conducted,
starting from the latitude and longitude of the area. In particular, the definition
of the basic seismic parameters was carried out by interpolating between the
4 points of the grid closest to the building reference point identified with the
longitude of 16.7436 and the latitude of 38.9064, obtaining the values shown
in Table 6-1.

Table 6-1 Parameters for the evaluation of seismic action

Tk a Fo T
LIMITSTATE
[years] la] [-] [s]
SLO 30 0054 | 2346 | 0.279
SLD 50 0071 | 2330 | 0.307
SLV 475 0204 | 2399 | 0.369
SLC 975 0272 | 2423 | 0.389

From the investigations carried out on site, it was possible to classify the
foundation soil for the seismic actionas Type C, according to the Italian Code,

whereas the topographic category was assumed to be T1.
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Thanks to the previously identified parameter it was possible to define the
elastic response spectrum, reported in Figure 6-2. The behaviour factor used
was equal to 1, indeed the structure was designed to remain inthe elastic range

due to the design seismic action.
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0.8 M
\ —SLC
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1
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Figure 6-2 Response spectra for the four limit states provided in the Italian Code

The gravity system was composed of walls, floors and roof.

The floors were composed of joists, having a C-shaped cross section,
connected to floor tracks with a U section, whose size depends on the type of
joist connected. The joists have been schematized as a simply supported beam
loaded by a uniformly distributed load and sized according to the maximum
span of the floor equal to 6.0m. Joist spacing is equal to 600 mm.

Above the joists to complete the structural system of the floor, a corrugated
trapezoidal sheathing of type A55 /P 750 - V - HI-BOND with a thickness of
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1.00 mm was used and 5cm slab of light concrete type LECA 1400 was
provided.

At the Near Collapse Limit State, four checks were carried out for the joists:
bending moment, shear, concentrated loads and flexural-torsional buckling. In
the Serviceability Limit State, the deformability check and the vibration
control check were carried out.

The evaluation of the flexural strength (M, rq) Was carried out, according to
what is reported in EN8-Part 1-1 [49], in the middle section.

For the shear verification at the end sections, the resistance (Vp, rd) Was
calculated considering the relationships reported in EN-1993- Part 1-1 [59].
The Italian standard as regards does not provide specific prescriptions for the
verification of concentrated loads and it was carried out in accordance with
the requirements of EN-1993-1-3 [48].

Furthermore, to avoid the possible underestimation of the deflections, for the
purposes of the deformability verification the maximum deflection was
evaluated considering the effects of local instability. The deflection was
evaluated considering a uniform value of the moment of inertia less, assumed
on the basis of the maximum acting bending moment.

Finally, for the vibration control, the lowest natural frequency of the floor was

evaluated according to Equation 6-1:
Equation 6-1

Elzf
f=m? ’ L

where E is the Young's modulus of steel; p is the distributed mass acting and

L is the length of the beam.
In order to satisfy the indicated checks, joist dimensions are equal to
270x60x30x3.
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The roof is made of trusses, with a maximum span of 6m and a spacing of
600mm. Above the trusses, there is a system of purlins, with a spacing of 1.2
m, on which the roof covering rests. The purlins have been schematized as
simply supported beams of span equal to the truss spacing, i.e. equal to
600mm, on which a uniformly distributed load equal to the self-weight, the
weight of the roof covering and accidental overloads has been considered
(exercise, snow and wind).

The purlins were designed considering the worst combination of the loads
acting above the roof and a 60x40x15x1 omega section was used. In Figure

6-3 the first floor plan is shown.
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Figure 6-3 First floor plan
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The 6.0 m span trusses are composed of 70x40x15x1.0 omega section top and
bottom chords, 40x30x10x1.0 C-section diagonals and truss studs, as shown
in Figure 6-4. The connection system between the various elements consists

of self-drilling screws with a diameter of 6.3, arranged as shown in Figure 6-5.

I —__ Top chord
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Self-drilling screw

\\\:if:::ijTruss stud
Bottom chor(;r%wE

Figure 6-4 Roof trusses
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Figure 6-5 Connections between truss elements

The walls consist of a frame of studs and tracks. They have to transfer the
vertical loads from the roof and floors to the foundation. The studs are loaded
by floor and wind if external. Internal studs use a C-section, whereas chord
studs use a back-to-back C-section.
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At the Near Collapse Limit State checks were carried out for bending
resistance and stability. The resistance check takes into account the
phenomena of local and distortion instability.

For the stability check the free wavelength was set equal to the length of the
profile, both for flexural deformation in plane and out of plane. In order to
satisfy the resistance and stability checks a 150x60x20x1.5 C-section was
adopted.

The LFRS consisted of innovative wall system developed, in which the frame
was made of CFS profiles braced by pre-tensioned UHS steel bars in “V”
configuration. Four walls (two for each direction) in L configuration and four
walls in H configuration were used for first and second storey, respectively.
Three different layouts can be used for the two-storey LFRS, as shown in
Figure 6-6. The main difference among these solutions is represented by the
compression force acting on the central stud if the forces in the two braces are
unbalanced. In the solution a) chosen in the prototype, to withstand the
unbalanced force a back-to-back C-stud was employed, instead of simple C-
stud. The design of all the other elements of LFRS was performed according
to the rules described in Section 3.1.1, considering the seismic action
evaluated as introduced.

The foundation, which also represents the ground floor, was a reinforced
concrete stiffened plate. The concrete used for foundation has a C30/37
compressive strength grade.

South-West and South-East views of prototype building are shown in Figure
6-7.
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a) b) c)

Figure 6-6 Two-storey LFRS layouts
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a) South-West view

b) South-East view
Figure 6-7 Views of prototype building
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6.1.3 Building Information Modelling

A BIM model of the prototype building was developed, through the Revit
software. First of all, all the data were collected, starting from information
such as orientation, positioning and acquisition of the plan. The BIM model
was built starting from the floor plan and reproduced on Revit, in order to
make the modelling mode more fluid and intuitive.

The first modelling phase was characterized by the creation of a virtual grid to
define the geometry of the project, also identifying the various levels of
interest with the relative heights. Subsequently, the structure of the building
was reproduced, therefore all the structural elements were modelled.

All structural elements were modelled in Revit parametrically, asa new
family. Figure 6-8 shows the structural part modelled in Revit.

Then, the various horizontal partitions, i.e. first level floor, second level floor
and roofing floor (inclined in our case), and the opaque vertical partitions,
where created, considering the two solutions developed, the external
insulation system and the system with ventilated facade.

Since each building component can be represented with different levels of
detail, it is possible to change and modify the structure of the desired
component.

Furthermore, by accessing each single material chosen to compose the
stratigraphy, Revit allows you to define the graphic representation, the graphic
rendering (rendering), the physical properties and, above all, the thermal
properties, fundamental since they provide a thermal resistance value, useful

for energy analysis.
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Figure 6-8 BIM structural model

The aforementioned methodology can be applied indiscriminately to any
opaque component stratigraphy and therefore allows the designer, on the one
hand, to obtain an optimal graphic representation and, on the other hand, to
have complete control over the component in terms not only geometric, but
also physical, graphical, and thermal.

In thisway it is possible to manage the model in all fields such as, for example,
to compute all the elements that make-up the structure or to manage the
quantities of material useful for the realization of the various stratifications.
Figure 6-9 shows the complete BIM model developed.
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a) Complete building BIM model

b) Cutbuilding BIM model
Figure 6-9 Complete BIM model developed
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6.2 Execution and erection on site

Work began on February 2020, but it was stopped by Covid pandemic until
September 2020. The structural part finished in January 2021, whereas the
finishings were completed in March 2021. A complete photografic report is

provided in Figure 6-10. In Appendix 3 all the drawings are provided.

¥

a) foundation b) LFRS and gravity
frame connection

.

c) First storéy structure
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d) Gravity frame track-to-stud
connection

f) Open»ings
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h) Floor details
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j) Balcony detail
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I) Complete structure
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n) opIete building views
Figure 6-10 Report of execution and erection of prototype building
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7 Conclusions and further developments

The increasing market demand for high-performance and low-cost
constructions oriented the choice of the last decades to a competitive and eco-
friendly solution. In fact, in the last decades Lightweight Steel (LWS) systems
made of Cold-Formed Steel (CFS) have been often preferred to traditional
structures in seismic area, since they exhibited great structural performances
with lower erection time and construction costs.

The main scope of this thesis was the development of innovative solutions for
LWS with higher structural, thermal and environmental performances, in the
framework of the Italian project “ECCELSA”, which the University of Naples
“Federico II” started in cooperation with the Lamieredil S.p.A. company.

To this end, three main objectives are pursued in this work: the development
and the study of an innovative load force resisting system (wall system), the
development and the analysis of innovative solutions for the building envelope
and the optimization of production processesand execution phase. To thisaim,
an integrated design approach was used, helped by Building Information
Modelling (BIM).

The innovative wall system mainly consists of CFS frame braced by pre-
tensioned ultra-high strength steel bars in “V” configuration. To complete the
system ad hoc pre-tensioning devices and hold-down devices were designed.
In order to guarantee different lateral resistance levels, three different
configurations were designed: Light wall (L), Medium wall (M), Heavy wall
(H). A wide experimental program was planned and carried out to evaluate the
seismic behaviour of the innovative system. It consisted of small-scale
experimental tests on materials (tensile tests on structural materials and creep
tests on UHS), tensile tests on bar-nut assemblies, full-scale tests on walls in

light and medium configuration. In particular, were performed twenty-four
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tension tests for the mechanical characterization of structural materials used
in the wall systems, two creep tests of UHS steel, eight tension tests on bar-
nut assemblies, three monotonic tests on full-scale walls (two for the light
configuration and one for the medium configuration) and two cyclic tests on
full-scale walls (for the light configuration and one for the medium
configuration). The experimental tests were performed at the Laboratory of
DIST (Department of Structures for Engineering and Architecture) of the
University of Naples “Federico II”. The experimental results showed
satisfactory seismic responses, in line with the theoretical previsions, if all the
prescriptions are followed. In particular, if not well designed, the nut used for
the bar pre-tensioning can cause a premature failure of the system and the
displacement capacity is strongly reduced. The walls, in which all the design
prescriptions were respected, exhibited satisfactory force and displacement
capacity.

Moreover, two warm frame solutions for the building envelope were designed
and analysed. The thermal bridges were individuated through the COMSOL
simulations and the thermal performances of the two solutions were evaluated.
The effect of the envelope and thermal bridges was analysed, quantifying the
energy demand of a prototype building by means of EnergyPlus software. The
more performing solution, but also the thicker and the more expensive, led to
a reductionin energy demand equal to about 37%.

In the end, the effectiveness of the innovations developed, and the
optimization of production processes and execution phase were proved by
means of the design and erection of a prototype building on the company
ground. Although BIM played a central role in speeding up manufacturing and
production processes, pandemic made the erection slower.

For the future, it could be interesting testing the prototype building to evaluate
the structural and thermal performances on site. Moreover, full techno-
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economic analysis and combined LCA-resilience analysis are planned to be

completed in the next future.
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Appendix 1: Material tests
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A.1.1 Tensile tests
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TENSILE TESTS ON MATERIAL

$280gd+z

DATE

15/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FERDINANDO NACLERIO

SPECIMEN DATA

LABEL S3_1
E Type $280gd+z
Production factory Lamieredil S.P.A
COIL DATA Coil type
Dimensioni in millmetri

Production Date
Thickness (mm) 3,00
Original gauge length L , (mm) 50

SAMPLE DATA- Width b, (mm) 20,00

measured values Thickness t, (mm) 3,00
Cross section area (mm?) 60,00

TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 456,64
TEST RESULTS
Yield strength R, (Mpa) 280,00
PRODUCTION VALUES

Tensile strength R ,, (MPa) 360,00
Yield strength f, (Mpa) 307,18
Tensile strength f, (MPa) 399,93

RESULT VALUES Last strain gy (mm/mm) 0,40
Peak strain €, (mm/mm) 0,19
Modulus of elasticity £ (Mpa) 207251

TEST OUTCOME Breaking inside L,
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TENSILE TESTS STEEL MATERIAL

5280gz+z

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FERDINANDO NACLERIO

SPECIMEN DATA

LABEL S3_2
Type S280gd+z
Production factory Lamieredil S.P.A
L=440
COIL DATA Coil type
Dimensioniin millimeti

Production Date
Thickness (mm) 3,00
Original gauge length L, (mm) 50

SAMPLE DATA- Width b, (mm) 20,00

measured values Thickness t, (mm) 3,00
Cross section area (mm?) 60,00

TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 363,08
TEST RESULTS
Yield strength R, (Mpa) 280,00
PRODUCTION VALUES

Tensile strength R ,, (MPa) 360,00
Yield strength f,, (Mpa) 307,84
Last strain gu (mm/mm) 0,40

RESULT VALUES Tensile strength f, (MPa) 400,70
Peak strain g, (mm/mm) 0,19
Modulus of elasticity £ (Mpa) 212695,66

TEST OUTCOME Breaking inside L,

o (MPa)

& (mm/mm)




TENSILE TESTS ON STEEL MATERIAL

$280dg+z

DATE

17/02/2014

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FERDINANDO NACLERIO

SPECIMEN DATA

LABEL S3_3
® Type S280gd+z
Production factory Lamieredil S.P.A.
COIL DATA Coil type
Dimensioni in mellmeti
Production Date
Thickness (mm) 3,00
Original gauge length L, (mm) 50
SAMPLE DATA- Width b, (mm) 20,00
measured values Thickness t, (mm) 3,00
Cross section area (mm?) 60,00
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 314,06
TEST RESULTS
Yield strength R, (Mpa) 280,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 360,00
Yield strength f,, (Mpa) 296,68
Tensile strength f, (MPa) 387,29
RESULT VALUES Laststraings  (mm/mm) 040
Peak strain g, (mm/mm) 0,20
Modulus of elasticity £ (Mpa) 200354,05
TEST OUTCOME Breaking inside L,
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TENSILE TESTS ON STEEL MATERIAL

5280gd+z

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FERDINANDO NACLERIO

SPECIMEN DATA

LABEL S4_1
Type 280gd+z
Production factory Lamieredil S.P.A
Dimensiori in milimet COIL DATA Coil type
Production Date
Thickness (mm) 4,00
Original gauge length L , (mm) 50
SAMPLE DATA. | Width b, (mm) 20,00
measured values Thickness t, (mm) 4,00
Cross section area (mm?) 80,00
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS  |Frequency (Hz) 5
Test time (s) 288,66
TEST RESULTS
Yield strength R . (Mpa) 280,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 360,00
Yield strength f, (Mpa) 330,54
Tensile strength f,, (MPa) 414,75
RESULT VALUES Last strain eu (mm/mm) 0,40
Peak straine,, (mm/mm) 0,12
Modulus of elasticity £ (Mpa) 180015,78
TEST OUTCOME Breaking inside L,

o (MPa)
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TENSILE TESTS ON STEEL MATERIAL

$280gd+z

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FERDINANDO NACLERIO

SPECIMEN DATA

LABEL S4_2
f Type $280gd+z
Production factory Lamieredil S.P.A
S — COIL DATA Coil type
Production Date
Thickness (mm) 4,00
Original gauge length L , (mm) 50
SAMPLE DATA- Width b, (mm) 20,00
measured values Thickness t, (mm) 4,00
Cross section area (mm?) 80,00
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 288,66
TEST RESULTS
Yield strength R, (Mpa) 280,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 360,00
Yield strength f, (Mpa) 327,81
Tensile strength f, (MPa) 414,98
RESULT VALUES Last strain eu (mm/mm) 0,40
Peak strain €, (mm/mm) 0,12
Modulus of elasticity £ (Mpa) 198408,87
TEST OUTCOME Breaking inside L,
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TENSILE TESTS ON STEEL MATERIAL

S280gd+z

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FERDINANDO NACLERIO

SPECIMEN DATA

LABEL S4.2
Type $280gd+z
Production factory Lamieredil S.P.A
[ COIL DATA Coil type
Production Date
Thickness (mm) 4,00
Original gauge length L , (mm) 50
SAMPLE DATA- | Width b, (mm) 20,00
measured values Thickness t, (mm) 4,00
Cross section area (mm?) 80,00
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 288,66
TEST RESULTS
Yield strength R, (Mpa) 280,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 360,00
Yield strength f, (Mpa) 326,18
Tensile strength f, (MPa) 412,92
RESULT VALUES Last strain eu (mm/mm) 0,40
Peak strain €, (mm/mm) 0,12
Modulus of elasticity £ (Mpa) 217438,44
TEST OUTCOME Breaking inside L,

o (MPa)

€ (mm/mm)




TENSILE TESTS ON STEEL MATERIAL

S355)r
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO
SPECIMEN DATA
LABEL $20_1
Type 5355jr
[ Production factory Lamieredil S.P.A
{ﬁ& g COIL DATA Coil type
j_f Production Date
Thickness (mm) 20.00
Omensiont in miimetri Original gauge length L , (mm) 50
SAMPLE DATA- Width b, (mm) 20.00
measured values | Thickness t, (mm) 20.00
Cross section area (mm?) 400.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS Frequency (Hz) 5
Test time (s) 288.66
TEST RESULTS
Yield strength R, (Mpa) 355.00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 510.00
Yield strength f, (Mpa) 356.98
Tensile strength f, (MPa) 561.91
RESULT VALUES Last strain eu (mm/mm) 0.40
Peak strain e, (mm/mm) 0.15
Modulus of elasticity £ (Mpa) 217438.44
TEST OUTCOME Breaking all'interno di L,
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TENSILE TESTS ON STEEL MATERIAL

€ (?ﬁll%/ 'mm)

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO
SPECIMEN DATA
LABEL
Type $355jr
’—1:4 Production factory Lamieredil S.P.A
3 COIL DATA Coil type
A <
& bl Production Date
L=140 Thickness (mm) 20.00
Original gauge length L, (mm) 50
Dimensioni in mm
SAMPLE DATA- Width b, (mm) 21.00
measured values | Thickness t, (mm) 20.00
Cross section area (mm?) 420.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS Frequency (Hz) 5
Test time (s) 288.66
TEST RESULTS
Yield strength R, (Mpa) 355.00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 510.00
Yield strength f, (Mpa) 336.43
Tensile strength f, (MPa) 533.31
RESULT VALUES Last strain eu (mm/mm) 0.40
Peak strain e, (mm/mm) 0.12
Modulus of elasticity £ (Mpa) 212711.81
TEST OUTCOME Breaking all'interno di L,
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TENSILE TESTS STEEL MATERIAL

€ (mm/mm)

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO
SPECIMEN DATA
LABEL
Type S355jr
Ft:zo Production factory Lamieredil S.P.A
— COIL DATA Coil type
[ & Production Date
= i Thickness (mm) 25.00
Dimensilonl In millimetrl Original gaUge Iength L o (mm) 50
SAMPLE DATA- Width b, (mm) 21.00
measured values Thickness t, (mm) 20.00
Cross section area (mm?) 420.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS Frequency (Hz) 5
Test time (s) 409.78
TEST RESULTS
Yield strength R, (Mpa) 355.00
PRODUCTION VALUES -
Tensile strength R ,, (MPa) 510.00
Yield strength f, (Mpa) 339.85
Tensile strength f, (MPa) 533.83
RESULT VALUES Last straineu  (mm/mm) 0.20
Peak strain £, (mm/mm) 0.14
Modulus of elasticity £ (Mpa) 221304.75
TEST OUTCOME Breaking inside L,
650
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TENSILE TESTS STEEL MATERIAL

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO

SPECIMEN DATA

LABEL
Type S355jr
Production factory Lamieredil S.P.A
COIL DATA Coil type

Production Date

=z Thickness (mm) 25.00
Dimeneiont i mimmett Original gauge length L, (mm) 50
SAMPLE DATA-  |Width b, (mm) 20.00
measured values | Thickness t, (mm) 25.00
Cross section area (mm?) 500.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS Frequency (Hz) 5
Test time (s) 361.79
TEST RESULTS
Yield strength R, (Mpa) 355.00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 510.00
Yield strength f, (Mpa) 342.37
Tensile strength f, (MPa) 548.19
RESULT VALUES Laststraineu  (mm/mm) 0.20
Peak strain e, (mm/mm) 0.12
Modulus of elasticity £ (Mpa) 211113.92
TEST OUTCOME Breaking inside L,
650
600
550
500
450
E 400
350
.E.. 300
b 250
200
150
100
50
0

£ (mm/mm) 01




TENSILE TESTS STEEL MATERIAL

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO
SPECIMEN DATA
LABEL S25_2
Type $355jr
— Production factory Lamieredil S.P.A
I 5 COIL DATA Coil type
8[ P — ~ Production Date
" e - e - e i Thickness (mm) 25.00
[ ——— Original gauge length L, (mm) 50
SAMPLE DATA-  |Width b, (mm) 20.00
measured values | Thickness t, (mm) 25.00
Cross section area (mm?) 500.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS Frequency (Hz) 5
Test time (s) 412.25
TEST RESULTS
Yield strength R, (Mpa) 355.00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 510.00
Yield strength f, (Mpa) 334.48
Tensile strength f, (MPa) 535.35
RESULT VALUES Laststraineu  (mm/mm) 0.20
Peak strain e, (mm/mm) 0.15
Modulus of elasticity £ (Mpa) 332699.52
TEST OUTCOME Breaking inside L,
650
600 , fu
550 Lo e e — e
500 |
__ 450 .
S 400 . B
-9
S 350 '
~ 300 |
© 250 1
200 |
150 [}
100 |
50 g0
0 1
0 0.05 0.15 0.2

€ (r(r)irln/mm)




TENSILE TESTS STEEL MATERIAL

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO

SPECIMEN DATA

LABEL S25_3
Type $355jr
Production factory Lamieredil S.P.A
COIL DATA Coil type
Production Date
Thickness (mm) 25.00
r—110
Dimensioni in milimetri Original gauge length L, (mm) 50
SAMPLE DATA-  |Width b, (mm) 19.00
measured values | Thickness t, (mm) 25.00
Cross section area (mm?) 475.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS Frequency (Hz) 5
Test time (s) 427.88
TEST RESULTS
Yield strength R, (Mpa) 355.00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 510.00
Yield strength f, (Mpa) 356.26
Tensile strength f, (MPa) 571.63
RESULT VALUES Laststraineu  (mm/mm) 0.20
Peak strain e, (mm/mm) 0.14
Modulus of elasticity £ (Mpa) 244858.88
TEST OUTCOME Breaking inside L,
650
60 A
550 |
500 )
450 |
T 400 ) fy
[-%
s 350 i
— 300 |
© 250 |
200 1
150 |
100 !
50 g |
0 L
0.05 0.15 0.2

0.1
€ (mm/mm)




TENSILE TESTS STEEL MATERIAL

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO

SPECIMEN DATA

LABEL $30_1
Type S355jr
Production factory Lamieredil S.P.A
COIL DATA Coil type
Oimension! In millmet Production Date
Thickness (mm) 30.00
Original gauge length L, (mm) 50
SAMPLE DATA-  |Width b, (mm) 19.00
measured values | Thickness t, (mm) 30.00
Cross section area (mm?) 570.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 235.45
TEST RESULTS
Yield strength R, (Mpa 355.00
PRODUCTION VALUES gth R, (Mpa)
Tensile strength R ,, (MPa) 510.00
Yield strength f,, (Mpa) 374.02
Tensile strength f, (MPa) 560.79
RESULT VALUES Last straings  (mm/mm) 0.20
Peak strain e, (mm/mm) 0.11
Modulus of elasticity £ (Mpa) 235034.31
TEST OUTCOME Breaking inside L,
650
600
550
500
- 450
© 400
S 3%
~ 300
® 250
200
150
100 2
50 '
ot t t ! i
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TENSILE TESTS STEEL MATERIAL

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO

SPECIMEN DATA

LABEL $30_2
Type $355jr
—=o Production factory Lamieredil S.P.A
[ COIL DATA Coil type
Production Date
T=iao rwereTy Thickness (mm) 30.00
ormanatont i mmat Original gauge length L , (mm) 50
SAMPLE DATA-  |Width b, (mm) 17.00
measured values | Thickness t, (mm) 30.00
Cross section area (mm?) 510.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS Frequency (Hz) 5
Test time (s) 235.28
TEST RESULTS
Yield strength R, (Mpa) 355.00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 510.00
Yield strength f, (Mpa) 414.10
Tensile strength f, (MPa) 620.95
RESULT VALUES Laststraineu  (mm/mm) 0.20
Peak strain e, (mm/mm) 0.11
Modulus of elasticity £ (Mpa) 251373.01
TEST OUTCOME Breaking inside L,
700
650
600
550
500
= 450
a 400
< 350
= 300
© 250
200
150
100 £p
50
o ! + + + |
0 0.05 15 0.2

0.1
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TENSILE TESTS STEEL MATERIAL

S355jr
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO
SPECIMEN DATA
LABEL $30_3
Type S355jr
Production factory Lamieredil S.P.A
COIL DATA Coil type
Oimension! In millmet Production Date
Thickness (mm) 30.00
Original gauge length L, (mm) 50
SAMPLE DATA- Width b, (mm) 21.00
measured values | Thickness t, (mm) 30.00
Cross section area (mm?) 630.00
TEST DATA
Displacement rate (mm/s) 0.05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 415.19
TEST RESULTS
Yield strength R, (M 355.00
PRODUCTION VALUEs |cidstrength Re (Mpa)
Tensile strength R ,, (MPa) 510.00
Yield strength f,, (Mpa) 212.57
Tensile strength f, (MPa) 354.50
RESULT VALUES Last straings  (mm/mm) 0.20
Peak strain e, (mm/mm) 0.14
Modulus of elasticity £ (Mpa) 151744.88
TEST OUTCOME Breaking inside L,
500 .
450 |
400 ! fu
350 m- - - o= : { .
E 300 '
S 250 |
= 200 v
b
150 : fy
100 .
50 (I
o ! | I | | |
0 0.05 0.1 15 0.2 0.25 0.3
g (mm/mm)




TENSILE TESTS ON STEEL MATERIAL

UHSS1300

DATE

17/02/2014

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

STUDENT

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

FERDINANDO NACLERIO

Lu=377

L%

SPECIMEN DATA

LABEL L1

Type

UHSS1300

Production factory

Lamieredil S.P.A

COIL DATA Coil type

Production Date

Thickness (mm) 12,00
Original gauge length L, (mm) 30
SAMPLE DATA- Width b, (mm) 21,00
measured values Thickness t, (mm) 9,50
Cross section area (mm?) 80,12
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 197,24
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f,, (Mpa) 1630,57
Tensile strength f, (MPa) 2089,71
RESULT VALUES Laststraingu  (mm/mm) 0,67
Peak strain g, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 283651,12
TEST OUTCOME Breaking inside Lo

2400
2200
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1800

1600
1400

o (MPa)

1000
800
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400 o

]
]
|
]
|
|
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T
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|
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]
]
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0,00 0,05
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TENSILE TESTS ON STEEL MATERIAL

UHSS1300
DATE 17/02/2014
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL
STUDENT FERDINANDO NACLERIO
SPECIMEN DATA
LABEL L2
Type UHSS1300
—r—\LJd Production factory Lamieredil S.P.A
COIL DATA Coil type
Production Date
Diameter (mm) 12,00
Original gauge length L , (mm) 30
SAMPLE DATA- Diameter d (mm) 21,00
measured values Diameter d, (mm) 9,50
Cross section area (mm?) 80,12
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 104,23
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1630,57
Tensile strength f, (MPa) 2089,71
RESULT VALUES Last strain gy (mm/mm) 0,67
Peak strain €, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 283651,12
TEST OUTCOME Breaking inside L,
2400 .
2200 : Fu
000 ] w_ _______
1800 : fy
< 1600 :
E 1400 :
® 1200 :
1000 :
800 :
600 |
400 & :
200 :
o! f
0,00 0,05
€ (mm/mm)




TENSILE TESTS ON STEEL MATERIAL

UHSS1300

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FETRDINANDO NACLERIO

SPECIMEN DATA

Strain (mm/mm)

LABEL L3
Type UHSS1300
Production factory Lamieredil S.P.A
COIL DATA Coil type
Production Date
Diameter (mm) 12,00
Original gauge length L , (mm) 30
SAMPLE DATA- Diameter d (mm) 21,00
measured values Diameter do (mm) 11,00
Cross section area (mm?) 95,03
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 102,45
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1424,64
Tensile strength f, (MPa) 1693,20
RESULT VALUES Last strain gy (mm/mm) 0,67
Peak strain €, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 241825,53
TEST OUTCOME Breaking inside L,
2200
2000 '
I
1800 | fu
1600 |
_ . 2
& 1400 "
S I
2 1200 !
o I
& 1000 |
800 X
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600 |
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400 |
| &p
200 |
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0,00 0,05




TENSILE TESTS ON STEEL MATERIAL

UHSS1300

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FETRDINANDO NACLERIO

SPECIMEN DATA
1..=380 LABEL M1
=10
1Lo=30—% Type UHSS1300
Id . o
Production factory Lamieredil S.P.A
COIL DATA Coil type
Production Date
Diameter (mm) 14,00
Original gauge length L, (mm) 30
SAMPLE DATA- Diameter d (mm) 26,00
measured values Diameter do (mm) 13,00
Cross section area (mm?) 132,73
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS  |Frequency (Hz) 5
Test time (s) 102,45
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1494,47
Tensile strength f, (MPa) 1734,72
RESULT VALUES Laststraingu  (mm/mm) 0,67
Peak strain e, (mm/mm) 0,04
Modulus of elasticity £ (Mpa) 263508,18
TEST OUTCOME Breaking inside L,
2200
2000 .
I
1800 ! fu
1600 | f
g i
s 1400 \
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I
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TENSILE TESTS ON STEEL MATERIAL

UHSS1300
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL
STUDENT FETRDINANDO NACLERIO
SPECIMEN DATA
LABEL M2
- —I“d Type UHSS1300
Production factory Lamieredil S.P.A
COIL DATA Coil type

Production Date
Diameter (mm) 14,00
Original gauge length L, (mm) 30

SAMPLE DATA- Diameter d (mm) 26,50

measured values Diameter do (mm) 14,00
Cross section area (mm?) 153,94

TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS  |Frequency (Hz) 5

Test time (s) 102,45

TEST RESULTS

Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1300,68
Tensile strength f, (MPa) 1548,67
RESULT VALUES Last straineu  (mm/mm) 0,67
Peak strain e, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 263508,18
TEST OUTCOME Breaking inside L,
2200
2000
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1600
— 1400
©
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TENSILE TESTS ON STEEL MATERIAL

UHSS1300

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FETRDINANDO NACLERIO

SPECIMEN DATA

L.a=380 LABEL M3
]—LF_ 10
11.=3 - td Type UHSS1300
Production factory Lamieredil S.P.A
COIL DATA Coil type

Production Date
Diameter (mm) 14,00
Original gauge length L , (mm) 30

SAMPLE DATA- Diameter d (mm) 26,50

measured values Diameter do (mm) 14,00
Cross section area (mm?) 153,94

TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 102,45
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES

Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1301,41
Tensile strength f, (MPa) 1506,00

RESULT VALUES Last strain gy (mm/mm) 0,67
Peak strain €, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 263508,18

TEST OUTCOME Breaking inside L,
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TENSILE TESTS ON STEEL MATERIAL

UHSS1300

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FETRDINANDO NACLERIO

SPECIMEN DATA

€ (mm/mm)

Lo=410 LABEL W1
T—LF 10
t1=5 Type UHSS1300
| [d
Production factory Lamieredil S.P.A
COIL DATA Coil type
Production Date
Diameter (mm) 18,00
Original gauge length L , (mm) 50
SAMPLE DATA- Diameter d (mm) 32,00
measured values Diameter do (mm) 18,00
Cross section area (mml) 254,47
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 102,45
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1251,06
Tensile strength f, (MPa) 1447,74
RESULT VALUES Last strain gy (mm/mm) 0,40
Peak strain €, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 207060,75
TEST OUTCOME Breaking inside L,
2200
2000 '
I
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I
1600 ! fu
I
=100 T —— |
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1000
800
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TENSILE TESTS ON STEEL MATERIAL

UHSS1300

DATE

17/11/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKEEL

STUDENT

FETRDINANDO NACLERIO

SPECIMEN DATA

LABEL w2
Type UHSS1300
Production factory Lamieredil S.P.A
COIL DATA Coil type
Production Date
Diameter (mm) 18,00
Original gauge length L , (mm) 50
SAMPLE DATA- Diameter d (mm) 31,50
measured values Diameter do (mm) 18,00
Cross section area (mm?) 254,47
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS | Frequency (Hz) 5
Test time (s) 102,45
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1203,84
Tensile strength f, (MPa) 1438,80
RESULT VALUES Last strain gy (mm/mm) 0,40
Peak strain €, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 207060,75
TEST OUTCOME Breaking inside L,
2200
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T 1600 :
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o 1400 — 5
1200
1000
800
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400 &p
200
0
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TENSILE TESTS ON STEEL MATERIAL

UHSS$1300
DATE 17/11/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI EIORINO
ALESSIA CAMPICHE
SARMAD SHAKEEL
STUDENT FETRDINANDO NACLERIO
SPECIMEN DATA
Lu=410 LABEL w3
T—T—LLUZJE? B Type UHSS1300
d -Fﬂ Production factory Lamieredil S.P.A
COIL DATA Coil type
Production Date
Diameter (mm) 18,00
Original gauge length L, (mm) 50
SAMPLE DATA- Diameter d (mm) 31,50
measured values Diameter do (mm) 17,50
Cross section area (mm?) 240,53
TEST DATA
Displacement rate (mm/s) 0,05
TEST PARAMETERS  |Frequency (Hz) 5
Test time (s) 102,45
TEST RESULTS
Yield strength R, (Mpa) 1300,00
PRODUCTION VALUES
Tensile strength R ,, (MPa) 1450,00
Yield strength f, (Mpa) 1272,17
Tensile strength f, (MPa) 1533,02
RESULT VALUES Last straineu  (mm/mm) 0,40
Peak strain e, (mm/mm) 0,05
Modulus of elasticity £ (Mpa) 232167,57
TEST OUTCOME Breaking inside L,
2200
2000 |
1800 :
w00 : _______ fu
©
E 1400 fy
o 1200
1000
800
600
400
200 £p
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0,00 0,05
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Innovative Lightweight Steel System braced with UHS Steel Bars

Appendix 3: Prototype drawings
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Pianta piano primo
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Pianta copertura
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Pianta piano primo spiccato
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Pianta piano primo pareti perimetrali e tramezzi
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Prospetto Sud-Ovest
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1. Gres porcellanato sp 3 mm

2. Massetto sp 60 mm

3. Foglio in polietilene

4. Durock energy sp 100

5. Membrana impermeabile

6. Caldana in cls

7. Vespaio Areato tipo iglu

8. Tubo di ventilazione
9.Fondazione a platea + cordolo armato
10. Massetto esistente

11. Guaina impermeabile

12. Pannello in XPS sp 40 mm
13. Canale di ventilazione

14. IV gradino

15. lll gradino

16. Il gradino

17. 1 gradino

18. Lastra in fibrogesso

19. Freno al vapore

20. Lastra in fibrogesso

21. Cavedio impianti

22. Pannello in OSB sp 20 mm
23. Acoustic Plus 225 sp 140 mm
24. Pannello in OSB sp 20 mm
25. Frontrock casa sp 60 mm
26. Intercapedine sp 50 mm

27. Rockpanel Natural sp 10 mm

Struttura:

Profilo C 190x60x15x4 mm (parete pesante)



Dettaglio solaio piano primo

Gres porcellanato sp 3 mm

. Massetto sp 55 mm

. Pannello fonoisolante sp 20 mm
. Getto in cls 50 mm

‘ . Lamira Grecata 55 mm

} . Lastra in fibrogesso

} . Freno al vapore

} . Lastra in fibrogesso

} . Cavedio impianti

} 10. Pannello in OSB sp 20 mm

} 11. Acoustic Plus 225 sp 140 mm
} 12. Pannello in OSB sp 20 mm
|

|

|

|

]

|

|

|

|

|

|

|

|

©CooO~NOOGDMWN—-

13. Frontrock casa sp 60 mm
g 14. Intercapedine sp 50 mm

15. Rockpanel Natural sp 10 mm
16. Cordolo h 50

C270X60X30X3.0

190X190X5.0

s jull
—

O

Struttura:

Q

Profilo C 160x60x15x3 mm (parete pesante)



Dettaglio solaio di copertura

Grondaia

Pannello coibentato TT COPPO sp 40 mm
Membrana Bituminosa

Pannello in OSB sp 15 mm
Lamiera grecata

Telo impermeabile traspirante
Durock energy sp 100 sp 100 mm
Barriera al vapore

Pannello in OSB

Assito in legno di abete sp 23 mm
Struttura in CFS

S

- = © o~
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Prospetto Sud-est
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Innovative Lightweight Steel System braced with UHS Steel Bars

A.1.2 Creep tests

DATE T1 T2
24/02/2020
02/03/2020
09/03/2020
30/04/2020
25/05/2020
03/06/2020
08/06/2020
18/06/2020
29/06/2020
06/07/2020
13/07/2020
10/08/2020
27/08/2020
31/08/2020
14/09/2020
28/09/2020
05/10/2020
12/10/2020
02/11/2020
09/11/2020
16/11/2020
23/11/2020
30/11/2020
07/12/2020
14/12/2020
11/01/2021
18/01/2021
08/02/2021
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Innovative Lightweight Steel System braced with UHS Steel Bars

TEST1

24/02/2020

02/03/2020 \




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

09/03/2020

30/04/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

25/05/2020

03/06/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

08/06/2020

18/06/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

29/06/2020

06/07/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

13/07/2020

10/08/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

27/08/2020

31/08/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

14/09/2020

28/09/2020
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Innovative Lightweight Steel System braced with UHS Steel Bars

TEST1 TEST 2

05/10/2020

12/10/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

02/11/2020 L !

09/11/2020



Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

16/11/2020

23/11/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1

30/11/2020

07/12/2020




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

14/12/2020 ¥,
ok >4

11/01/2021




Innovative Lightweight Steel System braced with UHS Steel Bars

TEST 1 TEST 2

18/01/2021

08/02/2021




Innovative Lightweight Steel System braced with UHS Steel Bars

Appendix 2: Bar-nut assembly tests



Innovative Lightweight Steel System braced with UHS Steel Bars




TESTS ON BAR-NUT INTERACTION

GENERAL DATA

SAMPLE DATA

400
Length (mm)
16
BARDATA  [Dmin(mm)
Dmax (mm) 20
Material UHSS1300
Type 1 DADO CLASSE 10.9
NUT DATA
Type 2 DADO CLASSE 12.8
TESTS DATA
Number of test 8
S PARAMETRI | Displacement rate(mm/s) 0.05
Frequency (Hz) 5
GENERAL DIMENSIONS
Coil UHSS1300
350
Fiim
300
F jim: peak load
250
200 Fe
z
= 150
w
100
50
F.:yield stress 0
2 4 6 & [mm] 10 12 14 16 18




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D1-10_01

DATE

04/12/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKELL
STUDENT FERDINANDO NACLERIO
Peak load (kN) Flim 281,86
RESULT VALUES -
Elastic load (kN) Fe 105,11
COLLAPSE MECHANISM NUT THREAD PLASTICIZATION
300 Fiim
250
200
g
= 150
w
Fe
100
50
0
0 2 4 6 8 10
-50 8 [mm]
SAMPLE BEFORE TEST AFTER TEST

Barra UHSS1300

400

Classe dado 10

NOTE




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D1-10_02

tens.ultima ten. Snerva
X y X y
0 290,76 0 105,00
10| 290,7556 10 105

DATE 04/12/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKELL
STUDENT FERDINANDO NACLERIO
Peak load (kN) F , ‘ 290,76
RESULT VALUES
Elastic load (kN) F, \ 105,22
COLLAPSE MECHANISM NUT THREAD PLASTICIZATION
350
300 Flim
250
— 200
2 150
= E
100
50
0
50 0 4 3 [mm]6 8 10
SAMPLE BEFORE TEST AFTER TEST

400

Coil UHSS1300
_Coil UHS
Class Nut 10

o

NOTE




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D1-12_01

DATE

04/12/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKELL
STUDENT FERDINANDO NACLERIO
Peak load (kN) Flim 300,61
RESULT VALUES -
Elastic load (kN) Fe 180,00
COLLAPSE MECHANISM TENSION FAILURE OF THE BAR
350
Fiim
300
—_ 250
Z
=
w
200 F,
150
100
50
0 8§ [mm]
0 2 6 8 10 12 14 16 18
SAMPLE BEFORE TEST AFTER TEST

Barra UHSS1300

400

Classe dado 10

NOTE




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D1-12_02

DATE 04/12/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKELL

STUDENT FERDINANDO NACLERIO

Peak load (kN) Flim 302,42
RESULT VALUES -
Elastic load (kN) Fe 180,00
COLLAPSE MECHANISM TENSION FAILURE OF THE BAR
350
Fiim
300 FTTTTTTTTTTTTTT T s
- 250
z
=
w
200 Fe
150
100
50
3
o [mm]
0 2 4 6 8 10 12 14 16 18

SAMPLE BEFORE TEST AFTER TEST

400

Bamra UHS 81300
lado 12

[ D1 12 2

NOTE




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D1-12_02

DATE 04/12/2019
TEAM LEADER RAFFAELE LANDOLFO
RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKELL
STUDENT FERDINANDO NACLERIO

Peak load (kN) Flim 290,77
RESULT VALUES

Elastic load (kN) Fe 180,00

COLLAPSE MECHANISM TENSION FAILURE OF THE BAR

350

Fiim
300

250

F [kN]

200 F,
150
100

50

o
N
I

6 8 [mmpg 10 12 14 16 18

SAMPLE BEFORE TEST AFTER TEST

Bamra UHSS1300

400

lado 12

NOTE




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D2-10_01

DATE

04/12/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP LUIGI FIORINO
ALESSIA CAMPICHE
SARMAD SHAKELL
STUDENT FERDINANDO NACLERIO
Peak load (kN) Flim 302,42
RESULT VALUES -
Elastic load (kN) Fe 170,50
COLLAPSE MECHANISM TENSION FAILURE OF THE BAR
350
Fy;.
0 e
_ 250
4
=
e
200 F,
150
100
50
0
0 2 6  8[mmj 10 12 14 16 18 20
-50
SAMPLE BEFORE TEST AFTER TEST
Bamra UHSS1300
| Bamaur

400

Classe dado 10

NOTE




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D2-10_02

DATE

04/12/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKELL
STUDENT FERDINANDO NACLERIO
Peak load (kN) Flim 303,30
RESULT VALUES -
Elastic load (kN) Fe 180,25
COLLAPSE MECHANISM TENSION FAILURE OF THE BAR
350
Fiim
300
250
— 200 F,
2
=
w
150
100
50
0
0 10 §[mm] 15 20
-50
SAMPLE

BEFORE TEST AFTER TEST

Barra UHSS1300

400

Classe dado 10

NOTE




TESTS ON BAR-NUT INTERACTION

TEST RESULTS\ D2-10_03

DATE

04/12/2019

TEAM LEADER

RAFFAELE LANDOLFO

RESEARCH GROUP

LUIGI FIORINO

ALESSIA CAMPICHE

SARMAD SHAKELL
STUDENT FERDINANDO NACLERIO
Peak load (kN) Flim 292,00
RESULT VALUES -
Elastic load (kN) Fe 180,25
COLLAPSE MECHANISM TENSION FAILURE OF THE BAR
350
Fiim
300
250
= Fe
i 200
w
150
100
50
0 3 [mm]
0 10 15 20
SAMPLE BEFORE TEST AFTER TEST

Barra UHSS1300

400

Classe dado 10

NOTE
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