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Chapter 2 ®)
A New Taxonomic Perspective oo
on Wood-Based Technologies

for the Transformation of the AEC Sector

Abstract The transformation of the built environment requests specific considera-
tions in the definition of construction strategies. Under the technological perspec-
tive, the major requirements are lightness and efficiency, intended as the minimiza-
tion of the impact over the existing building, along with the maximization of the
building performances and overall value. To find suitable solutions, this chapter
investigates wood as a construction material. At first, it defines the domain of the
timber construction industry, by addressing the state of the art on wood innovations,
between processes and products, according to the literature review and the outcomes
from the interviews with international stakeholders. Afterward, it describes the taxo-
nomic approach as a method to characterize building systems, proposing a revision
of the current classification approach and the introduction of a creative taxonomy of
timber-based construction systems. Finally, this taxonomy review is used to struc-
ture the final case-history survey upon timber construction strategies for building
transformation, whose methodology and results are presented accordingly.

Keywords Wood-based construction materials + Wood-based construction
technologies - Timber construction systems taxonomy * Wood innovation

2.1 Wood as a Construction Material: Innovations Within
Processes and Products

Wood is one of the oldest materials for constructions [1, 2]. Its availability and
the ease of processing in manufacturing have allowed over time the diffusion of
a multitude of varied construction techniques on a global scale: from the northern
European Blockbau and Fachwerkbau—respectively the fathers of the Canadian log
system and the American Balloon Frame—to the Japanese joinery crafts, which—
e.g.—still marvelously define the solid structure of the Horyu-Ji five-stories pagoda,
the oldest wooden building of the world [3].

Today, the continuous innovations of the research in material sciences [4,
5], prefabricated products and technological solutions, and automated production

This chapter is authored by Federica Brunone.
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Fig. 2.1 a Historical thread of the Italian building production: comparison between the investments
in the construction sector (dark line) and the annual production trends of timber buildings (bar chart);
values in millions [€]. b Timber building production by 2017. Source Author’s elaboration based
on statistical data by Prodcom, Ance, Eurostat, and Istat, as retrieved from [7, 8]

processes [6] let the wood construction industry experience a strong growth. It
is attested by the values of the market trends: Italian data showed a production
stability until 2014 despite the overall contraction of the construction sector [7], and
a progressive increasing from 2016 accordingly to the economic recovery of the
market [8] (Fig. 1a). On a European level (Fig. 1b), timber buildings registered +
5.9% of production [8] by 2017, following the positive trends of the recent past years.

Timber is fascinating the decision-makers of the building process, especially since
sustainability has become one of the major drivers crossing multiple aspects of our
lives: wood as a construction material has been already attested to have a posi-
tive impact on the environment, thanks to the low embodied energy and carbon
storage (Table 2.1) [9, 10], and considering the increasing adoption of the certification
systems that attest a sustainable forestry management [11-13].

Wood has just become once again a total material for constructions, with appli-
cations in structures and envelopes, even in those areas where other materials had
prevailed since the end of the XVIII century.

2.1.1 Wood Dimensions

Wood a hard substance that forms the branches and trunks of trees and can be
used as a building material [14].

Timber trees that are grown so that the wood from them can be used for building;
wood used for building [15]; uncut trees or logs that are suitable for conversion to
lumber; wood sawn into balks, battens, boards, etc., suitable for use in carpentry,
joinery and general construction [16].

Lumber Timber sawed or split in the forms of beams, boards, joists, planks, etc.
[17].
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Table 2.1 Embodic?d energy Construction Embodied energy Carbon storage

and carbon storage inventory material (MJ/kg) (keClke)

data of the most common

construction materials. Steel 24.40 0.482
Concrete 0.95 0.035
Portland cement 4.60 0.226
Bricks 3.00 0.060
Timber 8.50 0.125
Glue-laminated 12.00 -
timber
Hardboard 16.00 0.234
MDF 11.00 0.161
Particleboards 9.50 0.139
Plywood 15.00 0.221
Sawn hardwood 7.80 0.128
Sawn softwood 7.40 0.123
Veneer 23.00 0.338
particleboard

Source Data extracted from [9]

“Wood”, “timber”, and “lumber” are the first three keywords to enter the multi-
dimensional world of this material, even if just limited to construction applications.
Only by their definitions, these terms introduce already a set of other tags, that go
beyond a pure semantic matter. Wood, per se or within the expressions “wooden
buildings”, “wood-based technologies”, “timber products”, etc., actually implies a

complexity that is identifiable already in the material essence.

2.1.1.1 Wood Materials

Despite a similar constitutive structure which outlines the main physical and mechan-
ical features of this material (both already widely analyzed in the technical litera-
ture [2, 18-21]), wood is represented by a diversified spectrum of different species,
commonly divided into soft (gymnosperm) and hard (angiosperm and monocotyle-
dons) wood, whose specific characteristics and properties define their applications
within the building sector, by addressing specific requirements. Different species
mean, indeed, different features in terms of natural durability and treatability, such
as gluing and manufacturing and implying, therefore, different uses.

Cedar, Cypress, Douglas-fir, Inoki, Larch, Pine, Spruce, Sugi, and Yew; Birch,
Cherry, Chestnut, Iroko, Locust, Mahogany Maple, Oak, Teak, Walnut, and Bamboo
are only a few of the numerous existing essences used nowadays in the building sector,
from the most common practices in constructions and furniture, to the advanced
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Fig. 2.2 Wood species for construction uses. Source Author’s elaboration on illustrations retrieved
from [19]

experimentations of design, technology, and research. In particular, for structural
and construction purposes [19], the main wood species (Fig. 2.2) are:

e Spruce (density [u = 15%] = 450 —470 kg/m?), mainly applied as solid wood in
framed structures or within glued-laminated products for big slender constructions
or massive planar products;

e Pine (density [u = 15%] = 520 kg/m?), used for structural elements, carpentry,
and derived products (engineered timber);

e Larch (density [u= 15%] = 600kg/m?), thanks to its natural durability and varying
texture that progressively change color according to the outdoor exposition, is used
frequently for finishing layers of structural elements as well as envelopes;

e Douglas-fir (density [u = 15%] = 510 kg/m?), for indoor and outdoor finishing
and fixtures;

e Beech (density [u = 15%] = 720 kg/m?®), mainly used for engineered timber
(layered or cross-layered of veneers, strands, or fibers);

e Qak or Durmast (density [u = 15%] = 690 kg/m3), used for structural elements
installed on-site with high levels of exposition class for durability.

e Ash (density [u = 15%] = 690 kg/m3), Locus (density [u = 15%] = 770 kg/m3),
and Chestnut (density [u = 15%] = 630 kg/m?), used for indoor or outdoor
finishing layers, thanks to its high natural durability and resistance to fungal
attacks.

2.1.1.2 Wood Innovation

Besides a complexity of multiple essences within the same construction mate-
rial, another taxonomic dimension derives from the innovation of the industrial
manufacturing processes and the resulting definition of multiple derived materials
and products [22-25]—such as the engineered or the recycled wood—defined to
overcome most of the limitations of traditional solid wood: bound dimensions,
defects, sensitivity to biologic attacks, anisotropic mechanical behavior, and waste
management.
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Fig. 2.3 The processing of
logs into sawn timber, whose
elements present different
sections to optimize the use
of wood and minimize
wasting. Source Author’s
elaboration from [26]

From the ‘70s, indeed, the introduction of the finger-joints [22] realized through
CNC—based machines [24] has given the possibility to work with different sizes
of timber sections derived from the parceling of the trunk (Fig. 2.3), by connecting
them to recreate bigger and/or stratified elements.

This has allowed the innovation of the industrial production in multiple directions:

e The log parceling optimizes material use, by processing also those marginal parts
of the trunk previously discharged because of quality lack;

e The following selection of wood elements allows both avoiding macroscopic
defects by the cut-off of localized faulty parts, and choosing different essence to
optimize mechanical and/or durability properties;

e The connection of elements lets to overcome the geometrical limitations of solid
wood, due to the restricted dimensions of logs;

e And, finally, the definition of a wide range of products which populate the
construction market nowadays (Fig. 2.4).

Indeed, the finger-joint has been applied, at first, to solid square wood, planned
to size, dried, and recombined with similar pieces, in order to obtain the so-
called KVH (KonstructionsVollHolz) or Finger-jointed solid timber, long beams with
standardized sections [29].

Furthermore, the use of finger-joints together with the lamination and gluing
processes has led to the production of glue-laminated timber elements, winning the
challenge of building big-spans structures with wood-based products, still unfea-
sible with traditional solid wood beams. Moreover, by curving the laminates before
the layering and gluing processes, almost all the geometrical boundaries of wood
have been removed and the material has gained the possibility to be applied for
the shapes of contemporary architectures, previously reserved only to concrete (by
forms pouring) or steel (by forms extrusion) [24]. Glue-laminated timber is actually
acknowledged as a specific wood-based construction material, with its own physical
and mechanical properties [30].
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Linear elements

Planar elements

GLT

Fig. 2.4 Wood products. Source Author’s elaboration on illustrations retrieved from [27, 28]
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More recently, the sharpening of these laminating and gluing processes has found
further improvements and applications within the LVL (Laminated Veneer Lumber)
processes [31], whose outcomes are mainly beams and structural panels of layered
and glued thin sheets of lumber. Very similar to this new wood-based material, the
LSL (Laminated Strand Lumber), OSL (Oriented Strand Lumber), and PSL (Parallel
Strand Lumber) are made from flaked wood strands that have a length-to-thickness
ratio of approximately 75-150, and—combined with an adhesive—are oriented and
formed into a large mat or billet and pressed.

By following the history of innovation, it’s easy to notice how the same production
processes have been adopted to overcome the limitations of plain solid wood and
define, as well, the wide panorama of the timber-based panels.

As per the veneers-based and wood chips-based beams, the production of OSB
(Oriented Strands Board), LVL panels, and plywood panels proposes the use of
waste particles from the prime sawing process, then glued and pressed. Besides the
optimization of the productive cycle and the recycling aim, the adoption of stratified
and glued thinner layer helps, indeed, to overcome the dimensional limitation of solid
wood to reach considerable spans of the planar dimension only by prime sawing
processes.

The main difference between OSB and plywood panels lies in the size of the
primary elements that enter the second step of the production chain, and—above
all—in the mutual position of single layers. The crosswise joining of plywood allows,
indeed, to overcome the issues of the typical anisotropic mechanical behavior of
wood, defining a more homogeneous load-bearing material.

This last consideration was the spark to take another innovative leap in the thread of
the timber industry: the definition of CLT (Cross Laminated Timber) panels (Fig. 2.4).
The CLT consists of (at least) three layers of softwood-glued planks, where the
direction of the grain in adjacent layers is perpendicular to each other, and the planks
may be joined by edge-gluing and finger-jointed in the longitudinal direction. CLT
represents, therefore, the gradual transition from multi-layered solid wood panels
and/or laminates-bases panels (LVL or plywood), as presenting a larger dimension
of individual elements [32]. Moreover, the layering allows to detail the functional
performance of each stratum, and thereof chose the best wood essence that could
satisfy the specific local requirement.

Besides the CLT, other production processes could define massive, load-bearing,
timber panels, such as the GLT (Glue-Laminated Timber), based on glue connection
similar to glulam and/or LVL, where layers are oriented primarily in the same direc-
tion. A mechanical connection system, instead, is used for NLT (Nailed Laminated
Timber), with metal-based connectors, and DLT (Dowel Laminated Timber), with
inner wood joinery (Fig. 2.4).

In particular, these two last solutions aim to cut off the negative environmental
impact of the high glue-content of CLT and GLT panels. Nevertheless, the CLT design
and production chain could be, sometimes, smother than the NLT or DLT ones. The
latter, e.g., have to include the specific design of the connections’ placement, as
related to the eventual voids defined for the specific project.
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In conclusion, processes and products’ innovation, in a virtuous mechanism of
continuous implementation, has led to a first taxonomy of elements, which renews the
collective imagination of wood: from a rough material linked to traditional construc-
tions and practices, to a modern high-tech product [25], always suitable for further
implementations.

2.1.1.3 From Products to Systems

The assembly of different products allows the definition of components and tech-
nological solutions for the envelope, where timber-based materials could be used
for both the structural elements, insulations (fiber panels, e.g.), and indoor/outdoor
cladding layers.

This part of the design process is linked to the definition of those features, typical
of the building components, able to meet the needs required to the envelope: thermal
insulation, airtightness, durability, acoustics... [27, 33].

In particular, timber-based constructions belong to dry, layered, and light tech-
nological systems, which are able to specifically satisfy each requirement by the
layering of the most proper materials, properly analyzed within their features as
single elements and part of a more complex solution [28].

Regarding the thermal properties, wood-based insulating materials, such as cork
or wood-fiber panels, are capable of good levels of both thermal transmittance, and
thermal capacity, thanks to the high density (Table 2.2).

On the wider and more complex perspective of technological solutions, the framed
walls (Fig. 5a), i-e., offer the maximum levels of thermal performances with a very
reduced overall thickness (if compared to cement-based or brick-based construc-
tions), adding also a proper thermal delay—for summer seasons—when equipped
with insulations layers of variable density.

Besides the thermal requirements, the choice of the most proper insulating product
is often affected by the evaluation of the ease of installation, since any insulation
discontinuity could cause humidity fluxes and mold.

The hygroscopic balance is, indeed, another important aspect for the design of an
optimal technical solution, since wood is very sensitive to variations in its humidity
content, especially for low-frequencies (seasonal) variations [34]. Indeed, the appli-
cation of vapor barriers (inside) and wind-barriers (outside) grants the airtightness of

Table 2.2 Comparison . Construction Density Thermal Thermal
among the thermal properties . 3 . .
) material (kg/m”) conductivity capacity

of the most diffused

. . . (W/mK) (J/kgK)

insulation material and

vegetable-derived material Rock wool 30 0.040 830
Polyurethane 30 0.030 1480
Wood-fiber 150 0.038 2100
Cork 110 0.045 1700
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Fig.2.5 aFramed technological solution. b Massive timber technological solution. Source Author’s
elaboration on image and technical details retrieved from the dataholz catalog [32]

the envelope and the durability of all the materials, by balancing the fluxes of water
vapor between the building components and the outdoor and indoor environment. In
particular, the technological design needs to focus on the sd (the equivalent thick-
ness to air) [m], which represents the resistance to vapor diffusion. According to the
approach that the designer rather follow:

e Tomanage the vapor fluxes, by adopting a permeable technological solution, made
of consecutive layers with a decreasing sd value from inside to outside;

e To avoid any vapor or air permeability, completely blocking any flux from the
outdoor or indoor environment.

A special remark has to be given to massive timber solutions (Fig. 5b), where
the continuity of the structural layer grants a high value for the resistance to vapor
transmittance (sd = 3.4— 6.8 m).

Great support in the control of the humidity content and the quality of realization
for timber-based building components is given by the great prefabrication potential
that timber-based constructions have, thanks to the enormous advancement of the
4.0 approach within the timber industry (Fig. 2.6). Lightness and ease of manufac-
turing allow, indeed, the introduction of different levels of prefabrication, shifting
the amount of assembling processes that are performed between the factory and the
work-site, according to the most suitable solution for each project (transport issues,
accessibility limitations, need to build in a hygroscopic controlled environment...).
In particular, different levels of prefabricated wood components are:

e Single Structural Elements—structural elements: i.e. parts of beams, lattice
beams, etc. that are produced from the first sawing process and deliver directly to
the construction site;

e Two Dimensional Elements—wall and floor elements commonly prefabricated
(usually supplied as already equipped with insulation and waterproof layers, or
even already with mechanical and electrical installations);
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MARLEGNO

Fig. 2.6 Above, the prefabrication plants of Marlegno near Bergamo, Italy. Source Marlegno photo
courtesy. Below of Great Gulf in Toronto, Canada. Source Author’s photo credit
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e Three Dimensional Elements—complete spatial units, also available with
mechanical and electrical installations, or even completely finished and including
furniture;

e On-Site Prefabricated Elements—assembly great prefab modules, otherwise not
transportable.

2.2 Timber Construction Systems: A Taxonomic
Perspective

2.2.1 The Taxonomic Approach to Building Systems

The technical literature and the national and international guidelines and standards
have since always tried to explain the complex and articulated panorama of building
systems, according to a multitude of different approaches.

By analyzing the technological thread, the first criterion is the construction
material [35]—concrete, masonry, steel, wood, glass, or textile membranes... [36].

Besides, the continuous innovation of these practices has led to other approaches,
i.e. based on the contrast between the so-called traditional construction systems and
the newer ones of dried construction technologies [37, 38].

As specifically related to timber construction, an additional criterion is represented
by the concept of wall-systems [39], which considers for a taxonomic evaluation
only the technological solutions that are currently used for the vertical enclosures.
Besides, other studies propose a taxonomic review based on the variety of wood-
based products and components available on the market, and thereof categorizes
systems as framed or panel-based ones [20].

Finally, other possible taxonomies concern the application [35], within new
constructions or building retrofit, and thereof the impact those systems have
on building performances, or the different building typology—i.e. the Canadian
taxonomy of timber construction systems of mid-rise and high-rise wooden buildings
[40].

2.2.2 Timber Construction Systems

Moving from the literature review, the author proposes a new creative taxonomy of
timber-based construction systems, starting with the analysis of the triad:

® Products, as solid, engineered, or recycled wood-based;
® Processes, as the assembly of timber-based devices, within the different levels of
industrial productions and prefabrication;
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Fig. 2.7 The function to Space

outline the criteria of the g

proposed taxonomy for

timber construction systems. Loads distribution
Source Author’s elaboration
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e Projects, embedding the designing processes that result in the best application
practices.

And which follows a set of criteria, i.e.:

e Construction typology, which considers the ratio between Structure and Envelope
(S/E) and results in the duality of the massive and slender system;

e Spatiality, which accounts for the relation and possible fluxes between the outer
space and the open or close construction volume;

e Joints’ spatial diffusion, resulting as a tendency from the integration of the
previous two criteria, from punctual to linear connections;

e The mechanical behavior of the system under the Loads distribution.

The taxonomy has been resumed throughout the function of Fig. 2.7 and resulting
in the diagram of Fig. 2.8.

2.2.2.1 The Creative Taxonomy of Timber Construction Systems

Structural Frame System. It represents a punctual framed system, with customized
linear products (beams and columns), derived from solid wood, KHV, and/or glue-
laminated timber processes. It is considered as a slender construction type, with an
open spatiality, and punctual mechanical connections between vertical and horizontal
elements.

The system could be structurally realized through Posts and Beams solutions,
usually realized on-site, or as pre-assembled Portal Frames (Fig. 9a).

Timber Framed System. It is mainly considered as a lightweight framed wall
system, based on the traditional North-European Fachwerkbau and the North-
American balloon frame and platform frame techniques. It is, indeed, the results
of the assembly of standardized linear products (timber studs), derived from solid
(finger-joint or glued-squared) KVH and glulam processes. The construction type
is slender, with an open spatiality bounded to the standardized span between the
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massive

Fig. 2.8 The proposed taxonomy for wood-based construction technologies started from the basic
distinction between slender and massive systems, furthermore, classified into open and close struc-
tures. The intersection of these four parameters enhanced a trend about the joints’ spatial diffusion.
Source Author’s elaboration

elements—usually 600 —650 mm, as related to the application of timber panels as
wind-bracing elements. The mechanical behavior is, indeed, considered as a framing
response, when claded by solid wood boards, or as a braced frame system if reinforced
by timber-based panels—OSB, plywood, etc.

The level of prefabrication of this system is flexible: from the assembly of singular
elements on the construction site to the realization of the reinforced frame, then
equipped by insulation layers, as ready-made solutions, till the integrated walls with
mechanical and electrical systems, or even windows, further assembled as three-
dimensional modules and shipped (Fig. 9b—c).

Diffusive Lattice System. From the Japanese traditional crafts of wooden joinery,
this wall system is represented by scattered structural nodes, along the planar, or
even the third dimension (Fig. 9d—e). A set of customized linear or planar products,

;-é: 511723_1_En_2_Chapter [] TYPESET [__|DISK [_JLE CP Disp.:1/7/2021 Pages: 35 Layout: T1-Standard




28 2 A New Taxonomic Perspective on Wood-Based Technologies ...

Fig. 2.9 Architectural examples of the application of timber-based construction systems. Source
Author’s elaboration
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derived from solid wood, glulam, or massive timber processes, are mechanically
assembled through wooden connections in structures, whose slenderness could be
varied according to the parametric variation of the structural spans.

The defined rhythm of the enclosures is, indeed, the place where the contemporary
and innovative interpretation of the Asian craft, today realized through CNC-based
processes, meets the Easter philosophy of Void and Emptiness, embedded in the
porosity of the system. Its spatiality results, therefore, as semi-closed and ephemeral,
where the Joints’ spatial diffusion presents an upgrading intensity on bi-dimensional
and three-dimensional building components (enclosure solutions).

Mass Timber—Log System. Based on the North-European Blockbau technology,
or the Canadian log system, traditionally realized through piled wood trunks, this
system uses massive linear elements, horizontally laid and piled up to define wall
components. The currently used timber products derive from solid wood (glued and
squared), with particular edge profiles to allow the connection between consecu-
tive linear elements along the vertical structure, and the joint of different building
components (Fig. 9f). Therefore, the system spatiality results in a close volume,
where the Joints’ spatial diffusion is linked to the linear and continuous contact
surfaces between the singular linear elements.

The level of prefabrication is relatively low, due to the continuous stratum of
massive timber, which implies a considerable total weight (>3000 kg) of the single
components to be easily enlivened on site. However, the market presents different
technical solutions, already studied as ready-made, in terms of assembly and thermal
performances.

Mass Timber—Slab/Plate System. Based on the big-span planar products of
CLT, DLT, NLT, GLT, and MHM technologies, it is considered as one of the most
innovative construction systems, thanks to the ease of application and installation
on-site and the high load-bearing capacity of the single elements, both used as slabs
and plates for a shell-based distribution of the loads along the three-dimensional
closed volume. This feature has allowed, indeed, to consider timber as a material for
constructions of mid-rise to high-rise buildings, otherwise realized through pre-cast
concrete (Fig. 9g).

The construction type is, therefore, a massive structure, with a close spatiality,
where the Joints® spatial diffusion is related to the continuous linear connection
between the planar elements.

Thin Shells System. Reducing the thicknesses of the single panels, by choosing
plywood boards, LVL, or OSB items, this system represents a three-dimensional
box system, with pre-shaped planar products of multi-layered timber panels, derived
from recycled wood processes, and fixed through specific and patented wood joints
(Fig. Sh).

The construction type results, therefore, slenderer than the mass-timber systems,
even though it still presents a close volume and a continuous contact between the
planar elements, combined with the specific punctual connection.

Integrated Panels System. It is represented mainly by wall elements, realized
through timber-based sandwich panels. A pair of prefabricated self-supporting and
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load-bearing boards, derived from plywood or OSB, is filled with insulating mate-
rials, such as EPS foam, in order to grant both the structural and thermal properties
required. The construction type is light, thanks to the lower weight of the insulation
layer, and closed, due to the presence of a continuous planar layer.

Modular Elements System This last category collects all the experiences derived
from the application of timber-based modular elements, which follows the assem-
bling approach of brick-based constructions. The prefabricated components are real-
ized through recycled wood processes; in particular, CNC-cut OSB panels are used to
create light brick-shaped elements, with edges specifically designed to allow a mutual
connection along with the vertical enclosure. The inner void could be filled with insu-
lating materials, directly on-site by pouring granulates, or within the prefabrication
process, likewise the previous Integrated Panels system.

2.3 Timber Construction Strategies for Building
Transformation: Applied Solutions from Realized Case
Studies

Structural lightness [41], positive environmental footprint [9, 10], and high prefab-
rication potential are the key features that are driving the decision-makers towards
timber-based solutions today.

The added value of timber-based constructions relies, indeed, on the natural high
recyclable content and the capacity to store the CO,, reducing the GHGs’ net emis-
sions, and positively affecting the balance of the overall ecological footprint for the
renovated building.

These features embody the natural potential of wood as a construction material, in
particular when applied to building transformation, reducing its impact on existing
buildings, which is one of the main issues related to sustainable management of
the built environment. Moreover, the structural lightness of timber-based solutions
allows to several positive implications, such as the trivial reduction of the over-
loads for the existing structure, which means: (i) to ease the structural verifications
and (ii) to minimize the eventual reinforcement of the existing structure elements,
if compared to other construction materials. It suggests, thereof, an optimization
of the process, in terms of time and resources consuming, during both the design
and the construction phase. These circular economies grow even more if adding
the benefits of prefabrication and ease processing/assembling, which characterizes
timber construction systems and points to a lower impact on the worksite, for the
sake of function and business continuity within the existing buildings, and the quality
of the final result.

The different timber-based construction systems represent, therefore, different
options, flexibly suitable to satisfy the variety of requirements of building transfor-
mation practices, especially for the environmental and structural aspects, which are
specifically entailed with the technological choices.
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2.3.1 Timber Construction Systems Within the Additive
Retrofit Strategies: The Qutcomes from the Case
History Analysis

The above guesses have been confirmed through the analysis of a wide portfolio of
case studies, some of reported in the last chapter of this dissertation. The final discus-
sions over the data-collection enhance, indeed, a considerable application potential
for timber-based constructions for building transformation. The identified solutions
are suitable both to meet the initial need and aims of the retrofit strategies and to be
flexibly applied to the different existing contexts, in terms of varied building typology
and urban scenarios.

2.3.1.1 Distribution Trends

As outcomes of the survey, the circular distribution graphs illustrate the trending
fluxes of the different parameters. In particular, the graphs of Fig. 2.10 resume the
mutual distribution between retrofit strategies and timber construction systems. It
needs to be noted that the shown trends have to face the limitations of the survey,
mainly due to the boundaries of the investigation domain: by drawing on for infor-
mation from a strictly defined data source, the results cannot avoid being influenced
by the actual trends of the Italian network experiences. The national market of timber
constructions, indeed, relies on 55% slender systems and 38% massive timber panels
(CLT) [8]; a similar distribution is traceable on the graph of Fig. 10b, where Structural
Frame Systems (42%), Timber Frame System (26%) and the Mass-Timber—Slab and
Plate System (32%) define the 100% of the experiences of a vertically-up expansion
(so-defined Building Above strategy).

Besides, the choice of the proper timber system for the spatial re-functioning and
re-organization of existing indoors (Building Inside and Building Under strategies) is
strictly related to the level of prefabrication and the work-site conditions: the trends
show, indeed, that Mass Timber panels are frequently used—35% as Building Inside
and 30% as Building Under -, as walls or box-shaped volumes, with a high level of
prefabrication content. However, the analyzed cases of the survey present situations
where the spatiality of the existing building offered the possibility to access the
existing building spaces with ready-made—and quite hulking—elements; otherwise,
the most suitable solution is represented by the Timber Frame solutions, where the
prefabrication potential is more variable, and the level of assembly from the factory
to work-site is always adjustable.

In conclusion, the results of the survey prove the effective reliability of timber-
based construction systems—some more than others—as valid solutions for building
transformation, flexibly suitable to satisfy its variety of requirements and final aims.
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LIST OF SYMBOLS

CONSTRUCTION SYSTEM: S01: STRUCTURAL FRAME Sys-
tem - Post and beams; S01B: STRUCTURAL FRAME System
- Portals; $02; TIMBER FRAME System; S02B: TIMBER FRAME
System - Ready made solutions; S03: GRID SHELL System;
$04: DIFFUSIVE LATTICE System; $05: MASS TIMBER - LOG
System; 506: MASS TIMBER - SLAB/PLATE System; SO7: IN-
TEGRATED PANELS System; SO8: THIN SHELL System; S09:
MODULAR ELEMENTS System; §10: MODULAR ELEMENTS
System; $11: other.

DESIGN STRATEGY: BA: Building Above; BE: Building Beside;
BI: Building Inside; BO: Building Outside; BU: Building Under.

USE: RES: Residential: TUR: Touristic; OFF: Offices; IND: Indus-
tries; HOS: Hospital; REC: Recreational activities; RET: Retail;
SPO: Sports; EDU: Education; RUI: Ruin.

BUILDING TYPE: HR: High-rise building: MR: Mid-rise build-
ing; LR: Low-rise building: OS: One-storey building.

URBAN CONTEXT: HIS: Historical center; URB: Urban center;
SUB: Suburbs; IND-A: Industrial area; RUR-A: Rural area; EQUI:
Equipment and Facilities area; EXT-U: Extra-urbs.

LOCATION: IT: Italy; EU: Europe; EX-EU; Extra-EU

YEAR: MIN13: before 2013; BTW13-18: from 2013 to 2018;
OV18: after 2018.

al 511723_1_En_2_Chapter [/] TYPESET [__] DISK [_]LE [Z] CP Disp.:1/7/2021 Pages: 35 Layout: T1-Standard




422

423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

References 33

References

D

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. PEFC

Legno (2001) L’enciclopedia dell’ Architettura Garzanti. Garzanti Editore, Milano

. Bertolini L (2010) Legno. In: Materiali da costruzione. Volume primo. Struttura, proprieta e

tecnologie di produzione, II edn. CittaStudi edizioni, Milano

Follesa M, Maione F, Palanga G (2011) Edifici a struttura di legno. Progettazione e
realizzazione. Ticom S.r.1, Milano

Li H, Guo X, He Y, Zheng R (2019) A green steam-modified delignification method to prepare
low-lignin delignified wood for thick, large highly transparent wood composites. ] Mater Res
34(6):932-940. https://doi.org/10.1557/jmr.2018.466

. Loschke SK, Mai J, Proust G, Brambilla A (2019) Microtimber: the development of a 3D printed

composite panel made from waste wood and recycled plastics. In: Bianconi F, Filippucci M
(eds) Digital wood design, Lecture notes in civil engineering, vol 24. Springer, Cham
Bianconi F, Filippucci M (2019) WOOD, CAD AND Al digital modelling as place of conver-
gence of natural and artificial intelligent to design timber architecture. In: Bianconi F, Filippucci
M (eds) Digital wood design, Lecture notes in civil engineering, vol 24. Springer, Cham
Centro Studi Federlegno Arredo Eventi SpA. (2015) Rapporto case ed edifici in legno 2015.
Milano

Centro Studi Federlegno Arredo Eventi SpA. (2018) 3° Rapporto Case ed Edifici in Legno.
Milano

Hammond GP, Jones CI (2008) Embodied energy and carbon in construction materials. Proc
Inst Civil Eng—Energy 161(2):87-98. https://doi.org/10.1680/ener.2008.161.2.87

Brunone F, Lavagna M, Imperadori M (2018) Wood-based construction systems and life-
cycle assessment—a review. In: The life cycle thinking in decision-making for sustainability:
from public policies to private businesses. University of Messina, Department of Economics,
Messina, Italy

Programme for the Endorsement of Forest Certification. Available online at https://
www.pefc.it/

FSC—Forest Stewardship Council. Available online at https://fsc.org/en

Follesa M, Maione F, Palanga G (2011) Gestione forestale e sostenibilita. In: Edifici a struttura
di legno. Progettazione e realizzazione. Ticom S.r.1., Milano

Wood (2019) Cambridge English Dictionary. Cambridge: Cambridge University Press 2020.
https://dictionary.cambridge.org. Retrieved Online from https://dictionary.cambridge.org/dic
tionary/english-italian/wood

Timber (2019) Cambridge English Dictionary. Cambridge University Press 2020, Cambridge.
https://dictionary.cambridge.org. Retrieved Online from https://dictionary.cambridge.org/dic
tionary/english-italian/timber

Timber (2005) Dictionary of architecture & construction, 4th edn. In: Harris CM (ed). McGraw-
Hill Education, London. Retrieved Online from https://doi.org/10.1036/0071452370

Lumber (2005) Dictionary of architecture & construction, 4th edn. In: Harris CM (eds).
McGraw-Hill Education, London. Retrieved Online from https://doi.org/10.1036/0071452370
Piazza M, Roberto T, Roberto M (2005) Strutture In Legno Materiale. In: Hoepli (ed). Calcolo
E Progetto Secondo Le Nuove Normative Europee

Bernasconi A, Schickhofer G, Fr K, Traetta G (2005) Il materiale legno. Promo_legno.
Retrieved from www.promolegno.com

Morda N, Raimondi G (2017) Progettazione degli edifici in legno. Maggioli Editore,
Santarcangolo di Romagna

Mazzucchelli ES (2016) 11 legno come materale da costruzione: le caratteristiche principali.
In: Sistemi costruttivi in legno. Maggioli Editore, Santarcangelo di Romagna

Morda N, Raimondi G (2017) Prodotti a base di legno. In: Progettazione degli edifici in legno.
Maggioli Editore, Santarcangolo di Romagna

Bernasconi A, Schickhofer G, Traetta G (2005) I prodotti di legno per la costruzione.
Promo_legno. Retrieved from www.promolegno.com

'é: 511723_1_En_2_Chapter [] TYPESET [__|DISK [_JLE CP Disp.:1/7/2021 Pages: 35 Layout: T1-Standard



https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1557/jmr.2018.466
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://doi.org/10.1680/ener.2008.161.2.87
https://www.pefc.it/
https://www.pefc.it/
https://www.pefc.it/
https://www.pefc.it/
https://fsc.org/en
https://fsc.org/en
https://fsc.org/en
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org/dictionary/english-italian/wood
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://dictionary.cambridge.org/dictionary/english-italian/timber
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
https://doi.org/10.1036/0071452370
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com
http://www.promolegno.com

474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

511

34

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.
40.

41.

2 A New Taxonomic Perspective on Wood-Based Technologies ...

Follesa M, Maione F, Palanga G (2011) Legno strutturale e materiali a base di legno. In: Edifici
a struttura di legno. Progettazione e realizzazione. Ticom S.r.1, Milano

Mazzucchelli ES (2016) Il legno come materale da costruzione: i prodotti derivati. In: Sistemi
costruttivi in legno. Maggioli Editore, Santarcangelo di Romagna

Ribera A (2015) LEGNO L’universo costruttivo di un materiale nuovo. Ribera legnofor-
mazione, Milano

CSI (2012) OmniClass—A strategy for classifying the built environment—Table 21 elements.
Retrieved from https://www.csiresources.org/standards/omniclass

Imperadori M, Feifer L, Salvalai G, Vanossi A, Brambilla A, Brunone F (2019) Costruzione
stratificata a secco e Active House: paradigmi convergenti per I’innovazione sostenibile. In:
ACTIVE HOUSE: Progettazione e innovazione con tecnologie di costruzione stratificata a
secco, Maggioli Editore, Milano

Dataholz EU (2018) Finger-jointed solid construction timber. Retrieved from https://www.dat
aholz.eu/fileadmin/dataholz/media/baustotfe/Datenblaetter_en/kvh_en_01.pdf

UNI Ente Italiano di Normazione (2013) UNI EN 14080:2013 Timber structures—Glued
laminated timber and glued solid timber—Requirements

Hans BJ, Streib J (2016) Ingenious hardwood BauBuche Microlamellare di faggio Guida alla
progettazione e al calcolo strutturale secondo I’Eurocodice 5 (2a ed.). In: Pollmeier (ed)
Dataholz online database. Available online at: www.dataholz.eu/

UNI Ente Italiano di Normazione (1981) 8290-1:1981 + A122:1983 Building elements.
Classification and terminology

Mazzucchelli ES (2016) Fisica tecnica delle costruzioni in legno. In: Sistemi costruttivi in
legno. Maggioli Editore, Santarcangelo di Romagna

Imperadori M (2001) Costruire sul costruito Tecnologie leggere nel recupero edilizio. Carocci
Editore, Roma

Corrado V, Ballarini I, Corgnati SP (2014) Building Typology Brochure—Italy. Fascicolo sulla
Tipologia Edilizia Italiana. In: Politecnico di Torino (ed). Nuova edizione. Torino. Retrieved
from http://areeweb.polito.it/ricerca/episcope/tabula/

Zambelli E, Vanoncini PA, Imperadori M (1998) Costruzione stratificata a secco Tecnologie
edilizie innovative e metodi per la gestione del progetto. Maggioli Editore, Milano
Imperadori M (1999) Le procedure Struttura/Rivestimento per I’edilizia sostenibile Tecnologie
dell’innovazione. Maggioli Editore, Milano

Schrentewein T (2008) Casaclima Costruire in legno. Raetia Edizioni, Bolzano

Canadian Wood Council (2019) Building Systems. Available online at https://cwc.ca/how-to-
build-with-wood/building-systems/

UNI Ente Italiano di Normazione (2003) UNI EN 338:2003—Structural timber—strength
classes (updated 2009). https://doi.org/10.1016/j.jglr.2014.11.012

'é: 511723_1_En_2_Chapter [] TYPESET [__|DISK [ LE [V] CP Disp.:1/7/2021 Pages: 35 Layout: T1-Standard



https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.csiresources.org/standards/omniclass
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
https://www.dataholz.eu/fileadmin/dataholz/media/baustoffe/Datenblaetter_en/kvh_en_01.pdf
http://www.dataholz.eu/
http://www.dataholz.eu/
http://www.dataholz.eu/
http://www.dataholz.eu/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
http://areeweb.polito.it/ricerca/episcope/tabula/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://cwc.ca/how-to-build-with-wood/building-systems/
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012
https://doi.org/10.1016/j.jglr.2014.11.012

Author Queries

IChapter 2 I
Query Refs. | Details Required Author’s response
AQl1 Please note that the Tables are renumbered to ensure sequential

order of citations. Please check and confirm the change.

AQ2 Please confirm if the section headings identified are correct.
AQ3 Please provide captions for Fig. 2.10, as they are mandatory.
AQ4 References [20] and [39] are same, we have deleted the dupli-

cate reference and renumbered accordingly. Please check and
confirm.




	2 A New Taxonomic Perspective on Wood-Based Technologies for the Transformation of the AEC Sector
	2.1 Wood as a Construction Material: Innovations Within Processes and Products
	2.1.1 Wood Dimensions

	2.2 Timber Construction Systems: A Taxonomic Perspective
	2.2.1 The Taxonomic Approach to Building Systems
	2.2.2 Timber Construction Systems

	2.3 Timber Construction Strategies for Building Transformation: Applied Solutions from Realized Case Studies
	2.3.1 Timber Construction Systems Within the Additive Retrofit Strategies: The Outcomes from the Case History Analysis

	References


