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Abstract

Short supply chain wood achieved by means of a sustainable forest management
can produce several benefits such as: the increase in value of the forested areas due
to the alternative use of wood in modern structural components; the environmental
advantages as CO; emissions reduction, landscaping improvement and landslide
hazard reduction; the economic recovery of areas usually underdeveloped and
abandoned. Abruzzo Region, in the central-southern area of the Italian peninsula,
offers extensive wooded areas of about 400.000 ha with different timber species.
The most abundant softwood species is pine with about 19.000 ha out of a total of
about 25.000 ha of covered area. The most abundant hardwood species is beech
with about 122.000 ha out of a total of about 360.000 ha of forested areas. The aim
of this work is to study possible applications of local wood in the construction
sector, with particular regard to the aforementioned species, in order to encourage
its use also in high technological content products such as glue-laminated timber
(glulam) beams and cross-laminated timber (X-lam or CLT) panels.

Experimental tests along with analytical models and numerical simulations were
considered and performed to compare novel engineered wood products, made of
Italian beech and Corsican pine wood, with commercial components made of
softwood. The mechanical characterization of these products was achieved as well
as the study of interesting topics such as the in-plane behaviour, with the in-depth
analysis of the buckling phenomenon, and the out-of-plane behaviour, for the
reinforcement of existing timber floors, of CLT panels.

Furthermore, the application of glulam joists and timber planks made of Italian
beech wood for the realization of new wooden floors was studied, with insights
about flexible timber-to-timber connections.

Beech results a timber species with a great potential, thanks to its high mechanical
properties; on the other hand, Corsican pine offers light weight and more
workability. Therefore, these two timber species are compatible to each other to
produce laminated wood, with a noteworthy possibility to optimize the material
depending on the future state of stress of the single lamellas, and they result to be

important resources for structural purposes.







Sommario

La filiera corta del legno, attraverso una gestione sostenibile delle foreste, € in
grado di produrre nel corso degli anni diversi benefici tra i quali: valorizzazione
delle aree boschive per mezzo di un utilizzo alternativo del legno in componenti
strutturali innovativi; vantaggi ambientali legati alla riduzione delle emissioni di
CO,, al miglioramento del paesaggio e alla riduzione del rischio frana; ripresa
economica di aree rurali solitamente abbandonate e sottosviluppate. La Regione
Abruzzo, situata nella zona centro-meridionale della penisola italiana, presenta
estese aree boschive caratterizzate da diverse specie legnose, per un totale di quasi
400.000 Ha di superficie. La conifera pit abbondante € il pino con circa 19.000 Ha
su un totale di circa 25.000 Ha di superficie coperta. Per quanto riguarda le
latifoglie, il faggio é la specie preponderante con circa 122.000 Ha su un totale di
circa 360.000 Ha di superficie boschiva. Lo scopo del lavoro in oggetto e quello di
studiare le possibili applicazioni del legno locale nel settore delle costruzioni, al
fine di incentivarne I'utilizzo anche in prodotti ad alto contenuto tecnologico quali
travi in legno lamellare incollato (glulam) e pannelli in legno lamellare incrociato
(X-Lam o CLT). A tal fine sono stati effettuati test sperimentali che, insieme allo
sviluppo di modelli analitici e a simulazioni numeriche, hanno permesso di
confrontare nuovi prodotti a base di legno, realizzati in legno di origine italiana di
faggio e pino laricio, con prodotti commerciali in legno di conifera. Dopo aver
caratterizzato dal punto di vista meccanico i suddetti prodotti mediante prove di
laboratorio, sono state affrontate tematiche quali il comportamento nel piano e fuori
piano di pannelli X-Lam, approfondendo nel primo caso il fenomeno di instabilita
a carico di punta e nel secondo caso il rinforzo di solai lignei esistenti. Inoltre, &
stata analizzata la possibile applicazione di travetti in legno lamellare incollato e
tavole di legno da filiera corta, in particolare faggio di origine italiana, per la
realizzazione di nuovi solai in legno, con approfondimenti sul tema delle
connessioni  flessibili legno-legno. Dall’analisi delle due specie legnose
individuate, il faggio presenta grandi potenzialita grazie alle sue elevate proprieta
meccaniche, mentre il pino laricio offre leggerezza e maggiore lavorabilita.
Pertanto, queste due specie legnose sono idonee per produrre legno lamellare, con
la possibilita di ottimizzare il materiale in funzione del futuro stato di sollecitazione

delle singole lamelle, e risultano essere risorse importanti per fini strutturali.
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Thesis organization

A brief description of the thesis structure is given below. The thesis is presented as
a compendium of scientific articles which includes a general introduction, four
main chapters, concluding remarks and subjects for further research.

The background in which the studies are carried on and the objectives pursued by
the research are described in the “Introduction” and “Research objectives”
paragraphs, respectively.

The first chapter “The short wood supply chain” reports the state of the art referring
to international and national projects of similar nature, explores the main
applications of timber as structural component, and defines the Abruzzo Region
context focusing on its forest heritage.

The second chapter “Timber grading” regards the visually and by machine timber
strength grading with insights about standards and procedures usually applied in
Italy.

The third chapter “Cross-laminated timber panels”, as indicated in the title, is
focused on this kind of engineered wood product and it exposes three different
works published in international journals regarding the mechanical
characterization, the buckling behaviour, and the possible application as retrofitting
material of thin novel CLT panels, respectively.

The last chapter “Glue-laminated timber beams” studies another kind of engineered
wood product: it presents a published paper concerning the mechanical
characterization of homogeneous and hybrid glulam beams and a work related to
flexible timber-to-timber connections topic.

Although each paper has a stand-alone structure, there is a common thread that
links and makes them complementary to each other in order to progressively delve
into various topics of interest. The “Concluding remarks” section sums up the main
achievements and points out the outcomes of all the research papers and works.
For the sake of clarity, the contribution of the PhD candidate to each paper is stated
in the following: formal analysis, investigation, writing, review and editing for the
paper published in Construction and Building Materials journal; formal analysis,
writing, review and editing for the paper published in Engineering Structures
journal; experimental investigation and writing for the paper published in Archives
of Civil and Mechanical Engineering journal; methodology, formal analysis, data
curation, writing, review and editing for the paper published in buildings journal,

formal analysis, investigation and writing for the last ongoing work.
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Introduction

In recent times, wood as construction material has spread in Italy both in the
realization of new structures and in the strengthening of ancient buildings. The sixth
report about the wood building sector by FederlegnoArredo, a study centre which
develop accurate market analysis of the wooden construction chain in Italy, pointed
out that a total turnover of 1.39 billion euro was achieved by this sector in 2020,
confirming Italy as the fourth European country for the construction of wooden
buildings (Centro Studi FederlegnoArredo, 2021).

Until 2000, wood was principally used for refurbishment and retrofit of historical
timber floors and roofs, and for construction of roofs in new residential buildings,
with only few cases of single-storey sportive centres such as swimming pools and
halls. The principal used elements were made of sawn, glued solid or glued
laminated timber, connected with metal fasteners like screws, nails, dowels, and
bolts, exclusively.

Moreover, in that period important research on timber-concrete composite floors
was carried out, in order to stiffen existing timber floors (van der Linden & Blass,
1996), and also on different strengthening techniques of degraded timber elements
and joints (Parisi & Piazza, 2000; Tampone, 1996). After 2000, up-to-date wood
building systems, such as light-frame, moment-resisting frames, and solid panel
construction, were promoted and used for the erection of houses, multi-storey

buildings, and large malls. In addition to sawn timber, engineered wood products
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were introduced to overcome some limits of the raw material (Fridley, 2002; Lam,
2001). There was also an advancement in the seismic design of multi-storey timber
buildings, thanks to the competitiveness of new structural products. For instance,
cross-laminated timber (CLT or X-Lam) panels, which consists of layers of timber
planks glued together at a right angle to each other, allow to obtain massive panels
to realize walls and floors of multi-storey timber buildings (Ceccaotti et al., 2013).
Due to the fragile behaviour of timber members, the structures ductility has to be
ensured by the connections. For this reason, another important result was the
progress of the connection systems, leading to high performance self-drilling screws
(Hossain et al., 2018) and two-dimensional and three-dimensional nailing plates
(1zzi et al., 2018).

Due to its advantages as construction material, timber has proved to be competitive
with other common materials such as reinforced concrete and steel for multi-storey
buildings, both in terms of structural behaviour (Reynolds et al., 2016) and
economically (Mallo & Espinoza, 2016), and it has earned more trust from
designers, being a real alternative as compared to other materials.

On the other hand, wood has a more complex behaviour than concrete and steel, and
unlike the latter ones it cannot be considered homogeneous and isotropic, but it is
usually regarded as heterogeneous, due to its defects such as knots and grain
deviation, and anisotropic, which means that it offers different mechanical
properties depending on the angle to the grain.

Bearing in mind these characteristics, timber can be effectively used to build or

retrofit in a sustainable and appropriate way.

Research objectives

The aim of this work is to promote the use of local wood for structural purposes in
Italy, with particular regard to the Abruzzo Region, to the Province of L’ Aquila, and
to several municipalities such as Santo Stefano di Sessanio, Calascio, Castel del
Monte, Castelvecchio Calvisio, and Carapelle Calvisio.

Italy is an historically importer country of wood, although its area is covered for
thirty percent by unused forests, and the amount of imported timber is about the
eighty percent of the overall usage. Therefore, the use of locally grown timber could
be beneficial in order to economically enhance the value of local forested areas and
to reduce the carbon dioxide emissions due to the importations, starting from

manufacturing simple structural components up to building zero-kilometer
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constructions as an ideal final goal. The nature of the project requires a
multidisciplinary approach with the collaboration of institutions and local
authorities, such as Ente Gran Sasso e Monti della Laga National Park, Abruzzo
Region offices, National Research Council of Italy (CNR), universities, forestry
consortia, cooperatives and forest companies, providing at first preliminary steps
such as the identification of suitable areas, the procurement, cutting and
classification, and then the choice of the best technology to produce wood-based
structural components and the study of possible applications of these products in
local constructions and buildings. Furthermore, such an approach, in the context of
a sustainable forest management, could produce environmental, economic, and
social advantages, thanks to the possibility to increase the forested areas, to the
economic recovery of these areas usually underdeveloped, and to the use of wood in
structural components rather than only as firewood.

In addition, the production waste such as bark, branches, and sawdust, could be used
as biomass for the production of energy, while fully respecting the European
principles of bioeconomy (European Commission, 2018).

The importance of using timber in building is evident especially in term of
sustainability because of the long-term storing of carbon dioxide in the wooden
members and the reduced embodied energy with respect to other construction
materials. Added to this, exploiting native forests could lead to relevant benefits
such as the reductions of importations, the increase of job opportunities, the
consequent reduction of depopulation of rural areas, the economic and
environmental enhancement of local woods in accordance with national regulations.
The aforementioned territories, characterized by unexploited forest resources and
shared development strategies, possess the necessary factors and know-how to
extend localized artisanal productions to a greater production context both locally
and nationally, since, in the last decades, the growing demand for wood-based
products for structural purposes is on the rise. Wooden constructions represent the
future, not only for the economic recovery and the enhancement of internal mountain
areas but also for the ecological turning point of the construction sector, essential
for reducing carbon emissions and to achieve the goals set by 2030 Agenda (United
Nations General Assembly, 2015).

The innovative aspects of this project lie in the real knowledge of the territory, of its
problems and its potential. All these topics have to be highlighted through
constructive discussions with institutions. The strongest innovative connotation is
that the proposal of current interest aims at enhancing woodland resources with the

cooperation of Local Administrations, such as union of municipalities headed by the
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Municipality of Santo Stefano di Sessanio, the Abruzzo Region, the Campo
Imperatore and the Subequano Forestry Consortia, CO.LAFOR. Consortium of
Agro-Forestry Works, as well as artisanal realities and universities.

Given the territorial context, the aim of the research is the assessment of all possible
applications of locally grown timber, both in poorly industrialized products, such as
boards and sawn timber, and in highly engineered products, such as glue-laminated
timber members and cross-laminated timber panels.

To synthesize, the main research objectives can be indicated as the following:

1. To identify the most abundant locally grown wood species or in any case of
Italian origin on which the research must be conducted.

2. To produce engineered wood products (EWP) such as glue-laminated
timber beams and cross-laminated timber panels after a suitable
classification procedure.

3. To mechanically characterize the EWP of the previous objective by means
of experimental tests according to national and European standards.

4. To analyse possible applications of the previously characterized EWP in the
local building context.
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1. The short wood supply chain

The issues of sustainability and eco-efficiency of buildings have become the focus
of the building policies of most administrations and public organizations at the local,
national, and international level.

In this context, the choice of wood as renewable construction material appears to be
a logical consequence in consideration of the property of wood to fix carbon through
the process of chlorophyll photosynthesis and of lower consumption in terms of
energy and climate-altering emissions in the production and transformation
processes compared to other materials used in construction such as concrete, steel,
and masonry. In addition to these benefits, the processing waste during the
transformation phases and the material itself at the end of its life cycle can be used
for waste-to-energy. Therefore, it is evident that there are several environmental
advantages that can be achieved from a suitable and smart use of this material both
as an energy source and as a building material (Ramage et al., 2017).

The development of a short supply chain of timber could be a valid mean to provide
an increased value to native forests and to foster sustainable practices (Romagnoli
et al., 2019). The idea of using the best parts of locally grown trees to manufacture
solid wood members and wood-based composites, while the remaining parts could
be employed as biomass for energy production, is fundamental and is expected to
play a significant role to reduce the carbon footprint and to cater for the increasing
wood demand for structural and non-structural uses. Besides the economic

enhancement of the woodland, environmental and social advantages can be obtained

6



Ph.D. Thesis of Luca Spera, University of L’ Aquila

through a sustainable forest management, including landscaping improvement,
carbon dioxide reduction, possible touristic development, and recovery of usually
underdeveloped areas offering jobs in the forestry and construction sectors and
preventing depopulation.

The investigation of locally grown wood species can be an incentive to use local
resources in different applications and at the same time to strengthen forestry
policies aimed at preserving and managing the forest heritage in a sustainable way.
The knowledge of the current restrictive legislation and consistency of the woods is
the first step to take so as to identify suitable areas and choose the best species to
produce structural components and more. An innovative and rational use of forest
products coming from a short supply chain, or in any case from national origin,
requires a sharing of objectives and a considerable degree of interdisciplinarity.

A reconsideration of the traditional role of wood in construction can contribute to
the achievement of a modern and optimized use of timber and concretely encourage
the well-known principle of "cascading use of wood". The general purpose of the
research project concerns the enhancement of short wood supply chains, promoting
good practices and developing technological solutions both for structural and non-
structural functions for a more environmentally friendly building sector.
Consequently, this project is of great interest for the Abruzzo Region, especially for
the very high content of innovation it could bring to the regional forest-wood supply
chain. Indeed, there are no other research projects in progress in this Region aimed
at evaluating uses of the wood raw material other than those aimed at the production
of thermal energy. Despite the great forest heritage of the Region and the potential
it could develop, it is not yet possible to look beyond the more common uses as
firewood. Hence the benefits in terms of growth of the regional forest sector this

research could promote.

1.1. State of the art

Over the last few years, a significant research case was developed in Sardinia in
order to assess the goodness of locally grown timber, namely maritime pine, to
produce cross-laminated timber panels (Fragiacomo et al., 2015). Even though
maritime pine has generally low mechanical properties, it proved to be suitable to
manufacture medium quality CLT panels because of the features of this technology
(Concu et al., 2018). Indeed, the different layers are glued together at a right angle

and this layout improves the overall behaviour reducing the influence of defects.
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However, the preliminary tests were needful to estimate the mechanical properties
of the maritime pine, which results as a low-grade material with large knots and
significant grain deviation. From this evaluation the most suitable technology to
exploit the raw material was chosen. The principal aim was to present the short
procurement chain of timber as a real mean to improve forest management, to extend
forested areas and to enhance native species of Mediterranean forests.

The current extension of conifers in these areas is the result of artificial introduction
over the course of time due to different historical, social, and environmental
motivations. Among the Mediterranean pines, the maritime pine is considered
relatively fast growing and quite common, therefore it was selected to be
investigated in that project. Another goal of the research work is to be a positive
example of forestry good practice and enhancement in the national context, since in
Italy wood is mainly used as energy source. As a matter of fact, wood used as
firewood produces two negative effects because it has a low added value, and it ends
the carbon stocking process. Hence the importance of exploiting locally grown
timber to produce high added value products for structural purposes.

The huge hardwood forests extension in Europe has recently focused the attention
on the possible application of these species to produce engineered wood products
(Aicher et al., 2014; Brunetti, Nocetti, Pizzo, Aminti, et al., 2020; Ehrhart et al.,
2020; Frese & Blal, 2007), such as cross-laminated timber (CLT) and glue-
laminated timber (glulam). These structural components are usually manufactured
from softwood species, therefore experimental investigations are required in order
to assess the goodness of hardwood species members. In particular, there are some
issues to be faced in order to use effectively hardwood in engineered wood products,
such as structural bonding. For instance, beech wood is known to be difficult to be
bonded due to its high density. Some interesting results have been achieved even for
hybrid configurations, in which both softwood and hardwood species are

considered, as described in the following.

1.2.Solid wood and wood-based composites

Timber as building material offers many advantages: first of all, the environmental
benefit, since wood is the only material which requires solar energy, water and air
to grow, resulting in a regeneration over 25 to 50 years rotation cycles and in a
reduced embodied energy, and which absorb the carbon dioxide from the

surrounding environment, reducing the climate-altering gasses until its combustion;
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secondly, timber can be used alone due to the high tensile and compression strength,
unlike other materials such as concrete and masonry, and it also presents a high
strength-to-weight ratio; lastly, there are other benefits over other materials such as
aesthetical appearance, pleasant smell, hygroscopicity, thermal insulation, speed of
erection and more.

In contrast, sawn timber presents critical disadvantages like great anisotropy,
influence of defects, influence of the moisture content, reduced modulus of elasticity
and creep behaviour, combustibility, durability problems if in contact with water,
and reduced ductility. However, some of these problems can be solved using
engineered wood products like glued solid timber, glued laminated timber, and
cross-laminated timber. As a matter of fact, the size of structural components made
of sawn timber is limited by the size of the tree and only straight members can be
produced. In addition, there is an evident anisotropic behaviour with significant
strength reduction and reduced reliability due to defects. All these limits can be
overcome by means of wood-based composites which reduce the scatter of results
because of the controlled manufacturing process, improve the timber behaviour, and
allow to produce larger dimension and possibly curved members.

Glued solid timber consists of lamellae with thicknesses from 45 to 85 mm which
are bonded together up to a total number of five according to EN 14080 (UNI Ente

nazionale italiano di unificazione, 2013).

1] =280
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Fig. 1 Examples of laminations for glued solid timber (UNI EN 14080:2013).

The lamellae present a grain direction parallel to each other and the total cross-
section shall not exceed 280 x 280 mm. Glued solid timber members are
predominantly bending stressed and are employed as beams and columns in new
buildings but also for renovation of ancient buildings.

This kind of technology represents the least industrialized level of engineered wood
products taken into account in this paragraph, as it mainly consists of small and

straight components.
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Fig. 2 Glued solid timber with two and three laminations (©2024, dataholz.eu).

Another important wood-based composite is glue-laminated timber (glulam) which
is one of the first wood composite for structural employments. The first use of
glulam dates to the early 1890s and, despite the long period since its introduction, it
is still a modern material due to the possibility of manufacturing straight or curved
long sized members, with great aesthetical appearance, high mechanical properties,
and good optimisation of the starting lamellae. It consists of wood members
manufactured by gluing planks together so as to have the same grain direction. The
lamellae, unlike glued solid timber, are thinner with a range from 40 to 50 mm thick
and a length from 1500 to 5000 mm. The laminations are joined lengthwise with
finger joints for long sized members up to 40 m and are also glued together up to 2
m height. The final product offers several advantages in terms of geometrical shape,

aesthetic appearance, and improved strength and stiffness properties.

Fig. 3 Glued laminated timber (UNI EN 14080:2013).

Indeed, the defects such as knots are smaller and spread throughout the member
volume, leading to a more homogeneous material, and the overall mechanical

properties are increased also because of the controlled manufacturing process, which
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requires drying, grading and stiffness testing phases.
Conifers are the most currently used wood species to produce glulam due to the
lower density and a better shape of the logs, and they have played a fundamental

role to promote and increase trusting in the glulam technology.

Fig. 4 Glued laminated timber (©2024, dataholz.eu).

However, the use of hardwoods in building, already examined in the past (Egner &
Kolb, 1966; Gehri, 1980), has proved to be a valid option especially in those
territories where there is a prevalence of these species. In the last few years, several
studies were addressed to the investigation of novel glulam components made of
hardwood and they present positive results in term of material optimisation and
mechanical properties.

Lastly, cross-laminated timber (CLT or X-Lam) has gained in popularity in the mass
timber construction sector in the last twenty years. It consists in prefabricated solid
slabs obtained by gluing together lumber layers at a right angle, in order to
manufacture two-dimensional components with a more in-plane isotropic strength

and greater in-plane stability.

Fig. 5 Cross-laminated timber (©2024, XLAM DOLOMITI).

11
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CLT panels are usually used to build walls, floors, and roofs of multi-storey timber
buildings up to ten storeys. Some examples of high-rise timber building are the 9-
storey Stadthaus Building at Murray Grove in London, and the 10-storey Forte
Building in Melbourne, but there is also a new challenge addressed to design timber
skyscrapers, represented by the 24-storey Hoho Tower in Vienna and the 34-storey
residential tower in Stockholm. Among the advantages of this technology, there are
also the possibility of using low-grade timber to produce medium quality panels, the
reduced splitting tendency in connection regions thanks to the contribution of the
orthogonal layers, and the easy and quick assembling on site which allows to reduce
hazard and construction time. In contrast, the main disadvantages are the large
volume of timber needed, which could determine a high total cost, and the reduced
strength in the main direction because only the layers parallel to the grain carry the
load. Despite these drawbacks, cross-laminated timber is a valid option to build
multi-storey building due to the excellent seismic performance of this solid panel
construction system, as investigated in the SOFIE Project in 2007 by means of
shaking table tests with a seismic input equal to Kobe earthquake of 1995 (Ceccotti
etal., 2013).

Further investigations were developed to manufacture CLT panels with short supply
chain timber and the outcomes were encouraging both for homogeneous
configurations and for hybrid ones (Brunetti, Nocetti, Pizzo, Negro, et al., 2020).

1.3.The research case in Abruzzo

The main aim of the present thesis is to promote the use of short supply chain timber
in the Abruzzo Region, central-southern Italy. Although this area has a great
abundance of forests, local wood is hardly used and only for energy production.

The first step is the identification of suitable areas in the Province of L’Aquila, see
Fig. 6, from which wood of local species, such as downy oak, beech, or chestnut,
could be supplied and transported to local sawmills. As a subsequent step, poorly
industrialized products made of local timber such as boards and sawn woods could
be manufactured by local plants, see Fig.7. In this way there is an incentive to use
native wood as higher value components in building rather than as firewood. The
fundamental principle of the supply chain is the circular economy, which consists in
the sequential use of wood for different purposes, according to the so-called
“cascading use”. The principal purpose is the manufacture of structural members,

using the best parts of trees, and the secondary one is the energy production, using
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in this case only the low-quality parts of trees such as bark, sawdust, and branches.
Timber as construction material favours a long-term accumulation of carbon
dioxide, providing the satisfaction of some environmentally friendly principles of
the current European and National policy.

Legenda

Livelli cartografici
Basi Vettoriali - Limiti amministrativi comunali

“|L'Aquia
Pescara
Chieti
Teramo

[ Pineta di Villetta Barrea

[WiPineta naturde di Pino nero di Villetta Barea
Querceti di Roverella -
Robinieto-allanteti A

Fig. 6 Spread of species in Abruzzo Region.

Table 1 Softwood and hardwood forested area in Abruzzo.

Softwoods Area [Ha]
Spruce forests 362
Silver fir forests 724
Scots and mountain pine forests 1.086
Black pine and larch pine forests 19.158
Mediterranean pinewoods 2.534
Other coniferous forests 1.448
Total 25.312
Hardwoods Area [Ha]
Beech forests 122.402
Oak and downy oak forests 81.779
Cerrete and Farnetto woods 30.741
Chestnut groves 5.068
Hornbeam forests 46.145
Hygrophilous forests 20.270
Other deciduous forests 48.760

13
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Holm oak forests 8.687
Total 363.852
Total regional forested area 389.164

The territory of the lands of the “Baronia di Carapelle”, called in this way to
remember the belonging of all the villages to a single political and administrative
unit for several centuries, includes the municipalities of “Santo Stefano di Sessanio”,
“Carapelle Calvisio”, “Castelvecchio Calvisio”, “Calascio”, “Castel del Monte”,
and “Villa Santa Lucia degli Abruzzi”, each located in the Province of L’ Aquila
(Abruzzo, Italy).

All the municipalities of this area are marked by a strong historical identity, which
had its greatest splendour in the late Middle Ages and the early Renaissance, and by
a territorial, cultural, and social identity which unfortunately becomes increasingly
weaker due to the important demographic decrease.

Indeed, such rural areas are characterized by an evident depopulation which started
between the two world wars, and which still cannot be stopped today. The decrease
in population and the high rate of aging have caused the consequent reduction of
economic activities, especially agricultural ones. The progressive abandonment of
agricultural practices involves an important, often irreversible, modification of the
agricultural landscape with a consequent decrease in the levels of biodiversity. The
loss of cultural identity also began in the last century and continues today even if the
various local associations are trying to preserve the memory of these places.

The heterogeneity of the territory, from hilly landscapes with Mediterranean climate
to mountain-alpine environments with continental climate, manifests itself in very
small spaces, giving the area unique characteristics in its kind. In these places, the
man-environment relationship is still close, and little changed for centuries,
influenced by the use of the Earth's resources, sheep breeding and agriculture. The
enormous landscape and naturalistic value given by the variety of ecosystems, by
the geo-morphological, vegetational and zoological complexity is enriched by the
clearly visible signs that a compatible interaction between man and the environment
has left over the centuries. Since the middle of the last century, especially in the
most difficult environments, these values have undergone a strong impoverishment
mainly due to abandonment but also to an exploitation of the soils often in contrast
with the principles of eco-compatibility and environmental sustainability.

From a geographical and geological point of view, the territory of the "Baronia di
Carapelle” is dominated by the “Gran Sasso d'ltalia”, the mountain massif with the

highest peak of the Apennines (Corno Grande 2912 m), which has alpine
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characteristics with steep walls, basins, valleys, glacial moraines, and alpine

landscapes.

% coin s

Fig. 7 Beec forests in the Province of L’Aquila.

The highest peaks delimit to the north, in the central southern sector of the massif,
the vast tectonic depression of “Campo Imperatore”, extended for about 40 km with
a NW-SE direction at an average altitude of about 1600 meters, and constitute an
orographic barrier that strongly influences the climate of the area. As a matter of
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fact, unlike the north-eastern side, rainfall is low and the continental climate,
together with the characteristics of the limestone substrate, leads to slopes without
woods and vast arid meadows used for the summer grazing of sheep. Another
evident feature is the presence of numerous dejection fans such as the large "Canala™
of Monte Prena. The area occupied by the “Gran Sasso” according to the
geobotanical subdivision of Italy (Pedrotti, 1996) is included in the Euro-Siberian
Region (Apennine Province, Umbrian - Marchigiano - Abruzzese Apennine Sector).
The geographical location and the altitude contribute significantly to increase the
flora and vegetation diversity of the area and for this reason, in a relatively small
area, there is the coexistence of Mediterranean-type plant communities with species
from the subalpine and alpine ranges.

In the “Baronia” area, in a very small space of about 14 km, the landscape varies
from the hills of “Villa Santa Lucia degli Abruzzi” and “Castelvecchio Calvisio”
with a mild climate (Mediterranean), to the mountain-alpine zone with a continental
climate. The orography, the very different conformation of the territory, and the
climatic characteristics contribute to the progressive transformation of the
landscape. Considering the distinctive elements, it is useful to delimit areas that have
one or more aspects in common by describing the "altitudinal zones", each
characterized by specific vegetation. For instance, there is the Sub-Mediterranean
hilly area which has an altitude between 400 and 600 meters above sea level with
expansion up to 800 m. It is characterized by the cultivation of the olive tree and by
the presence of holm oak, downy oak and in general by species of Mediterranean
vegetation. This area is in the southernmost part of the territories of “Castelvecchio
Calvisio” and minimally of “Villa Santa Lucia degli Abruzzi. Moreover, the hilly
area represented by the territories of “Castelvecchio Calvisio”, “Villa Santa Lucia
degli Abruzzi” and “Santo Stefano di Sessanio” is characterized by the coppice of
oak. Instead, the Oro-Mediterranean Mountain zone, which reaches up to 1800 m
a.s.l., is present in all the municipalities and is characterized by extensive grasslands
and, only in some areas, by beech forests, typical trees of the latitudinal zone. In the
territories of “Castel del Monte” and “Villa Santa Lucia degli Abruzzi” there is a
type of beech forest that occupies the range between 1000 and 1300 m.

In the zone of arid hilly and submontane pastures, which has an altitude of 800 m
up to 1100-1400 m and substantially affects all the municipalities, at lower altitudes
the pastures can be interrupted by oak bushes such as in the surroundings of
“Castelvecchio” or by reforestation pine forests such as in “Santo Stefano di
Sessanio” or by areas of cultivated lands such as in “Villa Santa Lucia degli

Abruzzi” and “Castel del Monte”.
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Therefore, the prevalent wood species are hardwood ones such as downy oak
(Quercus pubescens), holm oak (Quercus ilex), beech (Fagus sylvatica), and
chestnut (Castanea sativa), with only few exceptions of softwood species due to
reforestation of pine forests. Further information about beech forests in Abruzzo
Region are addressed in the 4.2 section, where timber-timber  composite joints,
made from logs of diameter ranging from 300 mm to 400 mm and from planks with

130 mm width and 45 mm thickness (see Fig. 8), are examined.
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2. Timber grading

The term “timber” indicates wood used for building or other engineering aims. This
natural material has been exploited as construction material since pre-historic ages
thanks to its excellent properties. There are two main categories of trees: exogenous
and endogenous. The first category includes trees that grow outwards by the addition
of concentric annual rings, and the second one includes trees that grow inwards in a
longitudinal fibrous mass. The exogenous trees are the most commonly used for
engineering purposes, and they are further classified in two groups: conifer or
evergreen and deciduous or broad-leaf trees. From the first group, the so-called
softwood is obtained, which is resinous and splits easily. This kind of wood is
generally light in colour and weight and presents low mechanical properties. From
the second group, the so-called hardwood is obtained, which presents a non-resinous
and close-grained structure. This second kind of wood presents greater mechanical
properties than softwood and it is generally dark in colour and heavy in weight.

Regarding wood microstructure, the material is anisotropic which means that the
strength depends on the direction of the stress. Considering wood macrostructure,
timber is heterogeneous which means that the strength depends on the size of the
element. The larger the volume of the member, the larger the probability of finding

a defect, and the lower the strength of the member. Due to defects in wood, strength

18



Ph.D. Thesis of Luca Spera, University of L’ Aquila

grading of timber is fundamental in order to assess the mechanical properties of a
single element. There are several defects which affect the macrostructure of wood
such as defects due to natural forces, defective seasoning, and conversion.
Therefore, a suitable strength grading, visual or by machine, is necessary for

structural purposes.

2.1.Visual strength grading

Wood is a biological material and presents a high intrinsic variability of properties,
such as strength and stiffness, and for this reason a phase of material grading is
required in order to produce structural components. This variability is mainly due to
the influence of defects (knots, grain deviation, and more), unlike other building
materials such as concrete and steel which can be approximately considered
homogeneous. The classification can be of two types, visual or by machine, and
must be performed by qualified personnel and by certified machines according to
rigorous experimental protocols, respectively. The Italian Technical Standards for
Construction currently in force (Ministero delle Infrastrutture e dei Trasporti, 2018)
indicate the strength grading as a mandatory requirement for the structural use of
wood. This requirement must be guaranteed for both solid wood and wood-based
products, including glued solid timber, glue-laminated timber, and cross-laminated
timber. The strength grading process requires that each single wood element, like
planks or sawn timber, is assigned at a strength class, according to UNI EN 338
(UNI Ente nazionale italiano di unificazione, 2016), so as to attribute reliable
strength and stiffness values. The rules and criteria to be followed must be objective
and repeatable in order to standardize the grading, which must be applied by all
producers responsible for transforming wood into a building material.

Visual strength grading is usually performed by a wood technologist and consists in
identifying all those defects that can reduce the mechanical performance of the
wooden element. In particular, the size and number of nodes, the presence of lesions
and cracks, the inclination of the grain and the width of the growth rings are
assessed. The main current standards are the UNI 11035-1 (UNI Ente nazionale
italiano di unificazione, 2022a), UNI 11035-2 (UNI Ente nazionale italiano di
unificazione, 2022b), UNI 11035-3 (UNI Ente nazionale italiano di unificazione,
2010), UNI EN 1912 (UNI Ente nazionale italiano di unificazione, 2012b), and the
aforementioned UNI EN 338.

The grain direction is determined with reference to a minimum length of 2000 mm,
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from the ratio between two perpendicular dimensions (x and y). This ratio is
expressed as a percentage according to the following expression: F = (x / y) 100. It
can be determined by identification of any shrinkage cracks present on the element
or using a specific carpenter tool.

Midollo 4 Piano di proiezione
@) [ .Zona marginale

Fig. 9 Visual grading: top) based on size and position of defects (knots, grain
deviation) on the surface of the timber structural element; middle) isolated or
grouped knots; bottom) grain deviation (UNI 11035:2022).

Regarding knots, those having a diameter not greater than 5 mm are not taken into
consideration. Furthermore, all types of knots are admissible (adherent, falling,
healthy, black, etc.). There are specific rules to distinguish the various types of
nodes, which are indicated with different names, such as n; for the isolated nodes,
n, for the groups of nodes aligned less than 150 mm apart, ns for the isolated nodes

aligned more than 150 mm apart, n, for the groups of nodes more than 150 mm away
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with inclined grain, ns for the isolated nodes not aligned less than 150 mm away and
with the original grain direction between them, and ns for the groups of nodes with
grain that does not recover the original direction.

The width of the growth rings, where required, must be measured at a head of the
sawn timber, and is equal to the average width, expressed in millimetres, of the rings
themselves. The measurement is carried out on the longest line perpendicular to the
growth rings, starting from a distance equal to 25 mm from the pith when it is
present. The width of the rings (®) is given by the ratio between the length z on
which the measurement is made (at least equal to 75 mm when possible) and the
number of rings (N) included in z.

This type of grading has the advantage of being less expensive than machine
grading, as it can be performed without the aid of special tools by suitably trained
and expert operators, adding to the fact that the strength grading rules for the
classification are already available for most of the wood species, including the
Italian ones. Among the disadvantages, there are the limited number of strength
classes that can be identified, and the lower efficiency intended as a greater amount

of waste.

2.2.Machine strength grading

The machine grading consists in the instrumental measurement of one or more
properties of a structural wood element, in order to assign it to a strength class
(Bacher, 2008). In the most common machines, deformation is measured under the
application of a known load or there is the measurement of the speed of ultrasound
or the induction of vibrations in bending or compression, the scanning with X rays,
the laser scanning, or the image analysis. The detected properties, by applying one
or a combination of the previously indicated methods, are generally the static
bending or tensile modulus, the dynamic bending modulus, the density, and the
factor relating to the knots. For example, it is possible to evaluate the modulus of
elasticity MOE by evaluating the deflection of a specimen subjected to a non-
destructive bending test. In this way, an indirect strength measurement can be
obtained by exploiting the correlation between the bending strength (MOR =
modulus of rupture) and the modulus of elasticity (MOE). In Italy, the strength
grading of wood for structural use was initially performed with visual methods
exclusively. However, in the last few decades investigations have been carried out

to develop machine classification systems for some local wood species (Nocetti et
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al., 2010), so as to introduce also in Italy this methodology already widespread in
many European and extra-European countries. Parameters that can be used by
different machines have been identified to classify wood effectively, guaranteeing
the statistical reliability standards required by European legislation. In addition, to
help small and medium-sized Italian companies, portable equipment was introduced,
which could be shared by multiple production plants, so as to reduce initial
investments for tools and instruments.

Machine grading presents several advantages over visual grading, including:

¢ high classification efficiency with consistent reduction of waste;

e possibility of assigning timber in a greater number of strength classes;

¢ high speed of execution of the grading process;

¢ high repeatability of measurements and of the assignment to strength classes.

In this way it is possible both to enhance the best part of the material and to make
the medium-low quality part suitable for structural uses, directing it towards the
creation of wood-based products. However, the procedure that allows to set up a
machine for the grading of structural timber is quite complex and expensive and
requires compliance with codified procedures within the European legislation.

For each wood species and geographical origin, it is necessary to carry out a
representative sampling of wood, which must be subjected to destructive tests in
certified laboratories after the measurements with the grading machines.

Among the most used systems for machine grading, there is the Viscan by
MiCROTEC, which allows to determinate the MOE of wood. By means of a laser
interferometer, the frequency of the vibrations induced in the wooden planks or
elements by a longitudinal percussion is measured.

Subsequently, through the software of the machine that uses statistical equations,
the frequency spectrum (in Hz) is processed, from which the first maximum peak is
obtained.

From this value it is possible to obtain, through successive mathematical
elaborations, the dynamic modulus of elasticity, which can be expressed with the
following equation: Egyn = MV - (2If)2 [N/mm?]; where | is the length of the board, f
is the natural frequency of the vibration, and MV is the density (given by the ratio
between the weight of the board and its volume).

The dynamic modulus of elasticity is the parameter (Indicating Property, IP) through
which the machine can classify the material. In fact, the IP of the instrument must
be related to a mechanical property of the material (grade determining property) and

this correlation must be verified through specific tests on the material.
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In Italy, many forested areas are covered by hardwood species and, since there is an
increasing interest in their use as structural material, it could be valuable to enhance
this natural resource. One of the most abundant species is beech (Fagus sylvatica)
and important research has been carried out for the strength grading of beech boards

both by visual and machine methods as described in the following works.

Fig. 10 ViSCAN of Microtec (Rosewood, 2021).
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3. Cross-laminated timber panels

Cross-laminated timber (X-lam or CLT) is an engineered wood product obtained by
gluing together timber planks layers at a right angle to each other, so that every layer
presents grain direction orthogonal with respect to that of the adjacent layer.

In this way, the final product is a massive panel with two main orthogonal load-
bearing directions. The number of layers is usually an odd number in order to have
the outer layers with the same grain direction.

The main advantages of this engineered wood product are the more in-plane
isotropic strength and stiffness compared to glulam (for this reason it can be used
for slabs and walls), the greater in-plane stability with similar shrinkage and swelling
in the strong directions, the possibility of using low-grade timber thanks to the
system effect, and the reduced splitting tendency in connection regions thanks to the
reinforcing effect of the orthogonal layers.

On the other hand, larger volume of timber is needed, and the strength is reduced in
the main directions as only the boards loaded parallel to the grain carry the load.

In the current Italian technical standards for construction, NTC2018, CLT panels
were officially added in the partial safety coefficient table and their structural use
must be subject to the conferral of technical suitability by the central technical
service of the Superior Council of Public Works. This certification procedure, i.e.
Common Understanding of Assessment Procedure, is aimed at suitably

characterizing the product and at defining an adequate control of factory production.
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3.1.Homogeneous beech and hybrid beech-Corsican pine
CLT panels

As first experimental investigation about the possible application of local wood in
engineered wood products, the mechanical characterization of novel homogeneous
beech (Fagus sylvatica) and hybrid beech (Fagus sylvatica) - Corsican pine (Pinus
nigra subsp. Laricio (Poir.) Maire) CLT panels was performed.
Three-layered CLT panels made up with short procurement chain beech-Corsican
pine timber and melamine-based adhesive were produced, both in homogeneous and
hybrid configuration. This latter one was characterized by the outer layers made of
beech wood and the inner layer made of Corsican pine wood.
Some panels were realized with polyurethane glue, usually employed for softwood
by the production plant, in order to compare the mechanical behaviour of the
products and the failure mechanisms showed.
Four-point bending tests, both for the in-plane and perpendicular to-plane directions
of the CLT panels, were performed according to EN 408 (UNI Ente nazionale
italiano di unificazione, 2012a) with a span length of 18 times the thickness in the
case of bending tests and of 9 times the thickness in the case of shear tests.
The test-setup was the same both for the bending and shear tests, with the specimens
simply supported and the application of the load in two different points.
The load was applied by means of a hydraulic jack and it was divided via a rigid
element in two symmetric loading points. Steel plates were interposed between the
timber specimens and the steel supports and elements to prevent local indentations.
Inductive displacement transducers, LVDT, were placed on both the faces of each
specimen to evaluate vertical displacements as mean values.
Moreover, the local and global mechanical performance of these novel CLT panels
was assessed by means of finite element numerical simulations, in order to compare
the wood species beech (Fagus Sylvatica L.) and Corsican pine (Pinus nigra
subsp.laricio (Poir.) Maire) with a widely diffused wood species, spruce, usually
employed to produce CLT panels.
The experimental and numerical outcomes pointed out an excellent behaviour of
homogeneous hardwood panels and a good performance of hybrid softwood-
hardwood configuration with respect to C24 spruce CLT panels, introducing great
possibilities of optimisation of the wood material as detailed in the following work
by (Sciomenta et al., 2021).
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1. Introduction

Cross Laminated Timber (CLT) is a widespread type of prefabri-
cated multi-layered timber panel. The constitutive layers, made up
of adjacent boards, are tied together with glue under pressure and
are characterized by an alternated grain direction orientation. CLT
is typically manufactored from softwood, mainly Norway spruce
and fir that commonly belong to C24, C18 or C16 strength classes
[1]. In the last years many efforts have been addressed to exploit
tree species of short supply chain to obtain wood products also

* Corresponding author.
E-mail address: martina.sciomenta@univag.it (M. Sciomenta).

https://doi.org/10.1016/j.conbuildmat.2020.121589
0950-0618/@ 2020 Elsevier Ltd. All rights reserved.

suitable for structural building [2], according to the principles of
the European and Italian Bioeconomy strategy [3| launched at
2012 which sustain the low carbon economy.

From this point of view, many locally grown timber species
have been investigated to find new opportunities in ther exploita-
tion [4] for the production of CLT wordwide. Samples of this good
practice are Sikora et al. [5] which analized the influence of the
thickness on mechanical performance in bending and shear of Irish
Sitka spruce CLT panels, Fortune and Quenneville [6] who analized
the behavior of CLT panels realized by using locally grown Radiata
Pine and Concu et al. [7] and Fragiacomo et al. [8] respectively
examinated the behavior of Italian Marine Pine in Sardinia for
the CLT short procurement chain in the Mediterranean area.

26



M. Sciomenta, L. Spera, C. Bedon et al.

In the recent times, the employement of hardwood has become
a central topic due its aboundncy and a fine ratio between density
and mechanical properties.

The most widespread hardwood species in Central Europe are
Beech (Fagus sylvatica) and decidous Oak (Quercus robur, Quercus
petraea) [9]; Franke [10] and Aicher [9] successfully investigated
respectively the mechanical properties of Beech and hybrid
Beech/Spruce in CLT. In the recent times Beech of italian prove-
nance has been also classified according to European standard
14081-2 [11]. In this paper the mechanical characterization of
three layered CLT panel made of homogeneous Beech, Corsican
Pine and hybrid Beech/Corsican Pine was performed experimen-
tally as in bending as in shear tests with loads’ application in the
in-plane and perpendicular-to-plane direction. Moreover, in this
work, the mechanical performance of the aforementioned panels
were compared with those of samples made of C24 Spruce, usually
manufactured for the marked production, by carring on finite ele-
ments simulations. The idea is to investigate the prospectives of
Beech hardwood use, alone or in hybrid configuration with low
graded softwood timber, in the manufacturing of thin CLT panels
due to their wide potential applications in structural field such as
reinforcement of ancient building slabs [12] or in new CLT ribbed
slab [13]. The obtained results are restricted to thin CLT panels, fur-
ther future potential investigation could deal with the mechanical
characterization of thicker panels which are usually used for slabs
and wall elements.

2. Experimental investigation
2.1. Characterization of materials

The three-layered CLT panels object of study were produced by
using softwood: Corsican Pine (Pinus nigra subsp. laricio) and hard-
wood: Beech (Fagus sylvatica L.) originated from a Southern Italy
(Calabrian) forest. Raw material was cut into boards having a nom-
inal section of 120 mm width and 20 mm thick. Beech boards had
an average length of 3.10 m while the Corsican Pine ones of 4.00 m.
A batch of 597 Beech boards and 220 Corsican Pine boards with dif-
ferent sawn pattern to boards and kiln-dried to a moisture content
of 10%, in order to satisfy the manufacturers requirement for gluing
process. The visual grading was carried out at National Council for
Research - Institute for Bio-Economy of Sesto Fiorentino (CNR-IBE)
on Corsican Pine which could be already classified according to the
technical standards UNI 11,035 1-2 [14] and EN 1912 [15] provi-
sions. In the present study machine strength method was carried
out according to EN 14081-2 rules [11].

Each board was first weighted to estimate the density p. Later,
for each board, the natural frequency of vibration f; was measured
by using a laser interferometer MICROTEC Viscan-FMMF. The
dynamic elastic modulus Eg 4y, was thus calculated as:

EO.dyn =0 (2 'l'fl)z

where [ is the board’s length and f; is the frequency.

The 95% of Beech boards was classified as D40, in accordance
with EN 338 [16], while 5% of the samples was discarded because
of defects (presence of fiber deviations and not uniform planing)
[11]. In the case of Corsican Pine boards, the 73% of them was
classified as C20 (EN 338 [16]), while the remaining 27% was clas-
sified less than C20, but no class was attributed.

1)

Table 1
Mean properties of timber species, derived from the VISCAN procedure.
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A total amount of 365 Beech boards and 90 Corsican Pine boards
was hence used for manufacturing a series of CLT panels. Regres-
sion expressions were calculated based on 119 specimens of Cal-
abrian Beech and 80 Corsican Pine specimens coming from
different sites upon which was based the certification of settings
for the machine VISCAN classifications in accordance with [11].

The regressions used for the estimation of Modulus of Rupture
(MOR), as well as the global and local values of Modulus of Elastic-
ity (MOEgiopat and MOE;ocq respectively).

The mean properties obtained by the grading procedure and the
evaluated MOR and MOEs are summarized in Table 1.

For the research study herein discussed, two different types of
adhesives were used, namely a melamine Urea Formaldheyde
(MUF) adhesive (GripPro™ Design — AkzoNobel, that was obtained
by mixing a two component hardner (H002) and a liquid flexible
resin (A002)), and a one-component Polyurethane adhesive (Loc-
tite ©® HBS 049- Purbond). The choice of employing the melamine
adhesive was due to the usage of Beech hardwood boards in panel’s
homogeneous and hybrid configurations with Corsican Pine’s
boards. The GripPro™ adhesive is specifically designed for soft-
wood, as well as for hardwood timber, such as Beech, Birch, Oak
and Chestnut.

Prior to the panel production, a total amount of 21 Corsican Pine
boards were mechanically characterized according to EN 408 [17],
and the bending strength f,,,; was calculated. Based on EN 14,358
[18], a statistical evaluation of the so-derived bending strength
was carried out. The characteristic (5% quantile) bending strength
according to normal distribution, that is more accurate for timber
samples, was thus calculated in 34.2 MPa, with a mean value of
41.4 MPa and a standard deviation of 3.8.

2.2. CLT specimens

An extended experimental campaign was performed to assess
the mechanical properties of three-layered CLT specimens of Beech
and Corsican Pine in homogeneous and hybrid configurations, prior
to the industrial production. The hybrid configuration herein dis-
cussed is composed by two Beech outer layers and a Corsican Pine
inner layer. A total of 11 three-layered CLT plates, hereafter called
“Master Panels”, were manufactured at the XLam Dolomiti factory
(Castelnuovo - TN - Italy), see (Fig. 1 right). Each Master Panel was
suitably cut, so as to obtain a total of 102 specimens with different
geometry, layout configuration and adhesive type. The main prop-
erties of the tested panels are summarized in Table 2.

The realization of Master Panels was preferred in order to min-
imize the waste of materials and the number of pressings. More-
over, such a choice also ensured the presence of uniform pressure
conditions for all the specimens. Prior to the Master Panels’
assembly, the boards were cut to the required length and planed
to a thickness of 18 mm. This resulted in a cross-sectional depth
of 54 mm for all the specimens. The layering of the boards and
the gluing process were performed manually (Fig. 1 left). The nar-
row board edges were not bonded. The adhesive amount was
190 g/m? and 150 g/m? respectively for melamine and polyur-
ethane. Both the adhesives were applied in a factory condition
of 17°C, with an environmental moisture of 50%. The whole
assembly time was of half-hour for the Master Panels glued with
melamine adhesive, and 15 min for the Master Panels realized
with the polyurethane glue. The Master Panel glued with MUF

Timber species plkg/m?) M.C[%] filHz] MOE 4y,[N/mm?] MOR[N/mm?] MOE;pci[N/mm?] MOE_giopalN/mm?]
Beech 755.79 9.58 748.83 16076.51 80.07 16153.52 15537.93
Corsican Pine 511.63 13 529.88 9650.18 38.19 9748.14 8497.38

2
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Table 2

Mean properties of the examined CLT specimes.
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Master Panels: left) Assembly phase; right) After pressing.

Master Paneln® Configuration/Timber Adhesive type Specimen Test type Loading condition
n° W[mm] L{mm] H[mm)]
1 Homogeneous/Beech Melamine 7 240 1180 54 Bending Perpendicular to plane
7 240 600 54 Shear Perpendicular to plane
2A Homogeneous/Beech Melamine 7 54 2760 144 Bending In-plane
2B Homogeneous/Beech Melamine 7 54 1440 144 Shear In-plane
3 Hybrid Melamine 7 240 1180 54 Bending Perpendicular to plane
7 240 600 54 Shear Perpendicular to plane
4A Hybrid Melamine 7 54 2760 144 Bending In-plane
4B Hybrid Melamine 7 54 1440 144 Shear In-plane
5 Homogeneous/Corsican Pine Polyurethane 7 240 1180 54 Bending Perpendicular to plane
7 240 600 54 Shear Perpendicular to plane
5bis Homogeneous/Corsican Pine* Polyurethane 7 240 1180 54 Bending Perpendicular to plane
7 240 600 54 Shear Perpendicular to plane
6 Homogeneous/Beech Melamine 7 54 2400 240 Shear In-plane
7 Hybrid Melamine 7 54 2400 240 Shear In-plane
8 Homogeneous/Beech Polyurethane 2 240 1180 54 Bending Perpendicular to plane
2 240 600 54 Shear Perpendicular to plane
*Corsican Pine classified less than C20 in accordance with EN 338 [16].
L
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Fig. 3. Test set-up for in-plane bending (a = b = 6H) and shear test (a = b = 3H) []. adapted from [17]
3
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Fig. 4. Set-up left) Equipment details; right) Upper view.

were then cold-pressed for 3 h, with a pressure of 1.4 N/mm? for
two hours.

3. Test methods

In accordance with EN 16351 [19], the bending and shear stiff-
ness parameters (both in-plane and perpendicular to plane) were
evaluated from a four-point bending test setup. A short span beam

was taken into account, as an alternative to the rolling shear test
(EN 789:2005 [20]).

3.1. Bending and shear test perpendicular to the plane

The bending test perpendicular to the plane of CLT elements is a
four point bending test over a span length of 24 to 36 times the
thickness (H). Based on EN 16351 [19], if the ratio of width (W)

Table 3

Perpendicular-to-plane bending test.
Master Panel-Specimen n° Configuration/Timber Eo [N/mm?| Elmg [KNm?] Frnax [kN] fr [N/mm?) Failure mode
1-1 Homogeneous/Beech 13,872 42,18 4238 58,86 d
1-2 13,137 39,94 61,28 85,11 r+d
1-3 - - 57,37 79,68 r+d
1-4 12,897 39,22 58,06 80,64 r+d
1-5 12,085 36,75 60,36 83,83 r+d
1-6 14,960 4549 64,30 89,30 d
1-7 18,470 56,16 85,05 118,13 r+d+b
Average 14,237 43,29 61,26 85,08
Sy 0,15 0,15 0,20 0,20
3-1 Hybrid 15,329 46,53 49,61 68,90 r+d
3-2 10,696 32,47 45,07 62,60 r+d
3-3 - - 30,27 42,04 d
3-4 16,924 51,38 53,88 74,83 r+d
3-5 16,386 49,74 46,77 64,96 r+d
3-6 15,421 46,81 38,90 54,03 d
3-7 16,663 50,58 43,36 60,22 r+d
Average 15,237 46,25 43,98 61,08
Sy 0,17 0,17 0,19 0,19
8-1 Homogeneous/Beech 13,376 40,67 68,70 95,42 d
8-2 12,632 3841 66,57 92,46 r+d
Average 13,004 39,54 67,64 93,94
Sy 0,05 0,05 0,05 0,05
5-1 Homogeneous/Corsican Pine 9660 29,33 31,78 4414 b+k
5-2 6513 19,78 29,85 41,46 b +k
5-3 11,762 35,72 39,22 54,47 b +k
5-4 10,068 30,57 39,53 54,90 b +k
5-5 8332 25,30 21,27 29,54 r+k
5-6 14,943 45738 26,89 3735 b+k
5-7 8791 26,70 38,18 53,03 b+k
Average 10,010 30,40 32,39 44,98
Sy 0,26 0,26 0,23 0,23
5bis-1 Homogeneous/Corsican Pine* 4175 12,68 19,03 26,43 b+k
5bis-2 5242 15,92 20,50 28,47 b +k
5bis-3 4106 1247 18,15 25,21 b +k
5bis-4 6128 18,61 25,79 35,82 b+k
5bis-5 6704 20,36 16,99 23,60 b +k
5bis-6 4902 14,89 14,20 19,72 b+k
5bis-7 4719 1433 21,03 29,21 b+k
Average 5140 15,61 19,38 26,92
Sy 0,18 0,18 0,19 0,19

b: bending failure, d: delamination, k: knots influence, r: rolling shear, s: shear.
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Fig. 5. Collapse patterns of Beech panels in perpendicular-to-plane bending test: A)
HB with polyurethane adhesive collapsed for rolling shear and delamination; B)
Homogeneous HB panels with polyurethane adhesive collapsed for delamination;
C) BP configuration panels collapsed for rolling shear and delamination. D) HB
panels with melamine adhesive collapsed for rolling shear.

Fig. 6. Collapse patterns of HP panels in perpendicular-to-plane bending test: E)
Collapse for bending and knot influence of panels made in by classified boards
(Series 5). F) Collapse due to knots cluster influence of panels realized with non-
classified boards (Series 5bis).

to thickness: W/H > 4, the test configuration can be taken from EN
16351 [19] or from EN 408 [17]. In our case the ratio W/H was 4.44
so, the configuration of four point bending test over a span length

Table 4
In-plane bending test results.
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of 18 times H was assumed, coherently with EN 408 [17] (Fig. 2).
Rolling shear test perpendicular to the plane was performed with
the same test-setup (Fig. 2), over a span length of 9H.

3.2. In-plane bending and shear test

The in-plane bending test of CLT elements is a four point bend-
ing test over a span length of 18 times the thickness (H) (Fig. 3). In-
plane shear test was performed with the same test-setup (Fig. 3),
over a span length of 9H. Lateral restraints were adopted in order
to prevent buckling; their shape and position was suitably chosen
in order to allow the specimen’s deflection without frictional
phenomenon.

3.3. Test methods and instruments

The load was applied through an hydraulic jack, and distributed
via a rigid beam fixed under the piston, on two symmetric loading
heads (Fig. 4 right). The loading rate was kept fix that was set in
0.003H mmy/s, so as to reach the failure configuration after
300 * 120 s. All the specimens were simply supported at the ends.
Moreover, small steel plates (no larger than one-half the test
piece’s thickness) were interposed between the supports and the
bottom surface of the specimens, in order to minimize the risk of
possible local indentations. For this latter reason, additional steel
plates were placed between the loading heads and the top face
of the specimens (Fig. 4 left). The deformations w were taken as
the average of measurements detected by inductive displacement
transducers (LVDT) that were placed on both the faces of each
specimen. All the tests were performed in a heated and air-
conditioned environment, with about 20°.

The experimental measures of forces and deflections were thus
accounted to evaluate the local and global stiffness parameters
(EN 408 [17]):

al (F; - Fy)

Elng = 75 Wy —wy)

(4)

with [; the gauge length (equal to five times the thickness), F;
and F, the 10% and 40% of the ultimate force F,,, respectively,
and w; and w; the related recorded deflections.

Master Panel-Specimen n° Configuration/Timber Eo [N/mm?] Elpng [KNm?] Fmax [KN] fm [N/mm?] Failure mode
2A-1 Homogeneous/Beech - - 30,16 69,82 b
2A-2 11,688 157,06 35,00 81,02 b
2A-3 11,977 160,95 26,96 62,40 b
2A-4 12,433 167,06 23,66 54,77 b+d
2A-5 9533 128,10 30,60 70,83 b
2A-6 12,668 170,23 34,06 78,84 b+d
2A-7 10,138 136,24 27,36 63,34 b
Average 11,406 153,27 29,69 68,72

Sy 0,12 0,12 0,14 0,14

4A-1 Hybrid 8269 111,12 32,49 75,21 b+d
4A-2 8868 119,16 31,93 7391 b
4A-3 11,910 160,03 19,82 45,87 b
4A-4 10,301 138,42 30,78 71,24 b+d
4A-5 7795 104,75 3555 82,29 b
4A-6 13,108 176,14 33,08 76,57 b
4A-7 9997 134,33 32,29 74,74 b+d
Average 10,035 134,85 30,85 71,40

Sy 0,19 0,19 0,19 0,19

b: bending failure, d: delamination, k: knots influence, r: rolling shear, s: shear.
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Fig. 7. Typical in-plane bending collapse.

4. Test results
4.1. Bending

4.1.1. Perpendicular-to-plane bending tests

The results of perpendicular-to-plane bending tests are summa-
rized in Table 3.

For each specimen, the flexural stiffness, the bending strength
and the failure mode are proposed. Moreover, for each groups of
panels, the average values and the standard deviation sy is also esti-
mated by logarithmically normal distribution (EN 14358:2016 [ 18]).

Table 5
Perpendicular-to-plane shear test results.
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As shown, the most prevalent failure pattern for homogeneous
Beech panels HB (Series 1 and 8) and Hybrid panels BP (Series 3)
was shear failure with delamination (Fig. 5). In the case of the
Homogeneous Corsican Pine panels HP (Series 5 and 5bis), the
typical failure configuration was mostly influenced by the presence
of large knots or node’s clusters (Fig. 6).

By comparing the response of specimens obtained from Master
Panel 1 (HB with melamine glue) or Master Panel 3 (BP), it is evi-
dent that the specimens have a small scatter in terms of flexural
stiffness (6%). On the other side, the maximum attained force dif-
fers for 28%. Given that the observed failure mechanisms are
almost identical for them, moreover, it is possible to assess that
the modification of the inner layer material has no influence on
the expected collapse modes.

The latter, in particular, was observed to become brittle (rolling
shear) although the observance of length prescriptions from EN
408 [17], and this issue could be fixed by adopting the length limits
suggested in EN 16351 [19]. Anyway, all the observed brittle
collapse mechanisms were found to occur at deflection ranges well
beyond the conventional serviceability limits. From these consid-
erations, it is thus possible to assess that the examined hybrid con-
figuration can be proficiently adopted in buildings.

Comparing the performance of specimens obtained from Master
Panel 1 with Master Panel 8 (HB with polyurethane glue), there is a
flexural stiffness reduction of 8.5% with a consequent increase (up
to 9%) of the ultimate force. Nevertheless, it must be noticed that
only two specimens with polyurethane glue were tested, and thus

Master Panel-Specimen n° Configuration/Timber Eo [N/mm?] Elmg [KNm?] Frmax [kN] f, [N/mm?] Failure mode
1-1 Homogeneous/Beech 5007 15,23 84,80 491 r+d
1-2 13,983 42,52 56,07 3,24 d
1-3 - - 71,25 4,12 d
1-4 - - 97,75 5,66 r+d
1-5 14,050 42,72 62,23 3,60 d
1-6 16,903 51,40 37,44 2,17 d
1-7 17,449 53,05 103,55 5,99 d
Average 13,479 40,98 73,30 424

Sy 0,52 0,52 0,36 0,36

3-1 Hybrid 5458 16,57 55,98 3,24 r+d
3-2 - - 66,48 3,85 r+d
3-3 10,803 32,80 58,47 3,38 r+d
3-4 15,373 46,67 68,93 3,99 r
3-5 16,503 50,10 70,55 4,08 r+d
3-6 8695 26,39 78,19 4,52 r
3-7 11,819 35,88 62,35 3,61 r
Average 11,442 34,73 65,85 3,81

Sy 0,41 041 0,12 0,12

8-1 Homogeneous/Beech 9102 27,68 102,12 591 d
8-2 14,652 44,55 74,41 431 r+d
Average 11,877 36,11 88,27 511

Sy 0,34 0,34 0,09 0,09

5-1 Homogeneous/Corsican Pine 12,617 38,31 56,70 3,28 r+d
5-2 14,859 45,12 44,54 2,58 s+d
5-3 13,140 39,90 69,43 4,02 s
5-4 - - 69,07 4,00 r
5-5 6349 19,28 71,60 4,14 s
5-6 8984 27,28 57,60 333 d
5-7 - - 54,50 3,15 S
Average 11,190 33,98 60,49 3,50

Sy 0,35 0,35 0,17 0,17

5bis-1 Homogeneous/Corsican Pine* 3868 11,75 32,50 1,88 b+k
5bis-2 5304 16,11 39,40 2,28 k
5bis-3 3950 12,00 36,36 2,10 b+s
5bis-4 6858 20,83 44,44 2,57 r+d
5bis-5 16,854 51,18 55,33 3,20 r
5bis-6 5194 15,77 43,73 2,53 b+k
5bis-7 3767 11,44 46,65 2,70 r+d
Average 6542 19,87 42,63 247

Sy 0,53 0,53 0,17 0,17

b: bending failure, d: delamination, k: knots influence, r: rolling shear, s: shear.
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Table 6
In-plane shear test results.

Construction and Building Materials 271 (2021) 121589

Master Panel-Specimen n° Configuration/Timber Eo [N/mm?| Elm g [KNmM?) Fiax [KN] f, [N/mm?| Failure mode
2B-1 Homogeneous/Beech 4266 57,33 56,14 5,41 b
2B-2 8794 118,17 57,76 557 b
2B-3 11,609 156,00 67,54 6,51 b
2B-4 15,817 212,54 73,81 7,12 b
2B-5 9405 126,38 69,73 6,73 b
2B-6 8161 109,67 67,19 6,48 b
2B-7 15,627 209,98 54,15 5,22 b
Average 10,526 141,44 63,76 6,15

Sy 045 0,45 0,12 0,12

4B-1 Hybrid - - 54,81 5,29 b
4B-2 - - 53,46 5,16 b
4B-3 - - 60,05 5,79 b
4B-4 9361 125,79 72,70 7,01 b
4B-5 - - 60,19 5,81 b+d
4B-6 - - 67,71 6,53 b
4B-7 8784 118,04 60,43 5,83 b+d
Average 9073 121,91 61,33 592

Sy 0,05 0,05 0,11 0,11

6-1 Homogeneous/Beech - - 91,87 532 s+d
6-2 9928 617,64 105,51 6,11 b
6-3 7140 44418 87,63 5,07 s+b
6-4 6029 375,05 119,32 6,91 b
6-5 12,358 768,83 105,77 6,12 b
6-6 - - 92,20 534 b
6-7 10,629 661,24 98,39 5,69 s+d
Average 9217 573,39 100,10 5,79

Sy 0,30 0,30 0,11 0,11

7-1 Hybrid 15,280 950,55 92,65 5,36 b+d
7-2 - - 78,27 4,53 s+d
7-3 5846 363,73 96,48 5,58 s+b
7-4 8635 537,21 90,05 521 s+b
7-5 6951 43245 86,16 4,99 s+d
7-6 - - 72,36 4,19 s+b
7-7 2478 154,16 82,32 4,76 b
Average 7838 487,62 85,47 4,95

Sy 0,66 0,66 0,10 0,10

=3

: bending failure, d: delamination, k: knots influence, r: rolling shear, s: shear.
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Fig. 8. Comparison between specimens from Master Panels 2B, 4B, 6 and 7 (in-
plane shear tests).

additional tests would be advisable to confirm such a flexibility
increment.

The specimens of Master panel 5 and 5bis (HP) proved to offer a
similar failure mechanism, in particular due to the presence of
knots. The calculated flexural stiffness was in fact substantially
affected by defects, with a reduction of 40% form Corsican Pine

classified as C20 (Master panel 5) and for the not classified timber
(Master panel 5bis). Such a finding highlights the need to have a
good classification, avoiding node clusters (which in most of the
cases led to premature collapse).

By comparing the results for the specimens from Master Panel 3
and 5, it can be confirmed that the hybrid configuration is an excel-
lent solution for the employment of low graded timber in CLT
panel with high mechanical performances.

4.1.2. In-plane bending tests

Regarding the in-plane bending tests, the obtained results are
summarized in Table 4. Also in this case, the failure mechanisms
that occurred in the experiments were found to be still related to
bending and local delamination of the external boards. These fail-
ure mechanisms affected the portion of the panels between the
load introduction and the end supports (Fig. 7).

By comparing the specimens obtained from Master Panel 2A
(HB) with those coming from Master Panel 4A (BP), it is possible
notice a good correlation in terms of ultimate force (4% of differ-
ence), but a scatter up to 12% in terms of flexural stiffness. These
experimental outcomes further highlight the lower influence of
the Corsican Pine inner layer on the mechanical in-plane bending
performance assessment of the examined CLT panels.

4.2. Shear

4.2.1. Perpendicular-to-plane shear tests
The results of perpendicular-to-plane shear tests are summa-
rized in Table 5. For each specimen, the flexural stiffness, the bend-
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Fig. 10. Comparison of FE models with experimental perpendicular-to-plane shear
test.

ing strength and the failure mode is reported. Moreover, for each
groups of panel, the average values are also collected. For all of
them, the prevailing failure pattern was rolling shear.

As also previously highlighted for the perpendicular-to-plane
bending tests, most of the experimental trends were also con-
firmed for shear.

More in detail, by comparing the specimens obtained from Mas-
ter Panel 1 (HB with melamine glue) with aster Panel 3 (BP), it is
evident that the specimens have a scattered flexural stiffness
(15%), and the maximum achieved force differs of 10%. The com-
parison of specimens form Master Panel 8 (HB with polyurethane
glue) with those glued with melamine adhesive confirms the incre-
ment of flexibility, with consequent increment of ultimate failure
force (20%). Also in this case, however, additional tests would be
beneficial.

By comparing the results for samples from Master Panel 3 with
Master Panel 5 (HP), it is possible conclude that the perpendicular-
to-plane shear behavior is mostly stable, both in terms of stiffness

(2% of scatter) and in terms of ultimate force (8%). The specimens
from Master Panel 5bis (HP not graded) recorded a marked reduc-
tion of flexural stiffness (41%) and ultimate force (30%), compared
to the same configuration of graded timber (Master panel 5).

4.2.2. In-plane shear tests

In conclusion, the experimental results of in-plane shear are
summarized in Table 6. Is necessary highlight that the prevailing
failure mode is for bending and just a few specimens are character-
ized by a mixed bending and shear failure mode.

The specimens for in-plane shear tests were characterized by an
identical length-to-width ratio (10), but different global dimen-
sions. The CLT panels obtained from Master Panels 2B and 6, more-
over, were characterized by an hybrid configuration, while those
from Master Panels 4B and 7 had an homogenous Beech configura-
tion. Accordingly, some further considerations can be derived in
terms of the effect of size and layout configuration for the in-
plane shear performance assessment (Fig. 8).

By comparing the results of samples from Master Panel 2B with
4B, and from 6 with 7, the influence of the panel configuration and
size on the in-plane shear is investigated in Fig. 7. A light scatter in
terms of elastic stiffness (14%) and ultimate force (4%) on shorter
specimens (2B and 4B series) can be observed. This means that
the usage of Corsican Pine in the inner layer doesn’t involve
marked reductions of mechanical shear performances. From the
analysis of test results on wider specimens (from Master Panel 6
and 7), the influence of the inner softwood layer is more evident
in terms of ultimate force (15%), while the scatter in terms of elas-
tic stiffness is the same of shorter specimens.

5. Numerical investigation

Numerical Finite Elements (FE) simulations represent a useful
tool to expand the results obtained from experimental test to
CLT panels made by with different timber or with further layer
configurations; foregoing the FE models need to be suitably cali-
brated on experimental evidences.

5.1. Methods

A series of Finite Element numerical simulations were per-
formed by using the ABAQUS/Explicit software package [21], in
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the form of quasi-static imposed force history for the examined
CLT panels. Solid 8-node 3D elements were used (C3D8R-type
stress—strain bricks with reduced integration) to describe the nom-
inal geometry of the specimens. A rigid base support was also
described via C3D8R-type, 3D solid elements, to schematically
reproduce the testing machine (loading region and end supports)
and the related effects (i.e., contact between the base surface and
the circular section representative of the hinge support). At this
stage of the study, the glue lines between the layers were
accounted in the form of rigid “tie” constraints. At the same time,
the interaction between the panels and the machine components
was accounted as surface-to-surface contacts, including both the
tangential ‘penalty’ and the normal ‘hard’ options. The static fric-
tion coefficient was set in p = 0.3 for steel-to-timber contact [22]
and 0.2 for steel-to-steel contact between the machinery compo-
nents [23].

Timber was modeled as orthotropic elastic material. The elastic
and shear modulus were accounted in two different ways: first, in

accordance with the EN 338 board’s classification (D40 for Beech
and C20 for Corsican Pine), and then, coherently with Table 1.
The elastic modulus perpendicular to the grain was thus calculated
as Eomean/15 (EN 384:2016 [24]), while the shear modulus was
defined as Epmean/16 (EN 338 [16]). Steel was modelled by an iso-
tropic, elastic Von Mises constitutive law by accounting for
E =210GPa and v = 0.3 as nominal MOE and Poisson’ ratio.

5.2. Experimental comparisons

Figures 9, 10 and 11 show the comparison in terms of deflection
obtained by performing FE analyses and experimental tests. The
aim is to fit the experimental test with good accuracy in order to
validate the numerical model; the same model will be adopted
for further simulation (i.e. Section 4.3. Comparison with C24
Spruce panels)

From the previous comparisons, it is clear that FE models are
able to capture the behavior of the examined specimens. In partic-
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ular, the experimental deflections are close to the numerical pre-
dictions, as considering both the sets of elastic and shear modulus
defined in the previous section.

The overall scatter was found in less than 10%, with the excep-
tion of samples from Master Panels 2A and 4A, for which minor
accuracy was obtained by using the classification’s elastic modu-
lus. In those cases, the difference from test values was in fact cal-
culated in 17%. Even larger scatter can be noticed, for the same
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specimens, for perpendicular-to-plane shear, where the percentage
scatter was found in about 35-40%.

5.3. Comparison with C24 Spruce panels

The FE models, as known, are useful to investigate the influence
of various input parameters for a given structural system. In this
research paper, in following Section 4.3 the potential of FE models
was focused on the analysis of the effects due to timber’s species
and grading on mechanical response of CLT panels in shear and
bending. In particular, a further set of analyses was carried out
by adopting the previous test configurations, but a C24 Red Spruce
section (with Egmean = 11000 MPa Egg,mean = 370 MPa G = 690 MPa
the timber properties), which is commonly used for the production
of CLT products.

In Figs. 12, 13 and 14 the so-collected results are proposed.
Compared to traditional C24 Spruce panels, the overall good per-
formance of panels with hybrid configuration can be appreciated,
due to their limited deformability both in bending and shear. In
particular, is clear that, for the same force level, the deflection is
overall lower as for in-plane as for perpendicular-to-plane config-
urations, excepted in the case of comparison of Master Panel 5 with
(€24 Spruce panel, due to the different strength class of softwoods.

6. Conclusions

The present investigation was dedicated to the analysis of novel
three-layered homogeneous Beech and hybrid Beech/Corsican Pine
CLT panels bonded with melamine and polyurethane glue. Four
point bending and shear tests were fulfilled, by applying loads as
in the direction perpendicular-to-plane as in plane.

e From the bending test in the direction perpendicular-to-plane,
rolling shear collapse modes were prevalent due to the reduced
panel length.

« Knot influence was found to be a relevant parameter in the def-
inition of mechanical performances and collapse mode of
homogeneous Corsican Pine panels.
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e Moreover, a limited number of in-plane bending and
perpendicular-to-plane shear tests on polyurethane bonded
panels, highlighted an increasing deformability and ultimate
force related to the same panels bonded with melamine adhe-
sive. However, such a finding should be deeply investigated
with the support of additional tests.

The size effect was also investigated, by comparing hybrid and
homogeneous Beech configurations under in-plane shear tests.
It was observed, by changing the panel dimensions, that the
scatter of elastic stiffness between hybrid and homogeneous
specimens was mostly constant. On the other side, the scatter
of ultimate force increases from 4% to 15%.

Overall, in any case, the mechanical performance assessment of
the examined hybrid specimens revealed an excellent behavior,
both in bending and in shear.

Moreover, with the support of numerical simulation, the exper-
imental outcomes were further assessed and compared with
traditional C24 Spruce samples, that are representative of a
widely used market product. The good performance of panels
with hybrid configuration was further confirmed, giving evi-
dence of a less pronounced deformability than the C24 Spruce
panels, in both the bending and shear loading conditions.

The collected results revealed a good behavior of homogeneous
hardwood panels and an excellent performance of the hybrid
softwood-hardwood configuration. In this sense, the hybrid hard-
wood/low graded softwood panels could represent a great oppor-
tunity for the employment of locally grown timber species for
mechanically efficient CLT panels.

Funding
This work was funded by Italian Ministry of University and
Research - PRIN 2015, grant number 2015YWS8JWA_002.

CRediT authorship contribution statement

Martina Sciomenta: Formal analysis, Investigation, Writing -
original draft.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

The authors would like to thank the Pagano Srl, Xlam Dolomiti

Srl for the manufacturing of CLT panel and the LPMS laboratory
staff: Mr Edoardo Ciuffetelli and Mr.Alfredo Peditto.

Construction and Building Materials 271 (2021) 121589

References

[1] R. Brandner, Production and Technology of Cross Laminated Timber (CLT): A
State-of-the-Art Report, Proceedings of the Furopean Conference on Cross
Laminated Timber (CLT), 2013.

[2] M. Romagnoli, M. Fragiacomo, A. Brunori, M. Follesa, G. Scarascia Mugnozza,
Solid wood and wood based composites: The challenge of sustainability
looking for a short and smart supply chain, Lect. Notes Civ. Eng. 24 (2019) 783~
807, https://doi.org/10.1007/978-3-030-03676-8_31.

[3] Commissione europea, “Bioeconomy policy,” Bioeconomy Policy, 2017. https://
ec.europa.eu/research/bioeconomy/index.cfm?pg=policy.

[4] M. Romagnoli, D. Cavalli, R. Pernarella, R. Zanuttini, M. Togni, “Physical and
mechanical characteristics of poor-quality wood after heat treatment,” IForest,
vol. 8, no. Dec2015, pp. 884-891, 2015, doi: 10.3832/ifor1229-007.

[5] KS. Sikora, D.O. McPolin, A.M. Harte, Effects of thickness of cross-laminated
timber (CLT) panels made from Sitka spruce on mechanical performance in
bending and shear, Constr. Build. Mater. 116 (2016) 141-150.

[6] A.L. Fortune, P. Quenneville, A feasibility study of New Zealand Radiata Pine
crosslam, S. Setunge. 2011.

[7] G.Concu, B. De Nicolo, M. Fragiacomo, N. Trulli, M. Valdes, Grading of maritime
pine from Sardinia (Italy) for use in cross-laminated timber, Proc. Inst. Civ. Eng.
Constr. Mater. 171 (1) (2018) 11-21, https://doi.org/10.1680/jcoma.16.00043.

[8] M. Fragiacomo, R. Riu, R. Scotti, Can structural timber foster short procurement
chains within Mediterranean Forests? A research case in Sardinia, South-east
Eur. For. 6 (1) (2015) 107-117, https://doi.org/10.15177/seefor.15-09.

[9] S. Aicher, M. Hirsch, Z. Christian, Hybrid cross-laminated timber plates with
beech wood cross-layers, Constr. Build. Mater. 124 (2016) 1007-1018, https://
doi.org/10.1016/j.conbuildmat.2016.08.051.

[10] S. Franke, “Mechanical properties of beech CLT,” in WCTE 2016 - World
Conference on Timber Engineering, 2016.

[11] M. Brunetti et al., Structural products made of beech wood: quality assessment

of the raw material, Eur. J. Wood Wood Prod. 78 (5) (2020) 961-970, https://

doi.org/10.1007/s00107-020-01542-9.

F.M. Soriano, N.G. Pericot, E.M. Sierra, Comparative analysis of the

reinforcement of a traditional wood floor in collective housing. In depth

development with cross laminated timber and concrete, Case Stud. Constr.

Mater. 4 (2016) 125-145, https://doi.org/10.1016/j.cscm.2016.03.004.

P. Papastavrou, S. Smith, T. Wallwork, A. McRobie, N. Niem, “The design of

cross-laminated timber slabs with cut-back glulam rib downstands - From

research to live project,” in WCTE 2016 - World Conference on Timber

Engineering, 2016.

UNI (Ente nazionale italiano di unificazione), “Legno strutturale -

Classificazione a vista dei legnami secondo la resistenza meccanica.

[Structural wood - Visible classification of wood according to mechanical

resistance],” UNI 11035, 2010.

[15] B.Standard, “Structural timber D Strength classes B Assignment of visual,” UNI
EN 19122012, 1998.

[16] CEN (European Committee for Standardization), “Structural timber - Strength
classes,” EN 338, 2016.

[17] UNI (Ente nazionale italiano di unificazione), “EN 408:2010 - Timber
structures - Structural timber and glued laminated timber: Determination of
some physical and mechanical properties,” 2010.

[18] UNI (Ente nazionale italiano di unificazione), UNI EN 14358:2016 - Timber
structures - Calculation and verification of characteristic values. 2016.

[19] CEN (European Committee for Standardization), “Timber Structures - Cross
laminated timber - Requirements,” prEN 16351, 2018.

[20] UNI (Ente nazionale italiano di unificazione), UNI EN 789:2005 - Timber
structures - Test methods - Determination of mechanical properties of wood
based panels. 2005.

[21] Dassault Systémes Simulia, “Abaqus F.E.A. v. 6.12 computer software,” Provid.
RI, USA, 2015.

[22] C. Bedon, M. Fragiacomo, Numerical analysis of timber-to-timber joints and
composite beams with inclined self-tapping screws, Compos. Struct. (2019)
13-28, https://doi.org/10.1016/j.compstruct.2018.09.008.

[23] P. Zhang, T. Nagae, J. McCormick, M. Ikenaga, M. Katsuo, M. Nakashima,
Friction-based sliding between steel and steel, steel and concrete, and wood
and stone, Proc. 14th World Conf. Earthq. Eng. (2008).

[24] British Standard Institution, BS EN 384:2010, Structural timber
Determination of characteristic values of mechanical properties and density,
vol. 3. 2010.

[12]

[13]

[14]

36



Construction and Building Materials 288 (2021) 123495

ELSEVIER

Contents lists available at ScienceDirect
Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

"
Construction
and Building

MATERIALS

Corrigendum to “Mechanical characterization of novel Homogeneous
Beech and hybrid Beech-Corsican Pine thin Cross-Laminated timber

TS

panels” [Constr. Build. Mater. 271 (2021) 121589]

Martina Sciomenta **, Luca Spera®, Chiara Bedon ", Vincenzo Rinaldi®, Massimo Fragiacomo?,

Manuela Romagnoli

2 Department of Civil, Architecture and Building and Environmental Engineering, University of L'Aquila, Via Giovanni Gronchi 18, 67100 L'Aquila, Italy
b Department of Engineering and Architecture, University of Trieste, Via Alfonso Valerio, 6/1, 34127 Trieste, Italy
“Department of Innovation of Biological, Food and Forestry Systems (DIBAF), University of Tuscia, Via S. Camillo de Lellis, 01100 Viterbo, Italy

For a mistake in writing the last versions of the above papers, the
article “Mechanical characterization of novel Homogeneous Beech
and hybrid Beech-Corsican Pine thin Cross-Laminated timber panels”,
two authors were missing who provided the machine grading of beech
and corsican pine baords and the regression analysis for the estimation
of the mechanical properties of the boards from the non-destructive
tests. So the authors of the article are:

Authors: Martina Sciomenta?, Luca Spera?, Chiara Bedon®, Vin-
cenzo Rinaldi®, Michela Nocetti¢, Michele Brunetti®, Massimo Fra-
giacomo?, Manuela Romagnoli“

“Department of Civil, Architecture and Building and Environ-
mental Engineering, University of L'Aquila, Via Giovanni Gronchi
18, 67100 L'Aquila, Italy

bDepartment of Engineering and Architecture, University of Tri-
este, Via Alfonso Valerio, 6/1, 34127 Trieste, Italy

‘CNR-IBE, Institute of BioEconomy, Via Madonna del Piano 10,
50019 Sesto Fiorentino, FI, Italy

dDepartment of Innovation of Biological, Food and Forestry Sys-
tems (DIBAF), University of Tuscia, Via S. Camillo de Lellis, 01100
Viterbo, Italy

Moreover, the authors regret that some parts of the paragraph 2.1
need small revisions and it should be replaced with the text below.

The three-layered CLT panels object of study were produced
by using softwood: Corsican pine (Pinus nigra subsp. laricio) and
hardwood: beech (Fagus sylvatica L.) originated from a Southern
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boards had an average length of 3.10 m while the Corsican pine
ones of 4.00 m. A batch of 597 beech and 220 Corsican pine
boards was collected and kiln-dried to a moisture content of
10%, in order to satisfy the manufacturers requirement for gluing
process.
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The boards were strength graded according to EN 14081-2 rules
[14] by the grading machine ViSCAN-Portable (MiCROTEC). Each
board was first weighted and measured to determine its density
p. Then, the natural frequency of vibration f1 induced by a percus-
sion was measured by using a laser interferometer. The dynamic
modulus of elasticity E0,dyn was thus calculated as:

Eoam=p-(2-1-f,) (1)

where p is the density of the board, [ is the length and f1 is the
frequency.

The machine settings used for the strength grading of the
boards of both beech and pine were developed in previous studies
[11],[15]. The strength class combinations used to qualify the raw
material were D40 and rejects for beech and C20 and rejects for
pine (EN 338 [16]).

The 95% of beech boards was classified as D40, while 5% of the
samples was discarded because of defects (presence of fiber devia-
tions and not uniform planing). In the case of Corsican pine boards,
the 73% of them was graded as C20, while the remaining 27% was
rejected.

A total amount of 365 beech boards and 90 Corsican pine boards
was hence used for manufacturing a series of CLT panels. Regres-
sion analysis was performed based on destructive tests carried
out on beech and pine raw material for the machine setting devel-
opment [11],[15]. Linear regression were used for the estimation of
the Modulus of Rupture (MOR), as well as the global and local
Modulus of Elasticity (MOEglobal and MOElocal respectively) from
the dynamic modulus of elasticity measured during machine
grading.

The mean properties obtained by the grading procedure and the
evaluated MOR and MOEs are summarized in Table 1.

For the research study herein discussed, two different types of
adhesives were used, namely a melamine Urea Formaldheyde
(MUF) adhesive (GripProTM Design - AkzoNobel, that was
obtained by mixing a two component hardner (H002) and a liquid
flexible resin (A002)), and a one-component Polyurethane adhesive
(Loctite ® HBS 049-Purbond). The choice of employing the mela-
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Table 1

Mean properties of timber species, derived from the non-destructive measurements.

Construction and Building Materials 288 (2021) 123495

Timber species P MC f1 MOEdyn MOR MOElocal MOElocal
[kg/m’] [%] [Hz] [N/mm?] [N/mm?] [N/mm?] [N/mm?]

Beech 756 9.6 749 16077 80.1 16154 15538

Corsican pine 512 13.0 530 9650 38.2 9748 8497

mine adhesive was due to the usage of beech hardwood boards in
panel’s homogeneous and hybrid configurations with Corsican
pine’s boards. The GripProTM adhesive is specifically designed for
softwood, as well as for hardwood timber, such as beech, birch,
oak and chestnut.

Funding (in ADDITION)

The development of machine setting for black pine was per-
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3.2.Buckling behavior of short supply chain CLT panels

The out of plane buckling behaviour of thin cross-laminated timber panels is an
interesting topic to be deepened, especially for panels subjected to in-plane actions
during their service life. Since wood is an orthotropic material, the variation of
mechanical properties with respect to the inclination to the grain affects the
performances of the single layer and of the overall panel.

In addition, the rolling-shear modulus of the orthogonal layers influences the
Eulerian critical load along with the glue tangential stiffness.

Considering the thin short supply chain CLT panels described in the previous
paragraph, experimental central axial compressive tests were carried out to obtain
the failure limit load of the specimens, both for the homogeneous beech
configuration and for the hybrid beech-Corsican pine configuration.

The specimens were positioned between two one-way knife hinges to reproduce a
constraint condition as similar as possible to the theoretical one. During the tests, a
loading cell and laser displacement transducers were used to detect load values and
panels displacements respectively.

A general analytical model was developed for 5 layers CLT panels and then applied
to the 3 layers configuration studied. This mechanical model schematizes the CLT
panels as planar Timoshenko beams connected through glue lines represented as a
continuous distribution of linear tangential and normal elastic springs.

Two non-dimensional parameters were introduced as coupling parameters, one to
consider the interaction between layers due to the glue tangential stiffness and the
other to consider the rolling shear stiffness of the inner layer.

Three different failure criteria were considered to assess the limit load value: the
first one accounts for the bending—buckling failure; the second one refers to the
rolling shear failure mechanism of the inner layer; the third one takes into account
the delamination phenomena.

All these failures were observed during the experimental campaign, and, for this
reason, they were considered to determine the theoretic compression limit load.
Considering the tests were conducted on a variable timber material, excellent
agreement was achieved between experimental and theoretical values, as analysed

in the following work by (Fabrizio et al., 2023).
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Abstract

This paper investigates the buckling behavior of three-layered cross-laminated timber (CLT) panels, from both the experimen-
tal and analytical standpoints. Two different series of specimens are considered: the homogeneous ones, which are entirely
made of beech, and the hybrid ones, whose inner layers are made of Corsican pine. The experimental tests aim to evaluate
the failure limit loads of the specimens, when loaded by an increasing compression tip force. The analytical formulation is
first obtained for a panel with a generic number of layers and after it is specialized for a three-layered panel. Timber layers
are modeled as internally constrained planar Timoshenko beams linked together by adhesive layers, which are modeled as a
continuous distribution of normal and tangential elastic springs. A closed-form solution of the buckling problem is obtained.
The achieved Eulerian critical load of CLT panels depends on two parameters, which account for (1) the interaction between
timber layers (due to the glue tangential stiffness) and (2) the rolling shear stiffness of the inner layer. Three different failure
criteria are introduced to estimate the limit load. Finally, the analytical limit loads and the experimental ones are compared.

Keywords Cross-laminated timber (CLT) - Beech wood (Fagus sylvatica L.) - Load-bearing capacity - Axial compression -
Buckling analytical model - Ayrton—Perry criterion

1 Introduction

Many types of timber structural elements (i.e., columns,
trusses, and frame structures) undergo axial compression
or combined axial compression and bending during their
lifetime functions; the risk that they deflect laterally, under
this load conditions, is called flexural buckling.

The load-bearing capacity of timber members is not easy
to predict as it is influenced by several variables which can
be gathered in two groups: the first one involves the geo-
metrical features, the boundary conditions, the material and
environmental properties (i.e., strength and service class)
and the load duration; the second comprises the geometri-
cal (i.e., initial curvature) and structural imperfections (i.e.,
knots, growth deviations, amount of moisture content). The
effect of these latter variables was deeply investigated in
Refs. [1-5] while the influence of the material properties
on the load-bearing capacity was analyzed by Blaf} [6-8].

Furthermore, two key aspects should be considered: (i)
a geometric effect called P-delta which describes the non-
Department of Civil, Architecture and Building linear increasing of deformations due to the increasing
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behavior of timber material under compression actions par-
allel to the grain. A large investigation on the P-delta effect
on axial compressed timber elements was carried on by Tet-
majer [9] and confirmed by test campaign by Larsen and
Pedersen [10], the influence of non-linearity of timber on the
interaction between moment and axial force was numerically
defined by Buchanan [11, 12].

The current National codes and Standards (i.e., Eurocode
5 [13]) provide two methods for the calculation of the load-
bearing capacity of axially compressed columns with and
without eccentricity; the most simple one is based on the
effective length method (ELM), while, the other accounts for
a second-order analysis of the structure. This latter method,
by the way, considers timber as an elastic material so it is not
able to take into account its material non-linearity.

The ELM considers a simple equivalent column hinged at
both ends; the P-delta effect is taken implicitly into account
through a buckling factor, k.. The buckling factor is used
here to reduce the compressive strength of the timber col-
umn in the direction parallel to the grain and depends on
the effective length of the structural element which can be
expressed by the slenderness ratio 4.

Several experimental tests have been performed to define
the influence of slenderness ratios on failure modes strain
and ultimate bearing capacity of glulam columns made of
different timber species: bamboo [14], larch [15], Euro-
pean beech [16]. Moreover, the effect of imperfections
such as knots [17] and cracks [18], was also investigated as
experimentally as performing FEM fittings and parametric
analyses.

A novel strain-based model to analyze the load-bear-
ing capacity with and without eccentricity is proposed in
Ref. [19] for solid elements; in this work, it is highlighted
how the non-linear behavior of timber when subjected to
compression parallel to the grain considerably influences
the load-bearing capacity. Based on this latter model and
accounting for the Glos’ stress—strain relation [20], in Ref.
[21], Monte Carlo simulations were performed with the aim
of investigating the influence of the varying material proper-
ties and slenderness.

Among the aforementioned solid and engineered wood
products, an in-depth study of cross-laminated timber (CLT)
column components has not yet been carried out. These lat-
ter structural elements result from the cut of prefabricated
solid slabs made of adjacent planks layers glued together at
aright angle.

In the last few decades, CLT has become popular in the
mass timber construction field [22], especially for mid- and
high-rise buildings, due to the numerous advantages [23]
such as the high dimensional stability, elevated in-plane
isotropic strength and stiffness with respect to sawn tim-
ber, high speed of installation [24], and the environmental

@ Springer

benefits compared to other construction materials like steel,
concrete, and masonry.

The growing interest on CLT for design purposes and
its great mechanical properties has led several authors to
analyze deepen its mechanical characteristics as bending,
tensile, shear, and compressive strength [25-31]. Although,
as previously highlighted, many studies have been conducted
to clarify the in-plane and out-of-plane mechanical behavior
of CLT panels, up to now, just limited research has been
carried out to invesigate the stability bearing capacity of
CLT members under axial compression loads. In Ref. [32],
the different axial compression behaviors of cross-laminated
timber columns (CLTCs) and control glued-laminated tim-
ber columns (GLTCs) were investigated. The GLT column
specimens had a greater compressive loading capacity than
CLT column specimens but the latter highlighted a better
ductility and energy absorption than GLT. In Ref. [33], the
main aims were to define the stability bearing capacity of
the CLT members in axial compression and to propose a
CLT stability coefficient calculation method by suitably
modifying that implemented for GLT in the Chinese Stand-
ard. In Ref. [34], Ye et al. accounted for the CLT rolling
shear sensitivity arising from the out-of-plane bending and
compression load combination; an analytical model which
takes rolling shear effects into account to predict the load-
carry capacity of CLT compression-bending members was
provided.

Stability issues have to be addressed in view of challeng-
ing aims such as those analyzed in [35-38]. In the case of
timber engineering, it is to realize increasingly high-rise tim-
ber buildings. Because of the low modulus of elasticity par-
allel to the grain of timber in general and of the even lower
shear modulus which affects the ortogonal layers [39], CLT
is more prone to undergo instability phenomena. Timber
exhibits about one third of the modulus of elasticity of con-
crete in parallel to the grain, and the radial-tangential shear
stiffness is roughly two order of magnitude lower than the
longitudinal one [40], and as a consequence, timber struc-
tures may suffer from buckling.

Considering the technology of cross-laminated timber,
the orthogonal layers are influenced by the radial-tangential
shear stiffness, usually called rolling shear stiffness [41],
and, therefore, it is expected that shear effects are important
in this type of wood-based composite.

Some researches pointed out how the properties of the
entire CLT panel are strongly influenced by the type of wood
of which its layers are made [42, 43], their thickness [44],
and the type of glue adopted [45, 46]. Other studies [47-50],
have investigated panels made with wood species other than
fir and spruce, which are currently the most used species
for CLT industrial manufacturing. In this context, panels
made of some native hardwoods species such as beech, yel-
low-poplar, and tropical hardwood (i.e., rubberwood, batai)
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have shown an excellent behavior. This evidence is relevant
considering the impact that the use of hardwood, especially
local, would have on the production of CLT panels. The
development of a short supply chain of wood is a possible
mean to economically enhance the woodlands and to achieve
environmental and social benefits [51]. Wood can be effec-
tively used to manufacture products for structural purposes,
but it is necessary to investigate the potential of each local
species to identify the most suitable technology to employ.
An interesting research case was carried out in Italy, where
maritime pine from Sardinia was employed to produce cross-
laminated timber panels. Preliminary tests were required to
evaluate the physical and mechanical properties so as to
demonstrate the suitability of this locally grown species to
produce CLT panels [52]. In addition, the activation of a
short supply chain of timber could lead to a sustainable for-
est management and to a better exploitation of the raw mate-
rial [53]. Nowadays in Europe, the attention is focusing on
hardwoods especially for manufacturing wood-based com-
posite due to their great mechanical properties [54]. Despite
the fact that softwood has played a central rule in the market
of glue-laminated timber and cross-laminated timber, the
abundance of hardwoods in European forests has determined
the need to analyze their performances [55].

The current work aims to deeply analyze the buckling and
post-buckling behavior of CLT panels. The specimens’added
value lies in (i) the short supply chain origin of both hard-
wood beech an softwood Corsican pine and in (ii) the homo-
geneous beech and hybrid beech—Corsican pine configura-
tion, devised for defining a possible optimization of material.
To reach the purposed aim, an experimental test campaign
is first carried on. As a result, the ultimate load and the fail-
ure modes are accounted for. At a second stage, analytical
models are formulated and fitted with the previous evidences
and then discussed.

2 Materials and methods
2.1 Specimens description

To carry on this experimental campaign, two of the most
interesting Italian hardwood and softwood timber species,
beech and Corsican pine, were chosen. The raw material for
both species came from Calabrian forests, South Italy. All
the steps that led to obtaining the final product were carried
out with short supply chain procedures. An amount of 365
beech boards and 90 Corsican pine boards were specifically
classified as D40 and C20 [50] and planed to a thickness of
h=18 mm to guarantee the adequate planar surface neces-
sary for the face gluing. Two different series of three-layered
cross-laminated timber (CLT) panels, made, respectively, of
beech and Corsican pine and only beech, were realized to

carry out an extended experimental campaign to assess their
mechanical properties prior to the industrial production. The
hybrid configuration is composed by two beech outer layers
and one Corsican pine inner layer. The layering of the boards
and the gluing process were performed by hand.

Timber boards were tiled, overlapped, and glued together
by a melamine urea formaldehyde (MUF) adhesive [Grip-
Pro™ Design—AkzoNobel, that was obtained by mixing
with the ratio 2—1 the two components: hardener (H002) and
liquid flexible resin (A002)]. The narrow board edges were
not bonded. The choice of employing the melamine adhe-
sive was due to the usage of beech hardwood boards in both
homogeneous and hybrid beam configurations with Corsican
pine boards. In particular, the GripPro™ adhesive is specifi-
cally designed for softwood as well as for hardwood timber,
such as beech, birch, oak, and chestnut. The average of glue
grammage was 190 g/m”. The adhesive was applied in a
factory condition of 17 °C, with an environmental moisture
of 50%. Formed beams were then cold-pressed for 2 h, with
a pressure of 1.4 N/mm?. No finger joints were forecasted
in cross-laminated panels of this experimental campaign.

From this production, an amount of seven specimens for
each series was accounted for these tests, their features are
summarized in Table 1.

2.2 Central axial compressive test

The experimental tests were performed at the Laboratory of
Structures, Tests and Materials of the University of L’Aquila
(Italy), Department of Civil, Architecture and Building and
Environmental Engineering. The typical duration of buck-
ling experiments was in the range of 30 min long and an
appropriate setup was developed, to provide the desired
loading and boundary conditions to the tested CLT panel.
Each specimen was positioned between a couple of one-way
knife hinges whose shape has been designed to ensure the
right positioning in the underlying and overlying wedges
(Fig. 1a, ¢). The distance between the axes of end hinges is
[ = 1064 mm. The wedges were connected to the machine
test support devices by bolts.

During the test, a total of four laser displacement trans-
ducers were used. Their position (Fig. 1b) was on both sides
of the span area of the specimen; the transducers 1 and 3

Table 1 Size (B=width; T=thickness; L=1length), configuration, and
test type of the examined CLT specimens

Panel series Configuration timber ~ Specimen

No. B(mm) L (mm) 7 (mm)

HO Homogeneous beech 7 144 800 54
HB Hybrid beech/Corsi- 7 144 800 54
can pine
@ Springer
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were used to measure the middle deflections of the speci-
men, while the transducers 2 and 4 could measure some
torsional effects. The in-plane compressive load F, continu-
ously monitored by means of a load cell, was applied by
means of an Instron-Schenck hydraulic servo-controlled jack
along the width B.

In the process of specimen loading, a preload F, was
applied to the specimen to eliminate the gap between the
ends of the specimen and the supports. In this experimental
test, the preloaded load value F, was taken as 30% of the
estimated ultimate load value of the specimen.

The tests were carried out under displacement control; in
particular, a limit of 15 mm was fixed for the vertical low-
ering of the machine crossbeam. Two different speed rates
have been set: the first, until the critical load was reached,
was equal to 0.44 mm/s, and once the critical load was
reached, the speed rate has been reduced to 0.33 mm/s.

2.3 Experimental results

The ultimate loads F, and the failure modes are summarized
in Table 2. Some examples of failure modes are defined in
Fig. 2. Regardless of configuration, panels reached similar
average limit load levels equal to 200 kN for the homoge-
neous configuration and 192 kN for the hybrid configura-
tion. Panels having an homogeneous configuration were
characterized by a bending due to bucking (tension and

Table 2 Axial compression test campaign evidence

Specimen no. F, (kN) Failure mode
HO-1 211 b
HO-2 183 b
HO-3 165 b
HO-4 203 b
HO-5 205 b
HO-6 218 d
HO -7 217 b
Average 200

Sy 19

my 157

HB-1 234 b
HB-2 187 r
HB-3 134 r
HB-4 241 r+d
HB-5 204 r+d
HB-6 204 d
HB-7 141 d+b
Average 192

Sy 41

my 99

b bending—buckling failure, d delamination,  rolling shear

compression) failure while the main failure mode of hybrid
specimens was rolling shear. The standard deviation s, and
the 5th percentile m, are given in Table 2. '

The axial displacement versus compressive load F curves
are shown in Fig. 3, both for the seven homogeneous speci-
mens (Fig. 3a) and for the seven hybrid specimens (Fig. 3b).
The curves of the homogeneous and hybrid specimens reach
the final slope after an initial settlement of the specimens. It
is worth observing that after such initial settlement, the slope
of the linear increasing branches of the curve is almost the
same both for the homogeneous and hybrid panels.

The recorded mid-span displacement versus compressive
load F curves are shown in Fig. 4, both for the homogene-
ous (Fig. 4a) and hybrid (Fig. 4b) specimens. They all show
the existence of some problems of the experimental appa-
ratus. Specifically, due to the unavoidable imperfections of
the experimental setup, it was necessary to re-elaborate the
acquired data to extract the displacement component linked
to the deformation of the specimen only. The imperfections
of the setup that cannot be fully eliminated include: the mis-
alignment of the two hinges with respect to the longitudinal
axis of the specimen, the imperfect contact of the end sec-
tions of the specimen with base and top steel plates, and
the presence of a gap between the lateral steel plates of the
end restraints and the specimen. The accurate procedure to
clean up the experimental curves from the imperfections is
described in the Appendix. Finally, the re-elaborated mid-
span displacement versus compressive load F curves are
shown in Fig. 4c, d for the homogeneous and hybrid speci-
mens, respectively.

3 Analytical model
3.1 General glued multilayer beam model

To understand the results of the experimental campaign
and in the attempt to extend such results for practical use,
an analytical model is here developed. A general model is
first introduced with the aim to approach the buckling of a
glued multilayer beam subject to a concentrated compression
load, after which it will be adapted to the three layers CLT
panel object of the present paper. As the model is intended to
interpret the experimental results described before, it will be
made reference to an initial imperfection of the panels as in
Fig. 5. It is worth observing that the length / is taken equal to
the distance between the two end hinges of the experimental
apparatus (/=1064 mm), even though the panel length is
of 800 mm (see Table 1), since it is assumed that the entire
system between the hinges undergoes bending—buckling
deformation.
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Fig.2 Failure modes: a—c bend-
ing—buckling; d—f rolling shear;
g. h delamination

The general mechanical model is made of N overlapped
planar Timoshenko beams, with rectangular cross-sections
of different height h; (i=1..., N) and unique width b; the
beams are connected through N — / glue lines, represented
by a continuous distribution of linear elastic springs that
work along the tangential and normal directions, as in
Refs. [56, 57]. Since the model aims to analyze its buckling
behavior, it is developed according to the classical linearized

@ Springer

theory approach, which consider the hypothesis of small dis-
placements and small strains, though imposing the equilib-
rium in a deformed shape adjacent to the reference equilib-
rium configuration (trivial solution).

The mathematical model is defined by three sets of three
equations (kinematic, static, and constitutive) for each layer,
which involve kinematic and static quantities related to the
glue lines.
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Fig.3 Axial displacement 250 250
versus compressive load F: a
homogeneous HB specimens; b 200 200
hybrid HB specimens
— 150} 150
Z
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o 100} & 100
50 50
ors 0
0 5 10 15 0 5 10 15
Top axial displacement (mm) Top axial displacement (mm)
Fig.4 Midspan displacement 250 . - . - . 250 T T T T T
versus compressive load F: a [
and, top b recorded curves for 200 200
the homogeneous and hybrid
specimens, respectively; ¢ and, 150 150
bottom d re-elaborated curves é 5
for the homogeneous and hybrid ; 100 : 100 F —gg; ]
specimens, respectively — _HB3
50 50 F ——HB-4 ]
——HB-5
~HB-6
0F —HO-7 Of —mB7 ‘ . . ]
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0F—mno-7 1 Of —mHB7 ; J .
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15

Midspan displacement (mm)

Fig.5 Reference system: imperfect beam under a concentrated com-
pression load

Midspan displacement (mm)

3.1.1 Kinematics

With reference to Fig. 6a, b, the kinematics on the entire
system is described by a 3N displacement components vector
T .
u(x) = {u; (), ..., u;(x), .., uy(x)} , expressed as a function on
a unique variable x, lying along the beam length, in which
T A
u,(x) = {u,-(x), vi(x), (p,(x)} encompasses the displacements
of the i-th layer.

By neglecting the dependence on the variable x
for simplicity, a generalized SN — 2 strainTvector fol-
lows as &= {€,€, 2.8, &> 441 €y} in Which
the classical beam strains for the i-th layer are defined,
adopting from now on the Lagrangian notation, as
e, = {&.7.x} = {ul,v. — @, ¢}, while for the i, i+ I-th
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Generic section

~

|

g.l. i,i+ l]
Glue line '

Eerr—t=—— ! |
Luyer_l/ I
[ [

Y (b)

U;

Fig.6 Kinematic quantities: a undeformed shape; b deformed shape

L _

I+l -th?ay_er's section
Glue line i,i+1-

Fig.7 Detail (in the deformed shape) of the kinematic and static
quantities of the glue line between i-th and i + 1-th layers
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Fig.8 Static quantities in the deformed configuration and global
resultants

glue line (to be intended as: between layers i and i+ /)
(Fig. 7):

v, — v,
By = { Eniii+l } 2 A bl %
gii+l — - L — — il &
Eiix] (“i"‘ zlq’i) (“i+1 5 ‘/’i+l)

(M

It should be observed that, since the thickness of a real
glue line may be of difficult estimation or control, it is
worthy to express the components of g, ;.| independently
from the thickness 7, ;, ;: therefore, such components repre-
sent displacements, and thus they are dimensionally equal
to a length.

3.1.2 Statics

The static quantities of the general model, (represented
in Figs. 7, 8 as positive), are the generalized internal
forces N;(x), T;(x) and M,(x) (i=1,..,N), which repre-
sent the axial force, the shear force, and the bending
moment, respectively, acting on the i-th layer, whereas
quantities ¢,;,,(x) and 7;;,,(x) are, respectively, the nor-
mal and tangential stresses (per unit of length) acting
along the contact interface between layers i and i+ 1.
These can be collected into a (SN — 2)x 1 force vector
() = {t;(x), t,2(%)... iy ;). G2, tk,,-.,-,r,(x)..,tN(x)}T
with (neglecting again the dependence on the variable x for
simplicity) t; = { N; 7, M; }  and teiivt = { Cii1 Tiiu }T-
With reference to Fig. 8, the equilibrium equations,
for each layer, should be written with respect to the adja-
cent deformed configuration defined by the angles 0; = v;
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Fig.9 Static equilibrium for the i-th layer

(i=1,..,N), which may include some initial imperfection and,
in general, should be different for each layer as the glue lines
are allowed to deform out of their plane. Since the forces N;
and T; (i=1,..,N) are not parallel and the sections stepwise,
it may be convenient to express the equilibrium condition
with reference to an infinitesimal portion of the deformed
beam, cut by two vertical sections, spaced dx, and projecting
the forces N; and 7; in the horizontal and vertical direction.

In Fig. 9, the forces involved in the equilibrium of the
single layer are portrayed and the apex (-)* indicates the
small increment derived by a series expansion up to the first
order, so that a(x)* = a(x) + «'(x)dx, a(x) being one of the
kinematic or static entities shown in Fig. 9.

In the same figure, the rotations of the axis line are split in
two parts, having distinguished the initial rotation 6,5 = v,
which may be present in the unloaded imperfect beam
(Fig. 5), from the relative rotation 6, = v;, which rise from
the initial imperfect shape, as an effect of the applied loads.
It should be recalled that while the bending response of the
layer is related to the (relative) rotation ,, the bending effect
induced by the horizontal force H;" depends on the (total)
rotation 6;, = 6,, + 0,.

With reference to Fig. 9, it should be also observed that
strictly the glue stress & and 7 vary in an unknown way along
the layer’s border; however, for simplicity, they are supposed
uniform in dx and acting under the rotation 6;,.

For the i-th layer, it can be then demonstrated that the
equilibrium equations read:

N/ =(T:6,) =610, + G ;10; + Ty
T/ +(Niby) +Gi_y ;= 0Cjjst +Tie 0y = T340, =0
M +T;— (/DT +7T

—Tiis1 =0

=010y — 0;i110;) = 0.
2
However, recalling that H = ), H; = —F for the reference
system (Fig. 5), the equilibrium equations can be simpli-
fied supposing that ,, is small enough for each layer, such
as N; ~ H;, and hence N = ), N; & —F, which implies that
N' = Y, N! = 0; similarly the terms & 6, and 7 6, can be
overlooked, thus determining the equilibrium equations in
the form:

=1, ii+1

N +7_;=7,;,, =0
T +(N#y) +6,_1;— 0,41 =0

M+ T, - (hi/z)(?i—].i +7;41) =0.

3)

3.1.3 Constitutive laws

Finally, the constitutive laws are introduced, based on
a linear elastic uncoupled behavior for all the materi-
als, according to the following expressions: t; = [C,-]s,-
with [C,- = diag{EiA,-, G,-A,,-,Eil,-}, for the i-th layer, and
tgi.i+l = Cgi.i+l]€yi.i+] with [Cgi.i+1] = diag {ki.i+l’gi.i+l }
for the i,i + I-th glue line. Specifically, A;, A; =5/6 A;
(as the layers present a rectangular section), /;, E;, and G;
are, respectively, the cross-section area, the shear area, the
moment of inertia, the Young modulus, and the shear modu-
lus of the i-th layer. For the glue line between layers i and
i+ 1, the stiffness of the two continuous bed of springs in
the normal and tangential direction is defined, respectively
(Fig. 7):

Eyi b
t

_ Ggijv1 b

ki.i+l -

8ii+1 =

“4)

Qi+l Liit

having considered the glue as an elastic continuum with
Young modulus E,; ;| and shear modulus G, ;... In the next
numerical calculations, it is always assumed 7;;,; = 0.1 mm.

It can be noted that globally, the general mechanical
model is defined by 13N — 4 kinematic and static unknowns
against 13N — 4 equations; therefore, the algebraic-differen-
tial problem associated to the proposed model is balanced.
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3.2 Three-layer CLT beam model

The base mechanical system described above can be adapted
to fit the specific three-layer CLT panels (N=3) used in
the experimental campaign described in the previous sec-
tions, resulting in a global simplification of the mathemati-
cal formulation. Since the three layers of the specimens
have the same thickness / and the same width b, a unique
cross-section area A; = A = bh, shear (rectangular) area
A, = A, = (5/6) bh, and moment of inertia I, = I = bh*/12
is considered for each layer (Vi = 1,2, 3).

Due to the mechanical symmetry of the section of the
CLT panels, as the outer layers are made of the same kind
of wood, a single value for the elastic modulus E, = E; and
for the shear modulus G, = G5 are taken into account for the
external layers.

Finally, for both the two glue lines, the same thickness
t, Young modulus E,, and shear modulus G, are supposed;
therefore, a single normal stiffness k = k| , = k, ; as well as
a single shear stiffness ¢ = g, , = g, ; are considered.

Equilibrium Eq. (3) now became:

N =7,,=0

: T} +N,6,) —6,,=0

M +T,

of planks whose narrow borders are not glued or not even in
contact; it is then supposed that the central layer is unable to
bear any axial force. Nevertheless, as the inner planks hold
some cross bending stiffness, which can be involved by the
deflection of the outer layers, it is supposed that the central
layer is able to bear some bending moment (M, # 0).

From Eqs. (6)s and (5),, it can now be written
T, = 7,3 = 7, which means that the two glue lines are
subject to the same shear stress 7 and the same shear strain
T/g =€, = €,1, = €3 While the global compressive force
acting on the panels (Fig. 5) reads: N = N; + N; = —F keep-
ing itself constant along the panel.

Due to the internal constraints, some internal forces (7',
T3, G, 5, 0,3) become reactive quantities, as they cannot be
expressed by the constitutive laws. Such reactive quantities can
be then obtained by solving Eq. (5); ¢ with respect to 7; and
T, and Eq. (5), 4 with respect to 7 , and 7, ;. Together with
Eq. (5), 3. the condensed equilibrium equations are, hence,
obtained by substituting the relationships that provide the reac-
tive forces o, , and 7, 5 into Eq. (5)s, and finally substituting, in
the same equation, the derivatives of 7, 75, and T expressed

- g?l.z =0

h - -
5(’1.2"‘72,3) =0. )

h—

The CLT beam model can be further simplified by introduc-
ing some internal constraints, based on suitable assumptions
on the mechanical behavior of the system. These constraints
are expressed as follows:
Emz:o_"’l =Vgi=uV.
€3 =0 v3=v, =v
yl=0—-)(pl=v’=01=(p (6)
13=0-g¢;=V=06;=¢
N2 = 0.

By means of Eq. (6), ,, the impossibility of the layers
to detach from each other in the normal direction is intro-
duced, thus resulting in a single displacement component
vy = v, = v3 = v orthogonal to the layers’ axes. Likewise it
is supposed that the initial imperfection v, is equal for each
layer, thus assuming v;, = v, Vi = 1, 2, 3 (Fig. 5). Based on the
low thickness to length ratio of each layer, Eq. (6); 4 enforces
the shear non-deformability of the external timber layers
(Euler-Bernoulli beam theory); such a constraint makes the
rotation angles ¢, and @5 slave quantities of the orthogonal dis-
placement v, thus assuming the same value . Finally, Eq. (6)s
is based on the fact that often in CLT panels, as in the case
of the ones tested experimentally, the cross layers are made
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from Eq. (5), 5. The condensed equilibrium equations, thus,
read:

Fig. 10 Kinematics of the generic section in the CLT panel
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N -7=
N;+7=0

(M, + M, + M3)" =2N{" h+ F(v + vy)"
M,+T,~7h=0

Q)

in which it has been considered, from Eq. (6); 4, that
2N, = XN, = —F(" +v{).

By substituting the constitutive laws (Sect. 3.1.3), and
the kinematics equations (Sect. 3.1.1) (modified according
to Eq. (6)) into Eq. (7), the field equations are obtained as:

EAui —ge, =0

EAuy +ge,=0

2E\1 ¢"" + E;] ¢} —2E,Au}’ h+F(v+vy)"
Ey)] ¢ + G)A(@ — @,) —geh =0

®)

which represent a system of four coupled linear differential
equations facing five kinematic unknowns (u;, us, €,v.¢,);
therefore, since the system is indeterminate, a new constraint
is needed. However, before doing this, further considerations
have to be made.

It should be now taken into account the relationships that
exist among the various displacement components (Fig. 10),
according to Eq. (1), from which the two axial displacements
for the external layers are obtained in the form:

“1=“2—g((l’+¢2—%5:>
WIOWEY S % ®
T R P+ @ net)

Summing both sides of Eq. (9) and deriving it, it follows:
€, + €3 = 2¢, which means that the axial displacement and
strain of the central layer identify, respectively, the mean
displacement and strain of the outer layers. Therefore, it can
be written —F = E|A¢g| + E|Ae; = E|A(g, + €;) = 2E|A¢,
and then ¢, = —F/(2E,A) which implies that the central
layer axial strain is constant along the panel. This means
that deriving twice Eq. (9) and substituting them into the
field equations, Eq. (8), , become equals, thus resulting in
a differential system twice indeterminate (three independ-
ent equations against five unknowns). Therefore, two more
constraints are needed.

3.2.1 Coupling parameters

To eliminate the indetermination of the problem, a simple
but consistent attempt, from a mechanic standpoint, is to
introduce the following two non-dimensional parameters:

2E

=9 28
ho

@

n (10)

Although n as well as y should be, generally, functions
of x, it is now supposed that they are both constant showing
later the conditions under which such a hypothesis turns to
be true. Then introducing Eq. (10) into Eq. (9), after deriva-
tion, the outer layers axial strains become:

i F h ’
- = —— =] —_
€ =u 2EA 2( +n—ywe -
’ F h ’
== i 2 — ;
€3 =uj 2EA + 2( +n—-yw)e

From Eqs. (10) and (11),, the field Egs. (8), which have
now become an algebraic-differential system of three equa-
tions facing three unknowns (v, 1, ¥), read:

EA(Q+n-y)¢" +gwep=0
E\[1(2+ pen) + AR +n =)V + Fv+v)" =0
2E,In@" +2G,A,0(1 —n) — gh*wp =0

(12)
in which the elastic modulus ratio p; = E,/E, has been
introduced. Equation (12), can be then written in a compact
form:

Elleqvlv +Fv+vy)" =0 (13)

which, in absence of an initial imperfection (i.e..v, = 0),
clearly recalls the classic elastic curve equation for the
buckling of a Euler—Bernoulli’s beam, having introduced
the equivalent moment of inertia:

Uncoupled Coupled
(g—>0)> /\ (g—)

\ |

|

~ |

\ |

I

|

Full composite
(g2 G>x)

Partial coupling

Fig. 11 Limit configurations for the single section
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L,=1(2+ ppn) + AR’ (1 + n—y). (14)

The two parameters # and y can now be determined from
Eq. (12),,3, thus obtaining:
EA(l+n) ¢"
B EA Q" —go
2G,A,¢ + E\ AR (1 —yw)e
" QE,l + E,Al)@" = 2G,A,p’

(15)

)1:

These last equations effectively express two con-
stant quantities provided that the differential Eq. (13)
admits a solution v in the form v(x) = — e sin(zx/1).
As known, such a circumstance may stem out assuming
vy(x) = — ¢, sin(zx/ 1) for the imperfect beam problem of
Fig. 5, which, from now on, will be considered as the refer-
ence system for the analytical model, as it can be directly
associated to the experimental set up.

From the abovementioned sine solution, it can be
determined:

2E\A 7°(2G,A, P + E,Jn%)
T 2G,Ag I + [E,AQG,A, + gh?) + 2E,] g|Px + 2E,A E,Iz*
_ 2GAP-EARZ(1-y)
"= 2G,A, B+ E\A Px? + 2E,Ix?

v

(16)

which, according to Eq. (14), determines the degree of cou-
pling of the external layers. In this context, the parameter y
represents the coupling flexibility of the glue lines whereas
the parameter # represents the coupling efficiency of the cen-
tral layer. Among all the parameters that appear in Eq. (16),
those, which a specific attention is given to in this paper, are
the glue line shear stiffness g and the shear modulus G,, the
latter representing the rolling shear modulus of the central
layer. With reference to Fig. 11, it is possible to define some
limit conditions associated to the extreme values that g and
G, may achieve.
Full composite beam

Table 3 Mechanical properties of the wood species used for the CLT
specimens

Beech  Corsican pine
Elastic modulus E, Nmm®> 14814 -
Elastic modulus E, N/mm®> 991 364
Rolling shear modulus G, Nmm* 350 59
Compression strength Jfeu N/mm* 40 -
Rolling shear strength Fu N/mm? 6.0 2.0
Adhesive shear strength 7, N/mm? 1225 12.25

@ Springer

g — &

Gz—>oo} =2 y—-0 = -1

(17)
> L, - Ipc =1(2+ ppn) + 24K

No slip in the glue lines, with the global section remain-
ing plane while the quantity AR*(1 4+ 5 — y) (Steiner’s term)
reaches its maximum value as 1 +n —y = 2.

Coupled beam

g—0 =2>y—>0=>n-n
2G,A, P — E\A i z?
T 2G,A, P + E,A 2n? + 2E,In?
=>1,, = Ic =1(2+ ppnc) + AR*(1 + 1)

(18)

No slip in the glue lines, with the global section that
exhibits a broken line profile.

Uncoupled beam
g -0 = syy=1+ L
8 Yy oy = Eix
G,A, P
- 19)
= n=ny E,In? (
GyA, P

> I(,q—)IU=I(2+pErlu)

With no tangential stress in the glue line, with a stepwise
global section and with the Steiner’s term that vanishes, the
uncoupled panel behaves as if it was made of three stacked
independent beams.

On the basis of the geometrical dimensions exposed in
Table 1 and the mechanical properties shown in Table 3
(Sect. 4) for beech wood and glue, the variation of the
coupling parameters # and y with g and G, is portrayed in
Fig. 12. As can be observed especially from the right graphs
of the figure, whatever value of the rolling shear stiffness
G,, both the coupling parameters n and y depend very little
on the stiffness of the glue g, since over a very small value
of g> 10,000 N/mm?, the curve is substantially horizontal.

3.2.2 Euler’s buckling load and the elastic solution
for the imperfect three-layer CLT beam

Recalling Eq. (13), the Euler’s critical load for the three-
layer CLT panels follows the classical form:

5
e

Fo=7

cr T

E

a4 (20)
over which, according to Eq. (14), it is possible to evaluate
the influence of g and G,. With reference to the geometrical
(Table 1) and mechanical (Table 3, Sect. 4) values associated
to the HO-CLT panel, in Fig. 13, the variation of F, with g
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Fig. 12 Diagrams of the coupling parameters y and 5 varying with g and G, within their ranges of interest for CLT panels
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Fig. 13 Buckling load efficiency varying with g and G, within their

ranges of interest for CLT panels
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Fig. 14 Experimental (thin line) and analytical (thick line) mid-span

displacement versus compressive load F
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and G, is portrayed, by means of a buckling load efficiency
ng. =F./F. rc, being F,, pc the critical load for the full
composite beam.

Clearly, the influence of glue stiffness g is negligible
whereas the rolling shear modulus plays a crucial role.

From the sine initial imperfection v,(x), the solution
of Eq. (13), assuming the following boundary conditions
v(0) = v(l) =v"(0) =v'(I) = 0 (Fig. 5), reads:

v(x) = — e sin (%r) = _FeiofF sin (%x)

in which the applied force F' and the initial eccentricity e
are assumed known. Specifically, the initial imperfection
e, can be estimated by comparing the experimental mid-
span displacement—compressive load F curves of Fig. 4c,
d and the correspondent analytical (v(//2) versus F) curves
obtained from the solution of Eq. (21). Figure 14 shows the
experimental mid-span displacement—compressive load F of
the homogeneous specimens HO-1, HO-4, HO-5, and HO-7,
already shown in Fig. 4c¢ (thin lines), and the analytical
curves (thick lines) obtained for different initial imperfection
e,- As can be observed, the best fitting among experimental
and analytical curves occur for e, = 0.25 mm (& L/4000).
As a final clarification, the curves in Fig. 14 are shown in
a zoomed window with respect to those shown in Fig. 4c.
Moreover, Fig. 14 shows the absolute value of the mid-span
displacement. In the next section, the value of ¢; = 0.25 mm
will be always used.

From Eq. (21), it is now possible to evaluate all the dis-
placements, strains, and forces of the system. In particu-
lar, focusing on the static quantities, introducing the sin-
gle i-th (i=1, 2, 3) layer’s critical load as F,,; = E}J n*/ I’
(F., = F_3) and recalling the kinematic and constitutive

equations of Sect. 0, it can be written from Eq. (11),:

(21)

F EAhZ(+n-y) .(n)
s

N,=E,Au’l=—§— 7 7*
(22)

M, =M;=EIV' = F,, e sin (%x) (23)

M,=E)InV'=F,,ne sin (%x) (24)

from Eq. (10),:

s h

‘z'=g£,=—gw2 I”e COS(%,\‘) (25)

from Eq. (5);4:

= h?
T)=T;=-M| + -}lr =— %(Fm * %)e cos (zx)
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from Eq. (10),;:

GA,n(1 -
TG ) ¥ B U g (%) @
l l
eventually from Eq. (5),¢:
2
01, = Zr—e{ZE,A hz*(1+n—y)e cos (%)
2T 4p / 28)
+[4E,1 72 + P (gh*y — 2F)] sin (%) }
2 ;
0y3 = ”—e{2E,A hz*(1+n—y)e cos (@)
R [ (29)

2 D gD i
—[4E\1 2* + P (gh*y 2F)]5m(1x)}

On the basis of the geometrical dimensions exposed in
Table 1 and the mechanical properties shown in Table 3
(Sect. 4) for beech wood and glue, the elastic response of
the homogeneous three-layer CLT panel is then described
by the functions portrayed in Fig. 15.

3.2.3 Stability verification

Recalling the theoretical nature of the Euler’s buckling load
and the fact that, in principle, it could never be reached, at
least within the boundaries of the linearized theory, to inter-
pret the results of the experimental campaign, it is now nec-
essary to define some specific failure criteria, as in Ref. [58].

Basically, as it was described in Sect. 2.3, three failure
modes have been observed in the tests: a bending—buckling
mode, occurring in the middle of the panel, a rolling shear
mode, detected at the ends, and a delamination mode, involv-
ing the glue at the extremities as well. To each of these modes,
it is possible to associate an ultimate compression load which
account for the achievement of the relevant failure stress in a
specific part of the structural element. The ultimate load of the
panel will be then the lowest of the three, for which an assess-
ment is here presented.

Bending buckling mode

The flexural failure mode stems from the minimum (abso-
lute maximum) compression stress reached in the middle of
the panel at the very external surface of layer 1. Recalling
the classical Navier’s formula, such a stress can be calcu-
lated as:

_ N2 M/ h

Oy min = A I 2 (30)
and therefore, from Eqs. (22) and (23)
F Elhn2(2+r]—u/) e F a1
Cpmin = —o — ;
amin 2A 2 12 F - F ( )

cr
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Fig. 15 Elastic response of the imperfect HO-CLT panel under a tip load expressed by functions of the abscissa x (F=0,5 F_, — ¢;=0.25 mm).

Given f, the compression failure stress of the layer’s

_Q+n-y)Ahe

wood, it determines a limit compression load, for the straight P I, (32)

panel, equal to F,, =2 A f,,. The search for the ultimate

load F = F,, which makes o, .., = f, according to Eq. (31),  from Eq. (31) it can be written:

follows the Ayrton—Perry criterion. After introducing the :

following non-dimensional parameter: Fy ll +ﬁc< B %) ] =1 33)
cu cr

It is now introduced the relative slenderness in the form:
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Table 4 Critical and limit loads from the analytical model
T 34
=45 G4 HO  HB
cr
i . . Critical load F, kN 2208 170.2
rom which, defining: Limit load—bending buckling mode ~ F,, kN 1850 158.5
1 -2 Limit load—rolling shear mode F, kN 2198 1684
¢=-(L+A+A) (35 Limitlo: o R
2 imit load—delamination mode Fy, kN 2203 169.9
Limit compression load F, kN 1850 1585
and:
_ 1
r= \/7_2 (36) Table 5 Comparison between analytical and experimental results
+\P* -4
¢ ¢ HO HB
finally: Analytical limit compression load F, kN 185.0 158.5
F,=gxF, (37) Experimental failure load (mean) Fg, kN 200.0 192.0
Cl cu
Relative difference - % 74 17.4

Rolling shear mode

The rolling shear failure appears once the shear stress
in the inner layer has reached the rolling shear strength f,,,.
Such a circumstance may occur at the ends of the panel,
where the shear force 7, achieves its maximum (minimum)
value. For simplicity it is considered a uniform distribu-
tion of the shear stress across the central layer section:

o= T.\')'.Z = TZ/A (38)
from which, recalling Eq. (27):
Inx=10) 5Ga(l-n) e F —.
= — = —— ABC.
Tr.max A g ] F.—F (39)
This can be modified introducing:
5G, m(1-n) e
= 40
B, 6 7 (40)
and then writing:
Fa
Ty, max =f;'u = ﬂr F‘.r __Fr—b s (41)

where F, represents the limit compression load which deter-
mines the achievement of the rolling shear strength in the
inner layer. This is, hence, defined as:

.f;u FL‘I’

F,

T Bt fu “2)

Delamination mode

The delamination of the glue at the ends of the panel should
likely derive from the combined action of the shear stress 7
and the normal traction & (Fig. 15); however,in this paper, for
the sake of simplicity, it will be considered solely the first one.

@ Springer

The maximum shear stress (per unit of length) is evaluated
from Eq. (25) for x = [, thus obtaining:

whr eF
21 F,-F

cr

Tmax = g

(43)

Given the failure shear stress of the adhesive, which deter-
mines the delamination, its associated value 7, = 7,b stems

from an ultimate load F = F,;, which makes 7, = 7, accord-
ing to Eq. (43). Therefore, defining:
v hr
B, = 27 (44)
it can be written:
F
- e gb
Tmax =Ty = B 45
max F(.r — th ( )
and finally:
Tll b F('I'
b= o = (46)
& P+r,b

Finally, the limit compression load for the CLT panel reads:

Fb = Min{F(-bsprl)’FA’b} (47)

4 Comparison between analytical
and experimental results

The numerical value of the mechanical properties of the
wood species considered in this analysis is reported in
Table 3. The mean elastic moduli E, and E, were identified
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in Ref. [59], where the same CLT panels were mechani-
cally characterized from bending tests.

For beech wood, the rolling shear modulus and strength
have been taken from [60], whereas the compression
strength has been approximately defined from EN338, con-
sidering the mean experimental MOR shown in Ref. [59].

For Corsican pine wood, the rolling shear modulus has
been calculated from EN338, as a fraction of 10% of the
shear modulus normal to grain for a C20 graded soft wood,
while the rolling shear strength derives from [50].

On the basis of a shear modulus of the glue G, =642
N/mm?, [59] and of an alleged glue line thickness
t=0.1 mm, it can be calculated from Eq. (4), the shear
stiffness of the glue: g =924.480 N/mm”. However, regard-
ing this last value, it should be considered the uncertainty
related to the thickness of the glue line; therefore, it seems
reasonable to consider g in the range 10°+ 10° N/mm?.

The adhesive shear strength has been taken from [61].

The limit failure loads of the CLT panel are reported in
Table 4. Specifically, the theoretical critical load for both the
homogeneous and hybrid specimens is shown in the first line
of Table 4. Such a critical load F, is obtained from Eq. (20).
The limit loads that refer to the three different failure modes
of the CLT panel are reported in the second, third, and fourth
rows of Table 4. They are obtained from Eqgs. (37), (42), and
(46), respectively. Finally, the limit compression load F, for
the CLT panel, identified with the minimum value of the pre-
vious three limit loads, is reported in the last row of Table 4.

A comparison among the experimental and the analytical
limit loads, here obtained, is finally performed. The analyti-
cal limit loads of the homogeneous and hybrid configuration
of the CLT panels are displayed in the first row of Table 5.
The mean experimental limit loads are reported in the sec-
ond row of the same table. As can be observed, the percent-
age differences among analytical and experimental values
are quite small. Specifically, the analytical model seems to
evaluate better the limit failure behavior of the homogene-
ous CLT panels.

The minor ability of the analytical model to describe the
failure limit behavior of the hybrid CLT panels seems to be
related to the statistically scattered values provided by the
experimental test. From a deeper observation of the numeri-
cal data in Table 2, the limit loads of the specimens HB-1

Table 6 Comparison between analytical and updated experimental
results

HB
Analytical limit compression load F, kN 158.5
Experimental failure load (mean)® Fy kN 174.0
Relative difference - % 8.9

“HB-1, HB-4 tests removed

and HB-4 are higher than the highest limit load provided
from the homogeneous CLT panels, which are supposed
to be of higher resistance as the inner layer holds better
mechanical properties. Since such a result appeared con-
ceptually implausible, and thus to be traced back exclusively
to the material uncertainty, it was deemed of interest to con-
sider, beside the full range of test results for hybrid pan-
els, also a reduced range in which the most unlikely results
were excluded. This fact suggests to remove the results of
the specimens HB-1 and HB-4 from the calculus of the
experimental mean value of the limit load. The updated
experimental limit load of the hybrid CLT panels, obtained
from the HB-2, HB-3, HB-5, HB-6, and HB-7 specimens,
is reported in the second row of Table 6. Considering this
updated value, the relative difference between the analytical
and experimental values decreases and becomes of the same
order of magnitude of that of the homogeneous CLT panels.

Clearly, the comparison presented before relies on the
specific value of the initial imperfection calibrated on the
basis of the experimental results (Fig. 14). However, for
designing purposes, the practical application of the analyti-
cal model would require the adoption of a general value of
the initial imperfection e, consistent with the standard pro-
duction’s tolerance. Obviously higher imperfections would
result in lower limit compression loads for the CLT panel.
For example, applying a value ¢, = 1.00 mm (= L/1000) to
the reference system described before, it can be calculated a
limit compression load F;, = 161 kN for HO specimens and
F;, = 140 kN for HB specimens, with a relative reduction,
with respect to the use of ¢, = 0.25 mm, respectively, of
almost 13% and 11%.

5 Conclusion

In this paper, the buckling behavior of three-layered CLT
panels was investigated, first by means of 14 experimental
tests and then by developing an analytical formulation cali-
brated on the specific test setup.

The experimental campaign was conducted on two dif-
ferent groups of seven specimens, each one related to a
specific configuration characterized by the panels cross-
section’s arrangement. The first configuration (homogene-
ous, labeled HO) presented three layers made of the same
timber specie (beech), whereas, in the second one (hybrid,
labeled HB), the inner layer was made of a different tim-
ber specie (Corsican pine). The experimental tests aimed to
evaluate the failure limit loads of the specimens, under an
increasing tip compression force. The homogeneous panels
showed almost exclusively a mid-span bending failure mode
while for the hybrid panels, different failure mechanisms,
such as rolling shear failure, as well as delamination failure,
were observed at the ends, singularly or in conjunction. Such
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a circumstance is likely to follow from the lower rolling
shear strength of the inner layer in the hybrid panels. Nev-
ertheless, the two groups showed quite similar average limit
loads; however, the hybrid specimens presented results with
a higher standard deviation with respect to those related to
the homogeneous ones.

An analytical model was then developed in the attempt to
describe theoretically the system object of the experimenta-
tion. The moderately high length to width ratio of the speci-
mens, the absence of side restraints in the test setup and,
above all, the intent to develop a simplified approach to the
problem at hand, led straight to a beam-based theoretical for-
mulation. This was first introduced for a panel with a generic
number of layers, modeled as a stack of planar Timoshenko
beams connected each other by continuous distributions of
normal and tangential elastic springs representing the glue
lines. The general model was then adapted to a three-layer
system, similar to the panels of the experimental campaign,
by means of some internal constraints, and considering a
side displacement field in the form of a sine, as a result of
an initial sine shape for the imperfect panel’s longitudinal
axis line. From such a model, a closed-fform solution for the
elastic problem, together with the related Eulerian critical
load, was determined; this was performed by introducing
two non-dimensional parameters, y and # which express
the interaction among the wooden layers due, respectively,
to the tangential stiffness of the glue and the rolling shear
tangential stiffness of the inner layer. It should be noted that
the abovementioned closed-form solution stems from the
hypothesis on the initial imperfect axis line’s sine shape,
which introduces some strict similarities with the y-process
[62]. Nevertheless, the proposed model includes the influ-
ence of the elastic response of the glue lines, which repre-
sents the novelty of the presented theoretical approach with
respect to others [62] which generally overlook the presence
of the adhesive layers. However, although it was recognized
that the influence of the glue stiffness on the critical load
is negligible, it should be highlighted that the modeling of
the adhesive layers, beyond allowing a richer description
of the response of the three-layer CLT panel, permitted the
investigation of the delamination failure mode observed dur-
ing the laboratory tests. Such a delamination mode enlarges
the range of possible failure modes for a CLT panel, which
includes the classical bending mode and the shear mode
[58].

On the basis of the achieved closed-form solution and
recalling the different failure mechanisms [63—-65] detected
during the experimental campaign, three different failure cri-
teria were introduced, leading to a unique theoretic compres-
sion limit load. The first one accounts for the bending—buck-
ling failure, the second refers to the rolling shear failure
mechanism of the inner layer, and finally the last takes into
account the delamination phenomena.

@_ Springer

A comparison among the experimental and the theoretic
limit loads was performed after the calibration of the analyti-
cal model on the basis of some of the experimental results as
well as on some parameters derived from the literature. The
comparison showed that the analytical formulation describes
sufficiently well the real behavior of the CLT panels, both
with a homogeneous or hybrid configuration, with relative
differences on the limit loads lower than 20%.

As a beam-based formulation, the proposed model,
besides being adopted for a comparison with the specific
test described above, seems to configure a potential prelimi-
nary design tool for stability verification, since it considers
one of the most demanding configuration for a three-layer
panel wall, though substantially unusual in the construction
practice, with no vertical sides’ restraints and hinges on
both the horizontal ends. However, it should be recognized
that the model is clearly unable to describe the two-dimen-
sional buckling behavior of a panel wall in the presence of
restraints along its vertical border and/or of a width to height
ratio higher than unity.

Appendix

As a result of the initial imperfections, the tested specimens
are subjected to a rigid roto-translation motion. By refer-
ring to Fig. 16, naming ug, u,,, and u; the displacements
in the vicinity of the upper hinge, the lower hinge, and the
mid-span, respectively, and indicating with the subscripts r
and d the rigid displacement and deformation components,
the rigid motion component of the transverse mid-span dis-
placement is:

_up,tug,  (upturg)+ (ug+ugy)

uM.I' - 2 - 2 (48)
_uptug  Upgtlugy
-2 2

Assuming the mean deformation displacement near
the hinges to be negligible compared to the mean total

Initial T
conf.

ur.d
Rigid
component

M

UM ,d

Deformed
conf.

Fig. 16 Rigid displacement and deformation displacement compo-
nents
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displacement, the displacement component linked to the
deformation of the specimen alone can be rewritten:

ur+u
Upg = Uy — % (49)
Specifically, Fig. 16, in abscissa, shows the mid-span dis-
placement evaluated by Eq. (48).
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3.3. Timber in existing buildings

It is well known that wood has physical-mechanical properties such that it can be
included among the most commonly used building materials: it is in fact light, with
an excellent weight/strength ratio, durable if used with suitable precautions, and with
sufficient fire resistance if well designed. In Italy, wood has been used since ancient
times essentially for the construction of load-bearing members and structures, such
as floors and roofs.

There are basically two types of wooden floors in historic buildings: floors with a
main load-bearing frame of the same length as the span to be covered and floors
with a main load-bearing frame whose length is shorter than the span to be covered.
The first type is further subdivided into single-frame floors and compound-frame
floors. The simple one-way floors, which are the most common types, are made with
wooden elements of reduced and rectangular section, with a base less than the
height, called joists. The spacing between the joists is variable from about 30 cm up
to 50 cm, depending on the geographical area of construction of the floor and the
type of floor used. The support in the wall is about 10-15 cm.

The elements are placed parallel to the smaller dimension of the room which
generally does not exceed 4-5 meters. Above the joists there is the deck consisting
of flat tiles or bricks, mostly found in Central Italy, or of wood planks, prevalent
mainly in Northern Italy. The planks can be simply put together and equipped with
joint cover to avoid the passage of dust and to hide any imperfections or provided
with male-female joint. Above the deck there is a substrate, a bedding layer and
finally the actual floor. The existing timber floors in historic buildings are usually
bent and degraded due to fungi and insect attack, humidity, construction errors, and
change of use. For these reasons, it is often necessary to stiffen floors or to substitute
portions of wooden elements. Since large part of the existing masonry buildings in
historical centres is subjected to superintendence of architectural heritage
restrictions, some common interventions are not always applicable.

Hence the idea of using the aforementioned local wood thin CLT panels in reversible
strengthening interventions for hypothetical floor with geometry included in the

most common ranges, as detailed in the following work by Spera et al., 2024.

3.4. Out-of-plane strengthening of existing timber floors
with Cross Laminated Timber panels made of short
supply chain beech
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Abstract: Establishing short supply chains for timber has become important especially in Italy, which
is an historically wood-importer country. Timber is an environmentally friendly construction material
and a potential mean to reduce carbon footprint produced every year by the building sector. In
addition to its sustainability benefits, reversible strengthening interventions can be attained for
existing structures. As such, timber can be efficiently used to preserve and protect historical buildings
which are, due to architectural and aesthetic values, fundamental components of the Italian cultural
heritage. In this study, the use and potential of novel cross-laminated (X-Lam or CLT) timber panels
made of Italian hardwood (i.e., beech) for strengthening of existing timber floors is investigated. A
quantitative comparison between the mechanical performances of the proposed wood-based product
and common retrofitting techniques, such as double-crossed timber planks and reinforced concrete
slabs, is carried out in terms of bending stiffness (which is evaluated according to Eurocode 5),
influence of weight and reversibility of intervention. It is shown that CLT panels represent a good
compromise/alternative for the realisation of reversible and sustainable reinforcing interventions,
with rather well promising performances.

Keywords: wooden floors; composite sections; strengthening interventions; out-of-plane stiffness;
Cross Laminated Timber (CLT); beech (Fagus sylvatica L.)

1. Introduction

In the Mediterranean countries, a considerable part of the ancient building stock is
composed of masonry buildings with timber floor and roof systems. Being the floors
susceptible both to in-plane and out-of-plane loads, it is crucial to define their behaviour
under the combination of these actions as they play a key role in the definition of the
building vulnerability and seismic response.

Floors in-plane stiffness both with the effectiveness of the connections with the shear-
walls, ensure a lateral loads redistribution and an efficient holding of the load bearing walls,
improving the seismic performance of the whole building (box-behaviour) [1]. Whereas, a
high out-of-plane stiffness assures the compliance of deflections limits under the action of
vertical loads, which mostly burden the structure for its entire life. Unfortunately, most of
the traditional timber floors have low out-of-plane and/or in-plane stiffness; this condition
both with the lack of connections to the main masonry walls which led to the vulnerability
to seismic action of the ancient masonry buildings and represent a significant limitation [2].
In some cases, the existing floors could require additional strengthening and stiffening in
the out-of-plane direction as they were designed to bear moderate loads and, in most cases,
they suffer from excessive deflections with respect to current requirements. Permanent
deflection due to creep can also reach critical values [3].

Buildings 2024, 14, 749. https:/ /doi.org/10.3390 /buildings14030749
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To face this latter condition several strengthening techniques have been developed to
increase both the bending stiffness and load-bearing capacity of existing timber floors. One
of the most widespread approaches consists in increasing the inertia of the floor joists by
adding a reinforcement on its upper side; the results is a T-composite beam section having
as web the original timber and as flange the new element, connected to the existing beam
by the mechanical connections [4]. The aforementioned fasteners ensure the composite
behaviour; while, their type and features are the main factors that govern the efficiency of
the intervention. The solution of adding a top reinforced concrete slab of 40-50 mm height
is one of the most widespread used for new floors and refurbishing and enhancing the
performance of existing timber floors since it was developed in the 70 s.

Different mechanical connection systems have been applied in practice [5], such as for
example dowel type fasteners, notches [6], studs [7], glued in rods [8], plates [9] or even the
combination of various fastening systems [10]. Despite the observed advantages of hybrid
timber-to-concrete (TTC) systems, like for example their increased load-bearing capacity,
but also airborne sound transmission, structural fire rating, seismic performance and
thermal mass, TCC solutions have also some significant drawbacks. Among others, there
are differential deformations (namely those owing to shrinkage of concrete and moisture
variation on timber [11], the lack of clear guidelines for their design (long term behaviour
still remains a complex issue at the moment) and especially the significant increase in
permanent loads, invasiveness, and low reversibility of intervention, which makes them
unsuitable for use on valuable historic buildings [4].

To overcome all these disadvantages, the use of timber elements, instead of concrete
slabs, has been proposed as an alternative, mechanical efficient option to strengthen existing
timber floors [12]. Timber-to-timber (TTT) composite sections have undeniable advantages,
compared to the aforementioned TTC sections. More precisely, these can be listed as the use
of traditional materials and the ‘dry” assembly methods, which promote the compatibility
between materials as well the intervention reversibility and/or recoverability. Another
relevant benefit concerns the characteristics of timber in terms of natural carbon sink and
renewable material [13], which make this type of reinforcement technique rather efficient
from an energetic/environmental viewpoint.

One of most awkward and discussed issues concerns the historical value preservation
of building heritage, which has been often affected by invasive retrofit interventions aimed
at reducing the carbon dioxide emissions or the seismic risk [14-16]. In particular, in
the last decades, the indiscriminate demolition and replacement of timber floors and
roofs with reinforced concrete (RC) slabs and steel beams appeared as really common
strategy. It is thus clear that this practice has relevant negative consequences in terms of
(i) increased seismic forces, given their inertial characteristics, (ii) low deformations and,
consequently, low energy dissipation of RC member compared to timber elements [13], and
(iii) additional weight on the existing wall/foundation system, which could not be able to
provide sufficient low-bearing capacities [17]. The most widespread solutions adopted to
realize TTT sections involve the use of different types of connectors [3,18-20] to join new
timber planks or CLT panels to the existing floors. Both the TTC and TTT strengthening
techniques are realized by minimizing the thickness of the reinforced floors, in order
to preserve the existing floor level and internal room height. Nevertheless, despite the
numerous advantages, the elastic moduli of timber products are relatively low compared
to concrete and/or steel, hence TTT floors are characterized by very low bending stiffness,
which makes them prone to excessive short- and long-term deflections, as well as sensitivity
to human-induced vibrations [21,22]. Increasing the thickness of flat timber slabs is the
easiest way to satisfy the deflection and vibration control requirements for long-span floors,
but the application of excessively thick solid timber floors is not economically justifiable
and minimally structurally efficient [22].

In this framework, the importance of CLT panels has become so relevant that several
studies [23-27], have concerned panels made with different wood species compared to
fir and spruce, which are currently the most used species for CLT industrial productions.
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An interesting research case was carried out in Italy, where Sardinian maritime pine was
employed to produce CLT panels. Preliminary tests carried out to evaluate the physical and
mechanical properties, and thus to demonstrate the suitability of this locally grown species
to produce CLT panels, can be found in [28]. To note that CLT panels made of some native
hardwood species, such as beech, yellow-poplar and tropical hardwood (i.e., rubberwood,
batai, etc.), were found as very performing. These literature evidences are particularly
relevant, considering the impact that hardwood and new bonding techniques [29] could
have on the production of CLT panels. In particular, it was highlighted in [26] the excellent
out-of-plane and shear mechanical performance of the examined homogeneous beech or
hybrid Corsican pine-beech CLT specimens. By comparing (via numerical simulations)
the mechanical response of hardwood panels with those made of traditional C24 spruce,
they proved to experience lower deflections and to be less deformable in both bending and
shear loading conditions.

Therefore, in the context of retrofitting interventions of existing timber floors, the
application of novel homogeneous Italian beech CLT panels, which were experimentally
investigated by Sciomenta et al. [26], as reinforcing element, is further considered and
addressed in present study. For quantitative comparative purposes, moreover, the predicted
mechanical performances are assessed towards some common strengthening techniques of
typical use for wooden floors.

2. Reinforcing Interventions

Since wood is light and workable, through centuries it has been largely used for the
realization of floors for ordinary buildings, and even in those with monumental importance.
In the framework of typical timber floors, two main parts (frame and slab) can be variably
designed, as a function and class of use of the primary structure.

In Italy, the frame is generally made of one or two orders of beams. In the second
case, the primary order is composed of beams, while the secondary order consists of joists.
The function of the frame is to bear structural permanent, non-structural permanent, and
accidental loads, acting at the floor intrados and extrados. The slab usually presents a
different structure which locally varies with the Italian region: in some cases, it is constituted
by one or more layers of timber planks, while in other cases is consists of tiles. The primary
roles of slab are to distribute the different design loads among the frame components and
to increase the lateral stiffness of the frame, thus contributing to the distribution of the
horizontal actions towards the main structural vertical elements. In this paper, a one-way
system for timber floors (made of sawn wood joists and planks) is taken into account.

Three different strengthening techniques are considered to improve the bending
stiffness for a case-study, existing timber floor consisting of sawn timber joists (with cross
section of 160 mm by 200 mm, and spacing of 350 mm), and an upper layer of boards
(30 mm in thickness).

All the interventions include the use of a reinforcement above the existing floor, see
Figure 1, which is connected by means of screws.

The difference lies in the nature of strengthening element, which is respectively:

e adouble-crossed timber planking, made of hardwood, with a mean modulus of elasticity
parallel to the grain E ., 1y = 14,237 MPa and a mean density pjean = 756 kg/ m>;

e aCLT panel made of hardwood, with E, e, 11 = 14,237 MPa and pyiean = 756 kg /m3 [26];
a RC slab with secant modulus of elasticity E. = 31,447 MPa and pyyean = 2500 kg/ mS.

To note that the first technique is fully reversible and commonly used in all practical
situations, where a minimally invasive intervention—but mechanical efficiency—is required.

In contrast, the third system is clearly not reversible and can be used, where high
floor stiffening is necessary, only in those buildings which are not protected by the Fine
Art Monument. The second solution is halfway between (i) and (iii), as it constitutes a
reversible intervention and anyway allows a quite significant floor strengthening.
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Figure 1. Three-dimensional view and cross-section details of the case-study floor object of interven-
tion (dimensions in mm).

With the aim to mechanically compare the effect of three different reinforcing systems
with the same dimensions, the thickness of herein proposed novel CLT panels, equal to
54 mm, is taken into account for the above options (i), (ii) and (iii). The connection between
the existing timber floor and the reinforcement is assumed flexible, as it is realized by means
of screws with variable diameter and spacing as described in the following paragraphs.

3. Comparison of Selected Intervention Techniques
3.1. Calculation Approach

The selected intervention techniques were applied to the case-study floor system
schematized in Figure 1. Considering a single joist for the 5 m span floor, see Figure 2, the
bending stiffness was first evaluated according to the mechanically jointed beams theory,
as specified by Annex B of Eurocode 5 [30].

Such a linear elastic theory assumes (i) a simply supported boundary condition for
the beam, (ii) a connection by mechanical fasteners with slip modulus K, between the
individual parts of the composite section, (iii) a constant or uniformly varying spacing of
fasteners, and (iv) a sinusoidal or parabolic distribution of bending moment.

In addition, the percentage weight increment was also calculated to underline the
influence of reinforcing system on the permanent load acting on the floor, and thus to use it
as a further influencing parameter for mechanical performance assessment.
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Figure 2. Cross-section of the examined composite system (dimensions in mm).

3.2. Slip Moduli and Performance

Considering the flexible connection between the existing timber floor and the reinforc-
ing system, the slip modulus (both for ULS and SLS) increases progressively, going from
the double-crossed planking to the RC slab.

For timber-to-timber connections, in particular, the mean density (0ueqm) is calculated
considering the mean densities of the two jointed timber members (0,1 and pi;,2), as in
Equation (1):

Pmean = /Pm,1'Pm,2 1)

For concrete-to-timber connections, the mean density is based on the mean value of
the timber element, and K., should be multiplied by 2. Assuming a mean density of the
existing timber elements of 500 kg /m?, the resulting mean densities are 615 kg/m? in the
cases of D40 strength class timber planks and novel beech CLT panel, and 1000 kg/m? in
the case of the RC slab.

For screw diameters (d) equal to 8, 10, and 12 mm, the corresponding slip moduli
Kser (for SLS) and K, (for ULS) were thus evaluated according to Eurocode 5 [11], see
Equations (2) and (3):

d
KS(’T — p}fziang (2)
2
Ku = nger (3)

In doing to, a reduction coefficient for K. (equal to 0.7) was also taken into account,
in order to include a stiffness reduction due to the presence of existing planking [31-33].
As shown in Table 1, the so calculated slip moduli change depending both on the density
of reinforcement and on the screw diameter.

Table 1. Calculated slip moduli for different reinforcements.

d =8 mm d =10 mm d =12 mm
Reinforcing System Keor K Ko K, Ko K,
[N/mm] [N/mm] [N/mm] [N/mm] [N/mm] [N/mm]
(i) Timber/ (ii) CLT 3712 2475 4640 3093 5568 3712
(iii) RC 5444 3630 6805 4537 8167 5444
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Assuming the RC slab as reinforcing system, it can be seen that the K., slip modulus,
and consequently the K, slip modulus, increases of about 47%, compared to timber planks
or CLT panels. A further comparison between the aforementioned formulation and the
new one which has been recently developed in the draft of Eurocode 5, Annex K [34] was
thus carried out. In particular, Equation (4) was used to evaluate the mean slip modulus
per fastener in case of timber-to-timber connections:

0,1 1,1 0,1 ,
Ksrs = 0.12 (Pmmn,l t],,l F Pmenn,i + Pmean,2 t;,]z) dl : (4)

where:

Pmean,1 and Pean 2 is the mean density of member 1 or 2;

Omean,i 1s mean density of the interlayer;

ty,1 and ty, 7 is the thickness of member 1 or 2;

d is the fastener diameter.

The so calculated values were greater than those in Table 1 of about 10-12%, affecting
the bending stiffness of the composite section with a minimal overestimation of about
1-2%. For this reason, the slip moduli in Table 1 were adopted in the following, as they are
plausible by comparison with the values determined experimentally in the literature, as for
example in the case of hardwood-softwood connection with interlayer [19].

3.3. Bending Stiffness

For the composite section in Figure 2, composed of a single joist with 160 mm by
200 mm cross-section, an upper layer of timber planks, and a strengthening system, com-
parative bending calculations were carried out in accordance with Equations (5) and (6):

(ED)pps = Y7 1 (Eili + viEiAia?) ©)
ﬂinAiS,' !
= | T *

with:

(ED) = effective bending stiffness of the composite section;

E; = modulus of elasticity of the i-th element;

I; = second moment of area of the i-th element;

v = gamma coefficient of the i-th element;

A; = cross-sectional area of the i-th element;

a; = distance between the geometric centre of the i-th element and the centre of the
composite section;

s; = spacing of fasteners;

K; = Kser for the serviceability limit state and K, for the ultimate limit state calculations;

I = span of joist.

Since the joist as in Figure 1 are considered simply supported, the connection system
is made of 8, 10, or 12 mm diameter screws with variable spacing, which is set equal to a
minimum value (5,,i,) near the end-restraints and to a maximum value (Syax) at mid-span.
The limit cases of absence of connection (K = 0) or fully rigid connection (K = o) are
also presented in Table 2, in terms of limit bending stiffness capacities for the examined
composite section.

Three cases of flexible connections (K7, K5, and K3) with different values of s,y and
Smin are analysed. K, K, and K3 present a maximum spacing of 200 mm, 150 mm, and
100 mm, and a minimum spacing of 150 mm, 100 mm, and 50 mm, respectively.

As a major result, the calculated slip moduli affect the corresponding 7y coefficients
according to Equation (6). In particular, the coefficient decreases with the increase of the
slip modulus, as shown in Table 3 for the intermediate flexible case (K2). The 7y values in
the case of RC slab are indeed similar to those determined in earlier studies [11].
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Table 2. Limit cases of calculated bending stiffness: (EI)y for K = 0 and (El)« for K = co.

; A (ED), (EDeo
Reinforcing System [Nmm2] [Nmm2]
None 8.54 x 1011 8.95 x 1011
(i) Timber plank 8.62 x 1011 2.60 x 1012
(ii) CLT panel 9.19 x 101 3.03 x 1012
(iii) RC slab 9.98 x 10! 3.88 x 1012
Table 3. Coefficients for different reinforcements (K5).
d=8 mm d=10 mm d=12mm
Reinforcing System ., (SLS) 44 (ULS) 71 (SLS) 71 (ULS) 77 (SLS) 74 (ULS)
[-] [-] [-] [-] [-] [-]
(i) Timber 0.38 0.29 0.44 0.34 0.48 0.38
(i) CLT 0.24 0.17 0.28 0.21 0.32 0.24
(iii) RC 0.17 0.12 0.20 0.15 0.24 0.17

Therefore, K3 is the stiffer option, and all the three flexible cases are included between
the limit cases, leading to bending stiffnesses greater than the case without connection
and lower than the case of rigid connection. Both the ultimate limit state (ULS) and the
serviceability limit state (SLS) are considered, see Tables 4 and 5, using the slip moduli K,
ad K, respectively, in the evaluation of the coefficients ;.

Table 4. Flexible connections (ULS): calculated (EDf for Ky, Kp, and K.

Reinforcing (ED oy
System [Nmm?]
Kq K> K3
d =8 mm d =10 mm d=12mm d=8 mm d=10 mm d=12 mm d=8 mm d =10 mm d=12mm
None 8.93 x 10! 8.93 x 101 8.94 x 101
(i) Timber 1.42 x 102 145 x 102 148 x 102 147 x 102 151 x 102 154 x 102 157 x 102 1.61 x 1012 1.65 x 1012
(ii) CLT 213 x 1012 216 x 10" 219 x 102 218 x 1012 222 x 10> 225 x 102 228 x 1012 233 x 10> 237 x 10'2
(iii) RC 3.09 x 1012 3.11 x 102 3.12 x 102 3.12 x 102 3.14 x 10> 3.16 x 10>  3.19 x 10> 322 x 10>  3.25 x 102
Table 5. Flexible connections (SLS): calculated ( EI)eﬁc for Ky, K5, and Kj.
Reinforcing (EDfr
System [Nmm?]
Kq K K
d =8 mm d =10 mm d=12mm d=8 mm d=10 mm d=12mm d =8 mm d=10 mm d=12mm
None 8.93 x 10" 8.93 x 101 8.94 x 101
(i) Timber 1.48 x 1012 1.51 x 10'2  1.54 x 102 154 x 10'2 158 x 10'2  1.61 x 1012  1.65 x 102  1.69 x 10'2  1.72 x 10'?
(ii) CLT 219 x 1012 222 x 102 225 x 102 225 x 102 229 x 102 233 x 10'2 237 x 1012 243 x 1012 247 x 102
(iii) RC 312 x 1012 315 x 102 3.17 x 1012 3.16 x 1012 319 x 1012 322 x 102 325 x 102 329 x 102  3.33 x 1012

As shown in Table 4 and Figure 3a, the ULS bending stiffness of the composite section
with 8 mm screws increases from 59% (Kj) to 76% (K3) with the double-crossed timber
planks system, from 139% (Kj) to 155% (K3) with the homogeneous beech CLT panel, and
from 246% (K1) to 257% (K3) with the RC slab.

68



Buildings 2024, 14, 749 8 of 16
5 E+12 5E+12
E 4E+12 S 4E+12
& 3E+12 Z. 3E+12
w2 w
5 2E+2 Z 2E+12
¢ 1E+12 RC = 2 1E12 RC "
£ LT S £ e 5
£ o 15+00K . Tiber 3 7 0 E+00K—0 Timber =
% = = )
£ Kl K2 Absence g £ K1 K2 K3 Absence g
K3 4 £
5 K=x 2 3 i K=x 2
=0 § /? Connection type %
Connection type 3 'S
-1 7

B0 E+00-1 E+12 @1 E+12-2 E+12 B2 E+12-3 E+12
03 E+124 E+12@4 E+12-5 E+12

(@)

B0 E+00-1 E+12 @1 E+12-2 E+12 82 E+12-3 E+12
B3 E+12-4 E+12 84 E+12-5 E+12

(b)

Figure 3. Example of bending stiffness variation (8 mm diameter screws): ULS (a); SLS (b).

The SLS bending stiffness, see Table 5 and Figure 3b, shows a greater increment, with

a range from 66% (K1) to 85% (K3) in the case of crossed timber planking, from 145% (K1) to
165% (K3) in the case of X-Lam panel, and from 250% (K1) to 264% (K3) in case of RC slab.

The ULS bending stiffness for the composite section with 10 mm diameter screws,
see Figure 4a, increases from 63% (K1) to 81% (K3) with the double-crossed timber planks
system, from 142% (K1) to 161% (K3) with the homogeneous beech CLT panel, and from
248% (K1) to 260% (K3) with the RC slab.

SE+12 SE+12

E 4E+12 E 4E+12

Z 3E+12 Z 3EH2

E 2E+12 a 2E+12
2 1E+12 RC 5 £ 1E+12 RC 5
g CLT B £ P CLT =
£ 0E+00 Timber o 3 Timber =
& K=0 gy g & K0 g s
;5 K2 Absence E 5 K2 K3 Absence E
-] K3 K= © = K== )
[ =00 = 9 N =
& ﬁ ) Connection type sg

Connection 4 3

e 2 2

B0 E+00-1 E+12 @1 E+12-2 E+12 @2 E+12-3 E+12
B3 E+12-4 E+12@4 E+12-5E+12

(a)

B0 E+00-1 E+12 @1 E+12-2 E+12 @2 E+12-3 E+12
D3 E+12-4 E+12 84 E+12-5 E+12

(b)

Figure 4. D graphs of bending stiffness variation (10 mm diameter screws): ULS (a); SLS (b).

The SLS bending stiffness in Figure 4b shows a greater increment, with a range from
69% (K1) to 90% (K3) in case of crossed timber planking, from 149% (Kj) to 172% (K3) in
case of CLT panel, and from 252% (Kj) to 268% (K3) for of RC slab.

The ULS bending stiffness in Figure 5a for the composite section with 12 mm diameter
screws increases from 66% (Ki) to 85% (K3) with the double-crossed timber planks system,
from 145% (K1) to 165% (K3) with the homogeneous beech CLT panel, and from 250% (K)
to 264% (K3) with the RC slab.

The SLS bending stiffness in Figure 5b shows a greater increment, with a range from
73% (K1) t0 92% (K3) in the case of crossed timber planking, from 153% (Kj) to 177% (K3) in
case of CLT panel, and from 255% (K1) to 272% (K3) for the RC slab.
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Figure 5. D graphs of bending stiffness variation (12 mm diameter screws): ULS (a); SLS (b).

With respect to the limit cases with K = 0 and K = oo, it is also worth to note that the
flexible cases K, K and K3 present bending stiffness values which are necessarily comprised
between the above limits, but are rather similar to each other for the same reinforcing system.
The typical bending stiffness variation and sensitivity is shown in Figure 6.

d=12mm

6 E+12
g SE+12
g
& 4 E+12 K1
~ T |
A
2 K2
§ 3 E+12 — 3
@ —®— K=
= 2IEE12
g) —®— K=0
2 1E+12
[
m

0 E+00

Timber CLT RC

Figure 6. Comparison between limit cases and flexible cases, in terms of ULS bending stiffness for
12 mm diameter screws.

Analysing the results in terms of slip moduli, the values assessed according to EC5
underestimates the experimental values expected from tests in similar timber-to-timber
joints [19]. Consequently, even the bending stiffness is underestimated, due to the approxi-
mations of the method by [30] and on the presence of the interlayer [31,33], in agreement
with other studies [35]. The three flexible cases Kj, K, K3, which represent three possible
and realistic choices of screws spacing, were considered to evaluate their influence on the
effective bending stiffness. The estimated values in the case of CLT panel as reinforcement,
in particular, are greater than those in the case of double-crossed timber planking, although
the thickness and density of the material are the same, because of the presence of two
layers with the grain direction parallel to the span direction. Considering the RC slab, the
Eurocode 5 provides approximated formulas to determine the mean density to be used
to evaluate the slip moduli and the consequent bending stiffness. This kind of retrofit
technique, although has better mechanical performances, is however not always applicable
in historic buildings, where indeed reversible interventions are preferable [3,4,12,13].

70



Buildings 2024, 14, 749

10 of 16

A parameter regarding the performance of the flexible connections, indicated as 7, can
be further analysed, with respect to the two limit cases K= 0 and K= oo, by calculating it
according to Equation (7):

_ (ED)opr — (ED)g
(ED)e = (El)g

The so obtained 7 values, calculated for the K; case, are presented in Table 6 and Figure 7.

)

Table 6. Values for different reinforcement (K3).

d=8 mm d=10 mm d=12mm

Reinforcing System 7(SLS) 5 (ULS) 4 (SLS) 4 (ULS) 5 (SLS) 5 (ULS)
[-] [-] [-] [-] [-] []

(i) Timber 0.39 0.35 0.41 0.37 0.43 0.39
(ii) CLT 0.63 0.60 0.65 0.61 0.67 0.63
(iii) RC 0.75 0.74 0.76 0.74 0.77 0.75
1
n (SLS) n (ULS)
BTimber BCLT ERC

Figure 7. Typical trend of n parameter for 12 mm diameter screws K case.

The 1 parameter, which usually does not exceed the unit, increases with increasing
density of the reinforcing system and with decreasing screws spacing and, consequently,
with increasing of the slip modulus.

Therefore, assuming constant effective screws spacing (K; case), it increases both going
from the timber planks reinforcement to the RC slab and going from ULS to SLS.

3.4. Weight

The considered reinforcing material densities were set in 756 kg /m? for double-crossed
timber planking and novel beech CLT panel and 2500 kg/m? for RC slab.

Regarding the composite system, the additional reinforcing element constitutes about
the 40% of the structural permanent loads in the two timber-based solutions, and about the
69% in the case of the RC slab, see Figure 8.

Considering the flexible cases with 12 mm diameter screws, both the weight and
bending stiffness increasements are noteworthy to be highlighted, so as to identify a
suitable compromise between the most efficient mechanical strengthening technique for
the existing floor and the corresponding increase of permanent loads.
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e —

75%

50%
69%

40 %

0%
Timber/CLT RC

Figure 8. Percentage weight variation of reinforcement, compared to the total permanent weight of
timber floor with reinforcing intervention.

In the K; case, the ULS bending stiffness increases of 66%, 145% and 250% for double-
crossed timber planks, novel CLT panel, and RC slab, respectively. In the K, case, the
ULS bending stiffness increases of 73%, 152% and 254% for double-crossed timber planks,
novel CLT panel, and RC slab, respectively. In the K3 case, the ULS bending stiffness
increases of 85%, 165% and 264% for double-crossed timber planks, novel CLT panel, and
RC slab, respectively.

To sum up, see Figure 9, the use of timber planks as reinforcing element determines a
ULS bending stiffness equal to (EDyy = 1.65 x 10'2 Nmm? in the stiffer case (K3), which is
about 33% lower than the CLT panel with K; value ((EDyy = 2.19 x 10'> Nmm?).

(EDeg (ULS) [Nmm?]

4 E+12

3 E+12

I i
2 E+12 il |
- I I | I i I ‘
K=0 K1 K2 K3 K=wn

0 E+00

® Absence ® Timber ®CLT ®=RC

Figure 9. Quantitative comparison of selected reinforcement techniques in terms of (EI)5 at ULS.

On the other hand, the CLT panel in stiffer case (K3) leads to a ULS value of ( ED gy =
2.37 x 102 Nmm?, which is lower down to about 32% than the RC slab in Kj case, with
(EDg = 3.12 x 10" Nmm?.

Similarly, the SLS bending stiffness of the CLT panel in K; case is larger of about 31%
than timber planks with K3 value, and the stiffer CLT panel case (K3) value is lower of
about 28% than the RC slab in Kj case.
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Considering the stiffer case K3 with 12 mm diameter screws, the ULS bending stiffness is
(EDgr=2.37 % 10'2 Nmm? for CLT panel as reinforcement, against ( EDg=1.65 x 10'2 Nmm?
for timber planks and (EI)5=3.25 x 10'2 Nmm? for RC slab.

In this regard, from the comparison in terms of bending stiffness and weight percentage
increase, shown in Figure 10, it is clear that the CLT panel allows to obtain a significant
increase of ULS bending stiffness, and also efficiently limit the increase of structural
permanent loads on single joists, at around 40%.

K;

100%

90%
& 80% 9
> 3.E+12 g
A 70% &
= / k-
> 60% g
) ) 3
= 2.E+12 50% &
=) i
. 40% 8
30% B
L
2 20% F

10%

0.E+00 0%

Absence Timber GET RC

Figure 10. ULS bending stiffness-to-weight increase for K3 case.

4. Bending Moment and Normal Stresses

Considering the K; flexible case with 12 mm diameter screws, it can be important to
show how the chosen reinforcing system affects the moment distribution between the joist
and the reinforcement itself along the span of the single joist. Alongside the structural
permanent loads due to the joists, the existing floor and the reinforcing system, non-
structural permanent loads and accidental loads are considered. The design distributed
load per single joist considered is equal to 1.90 kN/m, and, for a span of 5 m, it produces
a reaction at the supports equal to 4.75 kN for a simply supported beam. Analysing the
bending moment distribution M, (x) along the 5 m span, it can be divided between the
elements (reinforcement and joist) of the composite section. Using subscript n =1 for
the reinforcing element and subscript n = 2 for the joist, moments and axial forces can be
determined according to the following Equations (8)—(11):

Bl
My (x) = ®)

(EDss

Exp

Ma(x) = M(x) 9)

(ED)osf

nE1A1m
Ni(x) = ——M(x 10
l( ) (El)eff ( ) ( )

72E2A2a2
No(x) = —F+—M(x 11

In order to respect the condition expressed by Equation (12):

M(x) = My(x) + M2(x) + N1 (x)-a1 + Na(x)-a2 (12)
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Considering the bending moment distributions (Figure 11 left graphs), M for the
K =0, Ky, and K = oo cases increases when the reinforcement stiffness increases, and M,
decreases progressively. Consequently, normal stresses can be evaluated according to
Annex B of Eurocode 5 [11], Equations (13) and (14):

o= YiEiaiM
1
(EDesf

0.5 E;i;M

(13)

Om,i = (14)

Timber planks Timber planks

0 R Gl G S e e e i =i 300

0 1 2 3 4
250 /
200

o

—o—MI1(x) K=0
—a—M2(x) K=0
——MI(x) K2
M2(x) K2
——MI1(x) K=
M2(x) K=o
—M(x)

3

M(x) [KNm]
A

-5

Cross section height [mm]

-6
-10 -5 0 5 10
X [m] o [MPa]

-7

CLT panel CLT panel

300

—&—MI1(x) K=0
——M2(x) K=0
——MI1(x) K2
M2(x) K2
—o—M1(x) K=
M2(x) K=
—M(x)

—8—01

——c2

M(x) [kNm]

Cross section height [mm)]

RC slab

300

—o—MI(x) K=0
—4—M2(x) K=0
——MI(x) K2
M2(x) K2
—+—MI(x) K=
M2(x) K=
—M(x)

—8—cl

M(x) [kNm]

—8—2

Cross section height [mm]

-7

X [m] 7 G [.\ﬁ’a]

Figure 11. Bending moment distributions along the span for the K = 0, K3, and K = co cases, and
maximum normal stress distributions along the cross-section height for each reinforcement.

Considering the most stressed cross section in terms of bending moment, i.e., the one
in the middle of the span, the variation of the normal stresses can be analysed along the
height of the cross section, Figure 11 right graphs. Comparing the different reinforcements,
the normal stresses in the joist, 05, decreases as the stiffness of the reinforcing system
increases, and even in this comparison CLT panel determines an intermediate behaviour
between timber planks and RC slab.
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5. Conclusions

The sustainable exploitation of wood resource for products other than firewood,
where the latter currently represent its main use in Italy, can increase the interest in the
management of rural areas, which are usually underdeveloped and abandoned. The use
of short supply chain wood-based products for the restoration of historical and ancient
buildings can be a significant practice and it could lead to several benefits over time such
as the economic enhancement of local forests, the preservation of the architectural heritage
with minimally invasive interventions, and sustainability advantages due to the use of
wood in the construction sector.

To promote this kind of applications, comparative analysis regarding the out-of-plane
strengthening of existing one-way floor were performed. Three different retrofit interven-
tions were considered: double-crossed timber planks, CLT panels and reinforced concrete
slab. The first and the third are two of the most commonly used techniques; the second one
considers thin homogeneous beech cross-laminated timber panels recently mechanically
characterized. In order to focus the comparison on the nature of the reinforcing elements,
the thickness of the reinforcements was assumed equal to that of the CLT panels. The
comparison in terms of out-of-plane bending stiffness was conducted by evaluating slip
moduli and effective bending stiffness according to the mechanically jointed beam theory,
Annex B of Eurocode 5, both at ULS and at SLS.

A total of three flexible cases, i.e., Kj, K, and K3 slip moduli for screwed connections
characterized by different spacing along the span of the member, and three screw diameters,
were considered. In addition, the performance of the flexible connections was assessed
with respect to the two limit cases corresponding to the absence of any connection (K = 0)
and to the presence of a fully rigid connection (K = o). From the comparisons proposed
in this work, it was shown that the choice of CLT panels leads to a range of SLS bending
stiffness increase from 145% (K; and d = 8 mm) to 177% (K3 and d = 12 mm), against
the ranges from 66% (K; and d = 8 mm) to 92% (K3 and d = 12 mm) for double-crossed
timber planks and from 246% (K; and d = 8 mm) to 272% (K3 and d = 12 mm) for the RC
slab solution. Although based on the use of hardwood, this solution can also minimize
the weight increase for the examined geometry, in about the 40% part of the structural
permanent loads, against the 69% term determined for the RC slab, and it allows to realize
a fully reversible intervention.

Even though the RC slab leads to the greatest bending stiffness values, this solution is
in fact not always applicable to existing buildings, especially when subjected to superinten-
dence of architectural heritage restrictions. In addition, concrete and steel are considered
less environmentally friendly than wood, and for this reason are often less preferable in the
construction sector, in order to pursue sustainability goals.

Due to the growing interest in retrofitting solutions based on engineered wood prod-
ucts, the application of novel Italian beech CLT panels proved to represent a significant
alternative for the retrofitting of existing timber floors, especially when belonging to the
built cultural heritage. In this way, even further innovative structural applications could be
detected and optimised for local species, specifically to beech and in general to hardwood,
which both represent a consistent percentage of the Italian wooden areas.
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4. Glue-laminated timber beams

Glue-laminated timber (glulam) is an engineered wood product composed of wood
laminations with the grain parallel to each other and to the main dimension of the
member. The final product has a one-dimensional behaviour, and it can be
customized straight, curved, arched, and tapered depending on the purposes.
Therefore, glulam is preferable to sawn timber to produce larger dimensions and
spans, for the freedom in the choice of geometrical shape and aesthetic appearance,
for the improved strength and stiffness properties (because of the controlled
manufacturing process and the lower influence of defects which are smaller and
spread throughout the member volume), for the stability of shape during exposure
to moisture, and for the dimensional accuracy. It was one of the oldest wood
composites for structural purposes and thanks to its versatility it can be used in many
structure types, such as buildings, bridges, malls, sporting centres, and pavilions.
The production process consists in cutting some planks, usually 40-50 mm thick and
1500 to 5000 mm long, in joining them lengthwise, and in glueing the laminations
together. The planks are usually kiln dried, because the adhesives used require a
maximum moisture content of wood of about 15%, and they are then pre-planned
and strength graded. In Italy, glulam must be manufactured according to EN 14080
(UNI Ente nazionale italiano di unificazione, 2013), which specifies the
performance requirements for the use in buildings and bridges, the minimum
production requirements, and the provisions for the assessment and certification of

conformity of glue-laminated wood products.
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4.1.Homogeneous beech and hybrid beech-Corsican pine
glue-laminated timber beams

As further experimental investigation about the application of local wood in
engineered wood products, the mechanical characterization of novel glue-laminated
timber beams, made of the same local wood species previously mentioned and, in
particular, of the same batch of boards described in the paper published in
Construction and building Materials journal, was carried out. A total of 28 eight-
layered glue-laminated timber beams were manufactured, half in homogeneous
beech (Fagus sylvatica) configuration and half in hybrid beech (Fagus sylvatica) -
Corsican pine (Pinus nigra subsp. Laricio (Poir.) Maire) configuration. This latter
one was characterized by two outer layers per each edge made of beech wood and
four inner layers made of Corsican pine wood.

Four-point bending tests were performed according to EN 408 (UNI Ente nazionale
italiano di unificazione, 2012a) with a span length of 18 times the height in the case
of bending tests and of 9 times the height in the case of shear tests. During the tests,
a loading cell and inductive displacement transducers were respectively used to
measure load values and beams displacements. Regarding the homogeneous beech
beams, a comparison between the mechanical properties experimentally obtained
and those predicted by the DT resistance classes (recently formulated for medium
density hardwood as described in the following) was conducted. The average load-
displacement curve of the tested specimens resulted closer to the class DT 46 in
terms of stiffness, but it does not reach the bending strength expected from that class.
With regard to the hybrid beams, a comparison between the experimental values and
those obtained considering the y Method of Eurocode 5 and the GL44hyb class of
the German standard Z-9.1-679:2019 was exposed. For the y Method: in the first
case (y-Method (Exper.)), the elastic modulus values deriving from linear
regressions of the dynamic elastic modulus obtained during the table classification
phase were assigned; in the second case (y-Method (EN 338)), the elastic modulus
values provided by the EN 338:2016 standard for the strength classes D40 and C20
were assigned. The GL44hyb class curve resulted closer to the average experimental
stiffness, and the y-Method (Exper.) curve was closer to the experimental behaviour
than the y-Method (EN 338).A comparison with a commercial product, made of
GL24h, was performed by means of finite element numerical simulations and the
principal experimental and numerical results denoted the suitability of hardwood for
the manufacturing of glulam beams, and the good performance of the hybrid

configuration, as detailed in the following work by (Sciomenta et al., 2022).
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This paper describes the results of an experimental investigation on novel homogeneous and hybrid beech-
Corsican pine glue-laminated timber (glulam) beams made of short supply chain timber boards and
melamine-based adhesive. The aim is to carry out the mechanical characterization of these glulam beams both in
the homogeneous and in the hybrid configuration by four-point bending tests with different span to depth ratios
of the specimens in order to differentiate bending and shear tests. The experimental results were fitted analyt-
ically as well as by means of Finite Element (FE) numerical simulations. Moreover, the stiffness of these novel
beams is further evaluated, with respect to a comparison with a commercial product made of GL24h glulam. The
experimental and numerical analysis point out the goodness of hardwood for the manufacturing of glulam

beams, even in hybrid configuration in which the inner layers are made of low graded timber boards, with a great
opportunity to optimize the raw material.

1. Introduction

In recent times timber has been more and more used in building
construction, thanks to its advantages both as sawn timber and as
engineered wood products. Among the latter ones, glue-laminated tim-
ber (glulam) and cross-laminated timber (CLT) proved to be competitive
with other traditional construction materials, such as reinforced con-
crete, as studied by Baharami et al. [ 1] with regard to load-bearing ca-
pacities of CLT panels and by Li et al. [2] about innovative configuration
of bamboo-wood composite CLT. Furthermore, an interest in wood-
based products is developing with respect to the use of thin wood ve-
neers as investigated by Chybinski et al. [3]. Glue-laminated timber was
one of the first wood composite employed for structural purposes. The

* Corresponding author.
E-mail address: martina.sciomenta@univag.it (M. Sciomenta).
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first application of glulam timber, in Europe, was in the early 1890 s and,
in 1901, a patent from Switzerland signalled the true beginning of glue-
laminated timber constructions. Notwithstanding the long-lasting pro-
duction in time, glulam must be still considered as an actual composite
product, due to the chance to get long sized beams and adopting low
quality logs compared to solid beams. Conifers have been by far the most
preferred tree species for glulam production due to the lower density
compared to hardwoods and a better shape of the logs. The greatest
value of conifers was to increase trusting in the glulam composite, giving
life to a well-defined product in terms of mechanical performances by
varying the environmental conditions in which it could be used; due to
such reasons, glulam manufactured from conifers is still much used by
building designers. Despite the fact that the employment of timber as
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construction material is beneficial, a more conscious choice of wood
origin and application could be more advisable since conifers products
are even too much widespread in territories where their presence must
be considered historically unsustainable looking to the history and the
landscape [4]. From the technological point of view, because of lower
density, glulam made of coniferous species is characterized by good
workability (sawing, drying, grading, gluing), but also by a reduction in
the strength parameters and lower Young's and shear moduli compared
to hardwood [5]. In the recent years the use of hardwoods in wooden
construction has become a very important topic in Central Europe [6.7],
this is because hardwoods have proven to cope better climatic changes
and environmental stresses such as they are more soil and climate apt to
face strong wind falls, the interest in them is more and more increasing
[8]. In the last time the consumer is more accustomed to the use of
hardwoods [9] and many attempts of glulam based on hardwood have
been made | 10]. Among hardwoods, beech is considered one of the most
promising species because of its diffusion at European level but
currently the use of beech and other species find in energy its preemi-
nent competitive use [11], an intermediate step, e.g. as building mate-
rial, could add value to this resource [12] and promote the principle of
cascade use in wood. Indeed, beech composite products for structural
purposes well fit the concept of short supply chain [4], which is one of
the pillars of the bioeconomy strategy which has been launched at Eu-
ropean and Italian level, sustaining the low carbon economy [13]. The
idea of using beech for structural products and glulam is not new, with
important researches by Egner and Kolb [14] and later by Gehri [15],
Ehrhart et al. [16] and Frese and Blass [17]. Recent studies have
demonstrated the high strength of beech engineered wood products such
as glulam beams and cross-laminated timber panels [18]. So far beech
glulam beams use was restricted by the lack of standards for grading
beech lamellae strength, and the absence of design values needed in
construction design. Some technical hurdles have now been solved in
beech wood grading for structural purposes [19,20] and also bonding
has provided fine results [12,21], enabling the exploitation of me-
chanical properties of the species.

The object of the paper is to present the results of an experimental
investigation, concerning the mechanical characterization of glulam
beams made of beech (Fagus sylvatica) and Corsican pine (Pinus nigra
subsp. Laricio). Two main configurations are studied, the first one con-
sisting in homogeneous beech glulam beams and the second one in
hybrid glulam beams with the outer layers of beech and the inner layers
of Corsican pine. A total of 28 four-point bending tests was carried out,
with different span length to height ratios for the bending and shear
tests, according to EN 408 [22].

Moreover, Finite Element (FE) numerical simulations were per-
formed in order to analyse the differences between the experimental
configurations and commercial products and to point out the advantages
in using hardwood for the manufacturing of glulam beams.

2. Materials & methods
2.1. Characterization of the raw material

The raw material used to manufacture the glulam beams was made of
Corsican pine (Pinus nigra subsp. laricio) and beech (Fagus sylvatica L.)
boards originated from South Italy (Calabria). The boards had a nominal
cross-section of 120 mm width and 20 mm thick, and an average length
of 3.10 m (beech) and 4.00 m (pine) The batch of boards was kiln-dried
in order to reach the suitable moisture content for the manufacturing
gluing process, fixed at 10%.

Before further processing, the dynamic modulus of elasticity of each
board was determined by the grading machine ViSCAN-Portable
(MiCROTEC). Each board was firstly weighed and measured to deter-
mine its density p. Then, the natural frequency of vibration f induced by
a percussion was measured by using a laser interferometer. The dynamic
modulus of elasticity Eqyn, was thus calculated as:

Engineering Structures 264 (2022) 114450

Ean =p (21f)* @

Where p is the density of the board, 1 is the length and f is the
frequency.

The machine settings for the strength grading of beech and pine were
developed according to the technical standardization EN 14081-2 [23]
in previous studies by Nocetti et al. [24] and Brunetti et al. [25]. The
dynamic modulus of elasticity was the main parameter used during the
strength grading and the raw material was qualified as D40 and rejects
for beech and C20 and rejects for pine according to EN 338 [26].

The 95% of beech boards was graded as D40, while the remaining 5%
was discarded mostly because of defects (presence of fiber deviations
and not uniform planing). The yields for Corsican pine boards were: 73%
graded as C20 and 27% rejected. Totally 210 beech boards and 74
Corsican pine boards were hence used for the production of two series of
glue-laminated beams.

Besides, the dynamic modulus of elasticity measured during the
strength grading procedure was used to estimate the modulus of rupture
(fm) and the global and local static modulus of elasticity (Ey and E
respectively) of the raw material. Regression analysis was performed
based on destructive tests carried out on beech and pine during the
machine setting development. Linear regression expressions were
defined by using the Egy, as explanatory variable. The results of the
measurements carried out during grading (density and Egyn), and the
following estimation of the static properties are summarized in Table 1
with the relative standard deviations sy and standard errors of estima-
tion s.e.

2.2. Glue-laminated beam specimens

Two different series of eight-layered glue-laminated timber beams,
made respectively of beech and beech and Corsican pine, were realized
to carry out an extended experimental campaign to assess their me-
chanical properties prior to the industrial production. The hybrid
configuration is composed by two beech outer layers and six Corsican
pine inner layers. A total of 28, eight-layered glue-laminated timber
beams were manufactured at the Pagano S.r.L factory (Oricola — AQ —
Italy).

In order to guarantee the suitable planar surface, preferred for the
face gluing, boards were cut to the required length and planed to a
thickness of 18 mm. This resulted in a cross-sectional depth of 144 mm
for all the specimens. The layering of the boards and the gluing process
were performed by machine (Fig. 1 left).

Timber boards were overlapped and glued together by a Melamine
Urea Formaldheyde (MUF) adhesive (GripProTM Design — AkzoNobel,
that was obtained by mixing a two component hardner (H002) and a
liquid flexible resin (A002)). The choice of employing the melamine
adhesive was due to the usage of beech hardwood boards in both ho-
mogeneous and hybrid beam’s configurations with Corsican pine’s
boards [27]. In particular, the GripPro™ adhesive is specifically
designed for softwood as well as for hardwood timber, such as beech,

Table 1

Mean values of the density (p), dynamic modulus of elasticity (Eqyn), measured
during strength grading and mean values of bending strength (f;;,) and local and
global modulus of elasticity (Ej, Eg), derived by regression analysis based on
Egyn. Standard deviation s, and the standard errors of estimation s.e are also
reported.

Timber species p Egyn f E Eg
[kg/m?] [N/mm?] [N/mm?] [N/mm?] [N/mm?]

Beech 753 16,506 83.1 16,640 15,977

Sy 40 1597 = = =

s.e - - + 6.1 + 1321 + 1407

Corsican pine 497 9501 37.6 9588 8359

Sy 43 2348 - - -

s.e +7.1 +2072 + 1949
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Table 2
Size (B = base; L = length; H = height), configuration and test type of the
examined glue-laminated timber specimens.

Beam Configuration / Specimen Test type
. Ti
series imber 3 B L H
[mm] [mm] [mm]
HB Homogeneous beech 7 120 2800 144 Bending
7 120 1500 144 Shear
BP Hybrid 7 120 2800 144 Bending
beech/ Corsican pine 7 120 1500 144 Shear

birch, oak and chestnut. The adhesive was distributed by means of
extrusion systems in which the adhesive mixture flows in the form of
thin, very fluid and suitably spaced lines, through the orifices of special
ducts in which the adhesive is under pressure and is mixed with hard-
ener (in our case in the ratio 2 to 1) (Fig. 1 right). The average of glue
grammage was 600 g/m> The adhesive was applied in a factory con-
dition of 25° C, with an environmental moisture of 65%. Formed beams
were then cold-pressed for 12 h, with a pressure of 11 bar. No finger
joints were forecasted in glue-laminated beams of this experimental
campaign.

3. Test methods

In accordance with EN 408 [22], the bending and shear stiffness
parameters were evaluated from a four-point bending test setup (Fig. 2).

Engineering Structures 264 (2022) 114450
3.1. Bending and shear tests

The bending test is a four-point bending test over a span length of 18
times the depth (H). The shear test is a four-point bending test over a
span length of 9 times the depth (H). In both cases, the specimen is
simply supported and loaded symmetrically in bending at two points.

3.2. Test methods and instruments

The experimental setup is composed by an hydraulic jack which
spreads the load via a rigid beam fixed under the piston, on two sym-
metric loading heads (Fig. 3 right). The loading rate was kept fix that
was set in 0.003H mm/s, so as to reach the failure configuration after
300 + 120 s. All the specimens were simply supported at the ends. In
order to minimize the risk of possible local indentations, reaction
bearing plates (no larger than one-half the tested piece thickness) were
interposed between the supports and the bottom surface of the speci-
mens. Similarly, additional steel load bearing supports were placed also
between the loading heads and the top face of the specimens (Fig. 3 left).
The deformations w were taken as the average of measurements detected
by inductive displacement transducers (LVDT) that were placed on both
the faces of each specimen. The experimental campaign was performed
in a heated and air-conditioned environment, with about 20 °C.

In accordance with EN 408 [22], local and global stiffness parame-
ters were evaluated from the experimental measurement of force and
deflections:

B(F, — F)) 3a a\3
W om|G1) - O]

Eng = bh? (wy —wy)

(2)

Fig. 1. Glue-laminated timber beams: left) Gluing phase; right) Assembly prior to pressing.

L
>H)2 a H2 b 2 a >HI2
) 1,=5H )
\ : H
\\‘ ,II
S \ Wit/ o S
w

Fig. 2. Test set-up for bending perpendicular to the plane (a = b = 6H) and rolling shear test (a = b = 3H) [adapted from [22]].
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Fig. 3. Set-up left) Equipment details; right) Front view.

(IF(F: — F])
161 (wy —wy)

Ey) = 3)

with [ the length of span in bending, a the distance between the
loading heads and the nearest support, b and h are respectively the width
and depth of specimen cross section in bending test, I the second
moment of area, F; and F5 the 10% and 40% of the ultimate force Fp,ayx
respectively, and w; and ws the related recorded deflections.

Based on the theory of elasticity, the flexural (fy,) and the shear (f,)
stresses evaluated at the time of specimen failure is evaluated using the
equation:

a Fm:lx

=7y (4)
3Fmax

=2, %)

where W is the section modulus and A is the area of rectangular-
shaped sections.

4. Test results
4.1. Bending

The results of bending tests are summarized in Table 3.

For each specimen, the flexural stiffness, the bending strength and
the failure mode are proposed. Moreover, for both series of beams, the
average values, the standard deviation sy and the characteristic values
(5th-percentile) my are also estimated according to EN 14,358 [28].

As shown, the most prevalent failure pattern for homogeneous beech
beams HB was bending while for hybrid beech/ Corsican pine beams BP
was shear failure (Fig. 4).

The load-displacement curves of all specimens, except for HB-4,
until the value of load equal to the 40% of the ultimate force Fy,,x are
presented both for the homogeneous configuration and for the hybrid
one (Fig. 5). The displacement considered is the vertical one at the
midspan of the beam. These curves represent the elastic region of the
overall behaviour and show how also the hybrid configuration offers
good performances in term of stiffness with respect to the homogeneous
one.

4.2. Shear

The results of shear tests are summarized in Table 4.
For each specimen, the flexural stiffness, the shear strength and the
failure mode are proposed. Moreover, for both series of beams, the

Table 3
Bending test results.

Beam- Eng [N/ Emy Eng I Fiax fm Failure

Specimenn®  mm?] [N/ [kNm?] [kN] [N/ mode
mm?] mm?]

HB -1 14,202 16,672 424 81 42.0 b

HB -2 17,737 20,822 530 106 55.4 b

HB -3 16,852 19,783 503 116 60.2 b

HB —4* - - - - - -

HB -5 16,886 19,822 504 99 51.4 b

HB -6 17,290 20,296 516 107 55.5 b

HB -7 15,954 18,729 476 99 61.7 d

Average 16,487 19,354 492 100 52.7

Sy 1265 1485 38 12 6.1

my = - = 74 39.3

BP -1 15,160 17,796 453 93 48.3 s

BP -2 14,304 16,792 427 91 47.2 s

BP -3 15,029 17,643 449 93 48.5 b

BP —4 13,317 15,633 398 89 46.3 s+k

BP -5 14,354 16,850 429 90 46.7

BP —6 14,881 17,469 444 90 46.9 s

BP -7 14,757 17,324 441 104 54.5 s

Average 14,543 17,072 434 93 48.3

Sy 727 854 22 5 2.8

my = = = 81 42.5

b: bending failure, d: delamination, k: knots influence, s: shear. * omitted due to
test instrumental issues.

Where Ey, is the local and E,, 4 is the global stiffness parameter, Ep, g I is the
flexural stiffness, Fiay is the ultimate force and fiy, is the flexural stress, sy is the
standard deviation and my the 5th percentile.

average values, the standard deviation sy and the characteristic values
(5-percentile) my are also estimated according to EN 14,358 [28]. As
shown in Fig. 4, the most prevalent failure pattern for homogeneous
beech beams HB was shear, in some cases delamination occurred, while
for hybrid beech/ Corsican pine beams BP was shear failure.

As for the bending tests, the load-displacement curves of all speci-
mens, except for HB-6, until the value of load equal to the 40% of the
ultimate force Fyay are presented both for the homogeneous configu-
ration and for the hybrid one (Fig. 6). Even in these tests the hybrid
configuration presents similar performances in term of stiffness with
respect to the homogeneous one.

5. Standard comparison
According to § 5.1.3 of EN 14,080 [29], the characteristic strength,

stiffness and density properties of glue-laminated timber shall be veri-
fied either i) from classifications from layups and lamination properties
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Fig. 4. Details of failure modes of the bending tests: 1), 2), and 3) bending failure modes; 2) and 6) delamination failure modes; 3) and 5) influence of defects.

ii) from calculations taking into account the cross sectional layup and
documented properties of boards and finger joints or iii) from full scale
tests.

In our case, the characterization and grading of laminations and
glulam beams were performed as summarized in Fig. 7.

The Z-9.1-679 is a German provision specifically formulated for
beech glulam beams.

5.1. Beam grading

5.1.1. Homogeneous beams

Some novel tensile DT-classes for medium-density European hard-
woods (mainly beech and ash) proposed by Kovryga et al. [6], are
adopted to define the strength class of homogeneous GLT beams; the
mechanical features are evaluated in accordance with the formulations
of EN 14,080 [29].

Some of the most influencing parameters on GLT bending strength
concerns the material modulus of elasticity and type of lamellas in the
tension zone, in particular, on the high-stressed lamellas in the outer
tension zone of GLT, while the probability of failure in compression zone
can be neglected. So instead of using D-classes, defined for bending
applications and developed in relation to bending MOE and strength,
these novel DT-classes are formulated with regards to tensile MOE and

are characterized by a higher tensile MOE values parallel to the grain, it
would make possible a better exploitation of the hardwood GLT beams
behaviour.

Different approaches have been adopted in order to define the
strength class, based on the most influential parameters:

1. Based on the machine grading procedure, the beech board class was
D40 (fm,x = 40 MPa, f; o x = 24 MPa), as summarized in the previous
paragraph; assuming the bending and tensile strength as main pa-
rameters (consistently with the previous considerations) a DT24
class was attributed to boards based on the Kovryga et al.’s proposal.
Adopting the formulations of EN 14,080 Table 6, the evaluation of
the beam class is summarized in Table 5. The formulation for the
bending strength was applied by considering the case of board
without finger joints and taking, in accordance with the EN 14,080 a
characteristic flat wise bending strength of the finger joint as: frjx =
1,4f 01x + 12.

. Based on the local elastic modulus calculated from the experimental
Eqyn by linear regressions and density, a DT 46 class was attributed to
beech boards (py, = 750 kg/m3; Eo,mean = 16500 MPa). The expres-
sions of EN 14,080 Table 6 were adopted for the evaluation of the
beam class. The main mechanical properties of the beams are sum-
marized in Table 6.
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Fig. 5. Load-displacement curves: left) homogeneous beech specimens; right) beech/Corsican pine specimens.
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Table 4
Shear test results.
Beam- Eng [N/ Epmy Enmgl Pz fu Failure
Specimenn®  mm?] [N/ [kNm?] [kN] N/ mode
mm?] mm?]
HB -1 14,263 16,744 426 156 3.4 s
HB -2 13,808 16,210 412 147 3.2 s
HB -3 16,128 18,934 482 186 4.0 s
HB —4 18,472 21,685 552 225 4.9 s
HB -5 15,272 17,928 456 193 4.2 d
HB —-6* - - - - - -
HB -7 13,176 15,467 393 147 3.2 d
Average 15,187 17,828 454 176 3.8
Sy 1923 2257 58 31 0.68
m = = = 103 25
BP -1 12,299 14,438 367 111 24 s
BP -2 12,309 14,449 368 109 2.4 H
BP -3 12,624 14,819 377 116 25 s
BP -4 13,803 16,203 412 121 2.6 s
BP -5 13,503 15,852 403 118 2.6 s
BP -6 12,671 14,874 378 125 2.7 s
BP -7 13,463 15,805 402 139 3.0 s
Average 12,953 15,206 387 120 2.6
Sy 648 760 19 10 0.21
my - - - 97 2.2

b: bending failure, d: delamination, k: knots influence, s: shear. * omitted due to
test instrumental issues.

Where Ey, is the local and Ey, g is the global stiffness parameter, Ep, g I is the
flexural stiffness, Fay is the ultimate force and f, is the shear stress, s is the
standard deviation and my the 5th percentile.

3. Based on the fi, value calculated from the experimental Eqy, by linear
regressions, the characteristic value was evaluated (fp x = 63.2 MPa
sy = 11.2) a DT 38 class was attributed to beech boards (fnx = 61
MPa) and the expressions of EN 14080 Table 6 were adopted for the
evaluation of the beam class. The main mechanical properties of
beams are summarized in Table 7.

In Fig. 8 is clearly visible how the adoption of DT 46 class is suitable
to fit some of the experimental curves, the main difference in term of
stiffness (evaluated considering the curve slope between 0.1 Fp,,, and
0.4 Fiay) is 4%. But it overestimates the characteristic bending strength

of the glulam beam. Experimentally we obtained a 5th percentile of
bending strength of 39.3 MPa and a minimum value of 42 MPa (Table 2).
In this sense, the values calculated using the strength class of the la-
mellas (D40 corresponding to a DT24) resulted in a better fit with the
experimental achievements, but conservative.

Most likely, the best fitting profile would be the one calculated by the
mechanical properties of the lamellas (DT38), assuming that the value of
the glulam characteristic strength was penalized by the limited number
of tests.

The shear strength tabled and verified experimentally were in line
(3.5 MPa vs 3.8 MPa).

5.1.2. Hybrid beams

In accordance with EN 14,080 [29], the evaluation of mechanical
features such as characteristic bending, the mean modulus of elasticity
and the characteristic density of a combined glue-laminated timber shall
be determined from the respective values of the different lamination
zones considered as homogeneous glue-laminated timber by means of
the elastic composite beam theory.

The y-method proposed in Eurocode 5 is adopted to evaluate the
effective bending stiffness of hybrid beams; those latter can be repre-
sented as elements made up of different parts mutually connected
(Fig. 9). The degree of connection between each part is accounted by the
coefficients y; which can be equal to 1 for rigid connection or 0 in case of
disconnected parts.

The effective bending stiffness is evaluated in Table 8 and 9 as:

3
(ED)y =Y Edi+v.EAa} (6)

i=1

As elastic modulus were assumed as: i) the local modulus of elasticity
obtained by using linear regressions from the experimental modulus of
elasticity as well as ii) the nominal modulus of elasticity for D40 and C20
class.

In the last decades, many studies have been carried out in order to
establish the structural performances of glulam beech beams in com-
bined as well as in the hybrid configuration. The main works were
developed by Frese and BlaB [17] and in Z-9.1-679 [30] German pro-
vision some class specifically formulated are available for beech glulam
beams. In Table 3 of Z-9.1-679 are summarized the six classes developed
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Fig. 6. Load-displacement curves: left) homogeneous beech specimens; right) beech/Corsican pine specimens.

Experimental characterization
of beams

Experimental characterization = Four-Points Bending Test \

and grading of laminations L’ E,
grading of -

m

- Machine grading procedure
Ly E

STRENGTH CLASS

o Analytic characterization
¢ of beams
- Four-Points Bending Test /
Strength class definition L» EN 14080
Sor laminations L» ECS: v- Method

L, EN338 / L» 79.1-679
Ls (Kovrygaer al.,2019)

Fig. 7. Chart of characterization and grading procedure of laminations and beams.

Table 5 Table 6

Homogeneous beech beam features evaluated assuming a board class DT 24. Homogeneous beech beam features evaluated assuming a board class DT 46.
Homogeneous beech beams Homogeneous beech beams

Property Property
Fagi 335 MPa fmgk 50.5 MPa
frogx 26.8 MPa frogk 40.4 MPa
froogk 0.5 MPa froogk 0.5 MPa
feogx 335 MPa feogx 50.5 MPa
fe00,8k 25 MPa fe00,8.k 25 MPa
fogk 3.5 MPa fogk 35 MPa
fr.g,k 1.2 MPa fr.g.k 1.2 MPa
Ep.gmssii 14,175 MPa Eo.ginean 17,325 MPa
Eg0,g,mean 300 MPa Eg0,g,mean 300 MPa
Ginisia 650 MPa Gy i 650 MPa
Gy g mean 65 MPa Gr,g mean 65 MPa
7
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Table 7
Homogeneous beech beam features evaluated assuming a board class DT 38.

Homogeneous beech beams

Property
Fian 44.6 MPa
fuogx 357 MPa
Pk 0.5 MPa
Fovax 44.6 MPa
Fisogk 25 MPa
Fisk 35 MPa
Fosx 1.2 MPa
Ep g mean 16,275 MPa
Ego,g,mean 300 MPa
Gimesn 650 MPa
Gr,gmean 65 MPa

50
——— Hypothesis DT 24 (Koviyga et al.)
e ypothesis DT 38 (Kovryga et al.)
s ypothesis DT46 (Kovryga et al.)
40 + HB specimens
30 +
I,
20 +
10 +
0 + + + t + +
0 10 20 30

w [mm]

Fig. 8. Comparison of load-deflection curve from experimental tests vs hypo-
thetical beam classified as DT24 DT38 and DT46.

for hybrid configuration; the main hypothesis is that i) inner layers of
softwood must be visually classified as S10 in accordance with DIN
4074-1 [31] or C24 in accordance with EN14080-1 [29] and DIN
20000-5 [32] and ii) the bending stiffness of softwood finger joints must
be > 32 N/mm?. Satisfying this conditions, the glulam class was defined
by knowing the visual classification class (LS13 + E15) and the value of
Egyn.

A GL 44 hyb class was assessed and mechanical characteristics
defined in Table 5 of Z-9.1-679 [30] are herein summarized (fi yx = 44
N/mm?, fy . = 32 N/mm?, f, = 2.5 N/mm?, Eg mean = 14700 MPa).

In both cases, the flexural stiffness was adopted to evaluate the
deflection, assuming as load values the experimental one. In Fig. 10 the
result of comparisons is graphically represented.

As a result, the comparison with the experimental envelope curve is
perfectly fitting with both analytical curves. From the comparison with
the curve obtained by applying the y-method, the scatter in term of
stiffness (evaluated considering the curve slope between 0.1 Fp,,, and
0.4 Fiyay) is —3.4%, while comparing the curve of GL44hyb class with the
experimental one, the stiffness difference is 2%.
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Fig. 9. Beam cross section for y-method calculations.
6. Finite elements modelling
6.1. Main purpouse

The main aims of the following FE models are: i) defining how a
different material’s assignment to the model could affect the accuracy of
numeric analysis as well as, ii) compare the mechanical performances of
the two beam ‘series with those of commercial beams made of conifer
timber; the hypothesis are to model these latter products assigning the
same class of our Corsican pine boards and same geometrical features of
our beams and carry on a four-point bending simulation using the
software Abaqus/Explicit [33].

6.2. Model description

A comparison in terms of deflection and stiffness of the experimental
results with numerical Finite Element (FE) simulations was carried out.
Both the homogeneous and the hybrid configurations were reproduced
in order to define a well-fitting finite brick-element model. The model
reproduces with good accuracy the experimental four-point bending
tests setup Fig. 11; in addition to the beam, also the steel ending supports
and load plates were introduced in order to simulate the real BCs (hinge
and carriage respectively) and the friction conditions between the sup-
port surfaces and the bottom of the beam.

An amount of 4655 C3D8R mesh elements, size 22, were used with
the structured meshing technique to describe the geometry of the
specimens. In the ‘property’ module timber was modelled as orthotropic
elastic material with the definition of different engineering constants
and steel as isotropic elastic material. In the hybrid beam model, Cor-
sican pine and beech timber have been assigned after partitioning
suitably the beam. Interactions between steel and timber elements were
accounted as frictional surface-to-surface contacts with the tangential
and normal behaviors described by ‘penalty’ and ‘hard contact’ formu-
lations respectively. A static friction coefficient set in 0.3 for steel-to-
timber contact and in 0.15 for steel-to-steel contact was applied.

At first, two fitting models were carried on by accounting as beech
and Corsican pine elastic and shear modulus thosesummarized in
Table 2. Deflections were compared taking as reference point the beam
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Table 8

Engineering Structures 264 (2022) 114450

Bending stiffness evaluation applying y-method formulation and EN 338 modulus of elasticity.

Layer n° h; [mm] E; [MPa) I; [mm*] A; [mm?] v a3 as Eilief [Nmm?]
1 36 13,000 466,560 4320 1 54 0 1,70E + 11
2 72 9500 3,732,480 8640 1 0 0 3,55E + 10
3 36 13,000 466,560 4320 1 54 0 1,70E + 11
> 3,75E + 11
Table 9
Bending stiffness evaluation applying y-method formulation and experimental modulus of elasticity.
Layer n° h; [mm] E; [MPa] I; [mm*] A; [mm?] 7i a3 a Eilier [Nmm?]
d 36 16,440 466,560 4320 1 54 0 2,17E + 11
2 72 9588 3,732,480 8640 1 0 0 3,58E + 10
3 36 16,640 466,560 4320 1 54 0 2,17E + 11
)y 4,68E + 11

40

GL44hyb (Z-9.1-679)
v-Method (EN 338)
v-Mcthod (Exper.)

~ BP specimens

30

F [kN]

10

0+ + t t } + +
20 30
w[mm]

Fig. 10. Comparison of load-deflection curves from experimental tests vs hy-
pothetical beam classified as GL44hyb and analytical evidences from y-method
calculations.

center-line (Fig. 12). The FE model fits with great approximation the
experimental values leading to an overestimation of the deflection of 7
% for the homogeneous configuration and of 5 % for the hybrid one
(Table 10 and 11).

Then, other models for the homogeneous and hybrid configuration
respectively were developed with the aim to evaluate how a different
material assignment (beams mechanical features instead to laminations
features) affects the goodness of FE modelling.

o The model called “Glulam Beam DT38" was carried on by assigning to
the beam the mechanical properties of a glulam beam (Table 6)
evaluated in accordance with EN 14,080 with laminations classified
ad DT38;

e The model called “Glulam Beam GL 44 hyb” was carried on by
assigning to the beam the mechanical properties of GL 44 hyb class
defined by Allgemeine bauaufsichtliche Zulassung Z-9.1-679.

e The model “Glulam Beam DT38" overestimates the experimental
deflection of 10.5% and overestimates the deflection obtained by
assigning the proper material to each beam partition (outer and inner
beech lamellas) of 4.3%.

e The model “Glulam Beam GL 44 hyb” overestimates the experimental
deflection of 15.2% and overestimates the deflection obtained by
assigning the proper material to each beam partition (outer beech
and inner Corsican pine lamellas) of 14.2%.

Moreover, a comparison between the experimental homogeneous
and hybrid specimens and commercial beam was numerically
simulated. This commercial product was classified supposing C24
lamellas in accordance with EN 338, in order to have the same class
of inner hybrid layers and stress out the advantages of having outer
beech layers in hybrid configuration. Due to the lamellas classifica-
tion, the properties of a homogeneous GL 24 h beam were calculated
in accordance with EN 14080.

From the comparison in Table 12 both hybrid and homogeneous
beams show a stiffer behavior, leading to a smaller deflection with
respect to GL 24 h beams thanks to the contribution of the more per-
forming beech layers. Therefore, this hybrid configuration represents a
good example of timber boards optimization and the highlight the
excellent performances of beech timber.

7. Conclusions

This paper describes the results, based on experimental tests,
analytical analyses and FE modelling, on novel homogeneous and hybrid
beech-Corsican pine glue-laminated timber (glulam) beams made of
short supply chain timber boards and melamine-based adhesive.

1. The experimental campaign highlights the excellent mechanical
performance of the panels, both homogeneous and hybrid. In
particular, by analysing the results obtained by the four points
bending tests, it emerges that the two configurations have almost
comparable performances; the homogeneous beams have reached a
maximum force, Fyax which is 7% higher than the hybrid ones and a
flexural stress f;,, greater than 8.3 %. Analyzing the failure mecha-
nisms occurred during the bending tests, a greater variability is
observed for the hybrid beams rather than for the homogeneous
ones, with particular reference to delaminations Significant differ-
ences are observed by comparing the shear performance of the two
beams configurations, the homogeneous beams have reached a
maximum force, Fp,x which is 31.5% higher than the hybrid ones
and a shear stress f, greater than 31.8 %. Analyzing the shear failure
mechanisms, less variability is observed as for homogeneous as for
hybrid configuration.

. In the second part of this work, the goal was to understand whether
the EN 14,080 formulations valid for attributing a strength class to
beams made with coniferous lamellas can be extended to homoge-
neous broad-leaved and hybrid products, under which hypotheses
and with what results. For homogeneous beams, the tensile DT-
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Fig. 11. a) Four-point bending experimental setup, b) FE model beam with ending support and load plates details ¢) Setup carriage, d) Setup hinge.

Fig. 12. Vertical deflection (w) for glulam beam GL 44 hyb.

Table 10
Numerical evidences and comparison for homogeneous beams.
HOMOGENEOUS Test type E; [N/mm?] Es = E3 [N/mm?] Gi2 = Ga3.Gyz [N/mm?] 0.4 Finax [kN] w af
CONFIG. [mm] [%]
Experimental envelope - - - 39.8 25.5 -
FE Boards classif. Prop. 16,440 1165 1040 26.6 -4.3
(beech)
Glulam Beam DT38 16,275 300 650 28.2 -10.5
Table 11
Numerical evidences and comparison for hybrid beams.
HYBRYD CONFIG. Test type E; [N/mm?] E» = E3 [N/mm?] Gi2 = G23.Gy3 [IN/mm?] 0.4 Fpayx [kN] w af
[mm] [%]
Experimental envelope - - - 25.0 -
FE Boards classif. Prop. 16640-9588 1065-639 998-599 34.7 25.2 -0.8
(beech-pine)
Glulam Beam GL 44 hyb 14,700 300 650 28.8 -15.2
10
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Table 12
Numerical evidences and comparison with commercial GL 24 h beam.
Material & Configuration Class E; [N/mm?] Ez = E3 [N/mm®] Gi2 = Ga3-Giz [N/mm?] 0.4 Fpax [kN] w af
Description [mm] [%]
Homogeneous GL24 h 11,500 300 650 34.7 33.4
Commercial
Conifer
Tested Hybrid beech/Pine GL 44 hyb 14,700 300 650 30.7 -8.7
Tested Homogeneous beech - 16,275 300 650 28.2 —-18.4

classes for medium-density European hardwoods (mainly beech and
ash) proposed by Kovryga et al. [6] were adopted. In order to define
what parameters are more suitable to attribute the glulam class,
three different hypothesis have been carried out choosing the
bending and tensile strength, the bending stress and the dynamic
modulus of elasticity respectively. By comparing the experimental
evidences with the analytical ones that the DT38 class (based on the
closer dynamic modulus of elasticity) was the best choice. For the
hybrid beam, the y-method and the Z-9.1-679 [30] German provi-
sion were adopted. This latter choice allowed attributing a GL44h
class to our hybrid beam which fitted with great accuracy the
experimental test.

. At last, a FE modelling was provided in order to compare our prod-
ucts with the commercial one (classified supposing C24 lamellas in
accordance with EN 338, in order to have the same class of inner
hybrid layer). The strength classes previously attributed were
reproduced in the FE models as assigning to each lamellas the right
material features, as well as by modelling the whole beam with its
own class. From the comparison in terms of deflections it was evident
that the hybrid and homogeneous beams could experience a smaller
deflection for the same amount of load rather than the conifer beam.

From the results of this work is possible conclude that:

a) The classification of the lamellas and the accuracy of this procedure
is fundamental for the right attribution of strength class of the beams.
The setting up of classification rules for species that are still little
used should be preferred in order to broaden them knowledge and
possibilities of use.

Experimental tests clarified that hybrid and homogeneous hardwood
glulam beams have high mechanical performances, so, father in-
vestigations could be useful to have a wider comprehension of other
species of hardwood timber as well as to fix some points in the open
field of adhesives and gluing methods involving hardwood lamellas.
It has been demonstrated that, under the previous hypothesis, is still
possible to adopt the EN 14,080 formulations valid for conifer glulam
beams also for the definition of the features of hardwood beams.
However, adopting the mechanical parameters suggested by EN 338
leads to a considerable underestimation of the beam stiffness. For
hybrid products, the strength classes proposed in the German pro-
vision Z-9.1-679 [30] as well as the y-method with the experimental
values of timber coming from the board classification allow to fit
with good accuracy of the specimens experimental stiffness.
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4.2. Timber-timber composite (TTC) joints made of
short-supply chain beech: Push-out tests of inclined
screw connectors

Following the mechanical characterization of short-supply timber prototypes, it is
significant to study possible connection systems to be used in the local building
context, both experimentally and in terms of limits required by Italian legislation.
In this paragraph, the ongoing work about experimental tests on timber-to-timber
specimens jointed by means of flexible connections is presented.

After a bibliographic study and a general framework about beech forests in Italy and
in the Abruzzo Region, the production process of the specimens is described, and
the main results are exposed.

Short-term and long-term deflections for different floor spans and joists spacing,
with reference to the gamma method and the slip moduli of the connections
experimentally tested for determining the bending stiffness of the timber-to-timber
composite sections, are evaluated according to the Italian technical standards.
Furthermore, the main ultimate limit states are taken into account to examine their

influence in the design process.

Authors: Martina Sciomenta®, Pasqualino Gualtieri®, Luca Spera!, Francesco Contu?,

Massimo Fragiacomo'

! University of L’ Aquila, Department of Civil, Construction-Architecture & Environmental
Engineering, L’ Aquila, Italy.

2 Coordination and Planning Office in the Forestry Sector of the Abruzzo Region, L’Aquila,
Italy.

4.2.1. Introduction

In the future decades, the climate changes and global warming will harshly affect
the natural ecosystems. For coniferous forests, the higher temperatures and drier
conditions will make them hard to survive at the current altitudes.

As a consequence, the distribution of conifers will shift at higher altitudes [1], and
conifers may be overtaken by deciduous trees which are more adapted to warmer
temperatures. The current timber market is bind tightly to the use of conifers and
this scenario highlights its vulnerability to the impacts of climate change. Right
away, it is necessary to explore alternative timber supply sources and species to
preserve the biodiversity, to assure a sustainable and fair supply chain and to avoid

prohibitive costs in the future decades.
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The 35% of the total land area of Europe is covered by forests; the 46% of European
forests are predominantly coniferous, 37% are predominantly broadleaved, and the
rest are mixed [2]. By grouping the European countries into six groups with more
homogeneous climate features, the latter rates change; in particular the South-West
(Italy, Spain and Portugal) regions have predominantly broadleaved stands (61.4%),
being beech oak and birch the most widespread species [2].

From the data of the third National Forest Inventory of 2015 (INFC, 2015) it appears
that pure broad-leaved forests occupy over 6.220.000 ha in Italy. The beech forests
(Fagus sylvatica L.) are largely ascribed to this category, occupying a total of
1.053.183 ha and characterizing the mountain landscape of the entire Apennine
range, including Sicily.

In the Abruzzo Region these populations present an extension of 124.468 ha,
resulting the most widespread forest type in the regional territory [3].

In the central Apennines, the beech forest dominates the mountain horizon at
altitudes between 900 and 1900 m above sea level; due to the different climatic
conditions (rainfall in particular), it is characterized by peculiar aspects that make it
partly different from the Alpine beech forest. Furthermore, the subdivision of the
Abruzzo beech forests, as regards the phytosociological aspect, into two large
groups can be attributed to climatic factors: thermophilic (low-mountain beech
forests) and microthermal beech forests, which occupy the highest mountain range
[4]. The first group includes forest populations in which beech mixes with
mesophilous broad-leaved trees typical of hilly forests (Acer sp., Sorbus aucuparia
L., Quercus cerris L., Carpinus betulus L., Fraxinus ornus L., etc.). Sometimes
Taxus baccata L., Abies alba L., Fraxinus excelsior L., Tilia platyphyllos L., Ulmus
glabra L. become part of the arboreal layer of these woods. These formations, which
occupy the altitude range between 900 and 1400 m above sea level, often appear as
aged coppices, woods usually cultivated in the past for the production of firewood.
In the 1960s extensive interventions were carried out regarding these populations,
so that today we often find them in the form of transitional high forests, which,
despite having a high forest structure, are mainly made up from individuals of
agamic origin.

In microthermal beech forests, the beech grows almost in purity and high forest
management is more frequent. These formations are located on the highest mountain
massifs of Abruzzo (northern side of the “Gran Sasso”, “Sirente-Velino”, mountains
of the Abruzzo National Park, etc.) in the altitude range between 1.400 and 1.900 m
above sea level, mainly on north-facing slopes characterized by high atmospheric

humidity and fresh, deep soils. In some cases, silver fir is found together with beech,
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more frequently in acidophilic formations that grow on alternating sandaceous and
sandstone-marly substrates in the “Monti della Laga” and on the north-western
slopes of Gran Sasso between 900 and 1.800 m above sea level altitude.

In the Map of Forest Types of Abruzzo (2010) [5], three forest types are identified:
(i) the rocky high-mountain beech forest, with an extension calculated at 11.642,58
hectares, which represents the predominantly beech forests located at the limits of
the tree vegetation, on very steep slopes , along the ridges and along the warm slopes
with rocky outcrops, which are of no interest as regards wood production; (ii) the
thermophilic and low-mountain beech forest, whose extension is calculated as
29.960,67 hectares, in which the beech mixes with other broad-leaved trees, in the
past intensively used as coppice to obtain firewood and today the subject of
extensive conversion interventions trunk, which are of interest for the production of
wood for work in the medium-long term; and (iii) the mountain beech forest
(eutrophic-mesoneutrophilic-acidophilic), made up of almost pure beech, in
excellent growing conditions, located above 1.000 m above sea level. on fertile and
deep calcareous or arenaceous soils. The latter type of forest, which occupies
93.732,85 hectares, is the one that presents the greatest interest to produce timber

for construction purposes.

4.2.2. State of the art

In the last two decades, the interest in hardwood species for construction purposes
has grown fast and, among all species, beech (Fagus sylvatica L.) is one with the
greatest potential due to its wide diffusion [6], its excellent strength and stiffness
properties compared to the well-known softwood species [7] and its relatively ease
glueability [8,9]. The most challenging aspects are the high moisture sorptivity and
low dimensional stability, leading to high swelling and shrinkage, with the resulting
stresses [10] as well as the reduced durability, which allows just its use in service
class 1, according to Eurocode 5 [11].

The possibility to use beech timber for load-bearing applications has been
investigated since the last decade both in Europe and in Italy [12]. Important studies
have been conducted to determine the main mechanical properties of beech sawn
timber [13-16], laminated veneer lumber (LVL) [17], cross laminated timber (CLT)
panels [18-22] and glued laminated timber (glulam) [23-25] beams. Focusing on
these latter load-bearing components, important research was carried out on the

assessment of the raw material [26], the lamination strength grading [27,28], the
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production [29,30] and the mechanical characterization of glulam [31-33] including
the introduction of suitable strength classes [33,34]. The suitability of beech for
glulam was recently confirmed by technical approvals in Europe and, in particular,
in Germany for load bearing structures [35].

In timber engineering, connections play a fundamental role and due to the influence
of wood density to the stiffness of the joints, it was necessary to settle suitable
connectors for applications involving hardwoods. For instance, the potential for
efficient dowel-type connections with LVL made of beech, in truss structures, was
deepened in [36], while the withdrawal and lateral resistance of screw connections
for three hardwood species as beech, hornbeam and poplar was studied in [37].
The connectors ‘characteristic features are provided by the manufacturers in the
product standard (i.e. European Technical Assessment, ETA) for different type of
engineered wood products and configurations. It is evident that when such
connectors are used in configurations that are not specifically described by the
product standards, their performance needs to be evaluated experimentally [38,39].
Push-out tests are usually performed to determine strength and deformation
characteristics of joints made with mechanical fasteners and the reference standard
is EN 26891 [40].

Several studies were carried out to investigate mechanical performances of
connections involving hardwood components, with special focus on beech wood.
An extensive experimental programme including fifty-eight push-out tests on a total
of fourteen different arrangements of the specimens, varying the species, from
softwood to hardwood, the connected timber products, the type and the inclination
of the screws, was performed by Schiro et al. [38]. The main results in terms of
stiffness, strength, static ductility, residual strength and failure mode were presented
and some practical remarks were also highlighted, including the following: (i)
double threaded screws despite having a smaller diameter than the single threaded
screws, highlighted a greater stiffness; (ii) specimens with hardwood-hardwood or
hardwood-softwood configurations, especially when hardwood was employed for
the central element, showed higher stiffness and maximum capacity; and (iii) the
alternative use of impact driver and grease to realize screws connections in
hardwood products.

The influence of the load-to-grain angle and of the fastener diameter on the
embedment behaviour of beech wood was investigated through experimental tests
and comparison with standards by Franke and Magniére [41]. Also, the withdrawal
and lateral resistance of wood screw in three hardwood species, among which beech

wood, was studied and a comparison between experimental and predicted values
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with theoretical formulations was performed in [37]. The withdrawal strength of
laminated veneer lumber made of poplar and beech wood was assessed in transverse,
radial and tangential directions, analysing the influence of the veneers thickness, as
shown in [42]. Moreover, double-shear steel to timber joints of beech laminated
veneer lumber with slotted-in steel plates and high strength steel fasteners were
analysed to optimize the connection when considering high mechanical properties
wood species and engineered wood products, as described in [43].

In this paper, the mechanical behaviour of timber-to-timber connections (VGZ fully
threaded screws produced by Rothoblaas) loaded in shear was investigated for the
use on glulam beech, according to the aforementioned standard EN 26891 [40]. In
fact, up to now, these screws were tested, certified and calculated only for CLT and
high-density woods such as beech LVL but not for glulam. Furthermore, the beech
glulam was itself a novel product, which is currently not available on the market. In
particular, the glulam employed in this research derives from a short supply chain
production aiming to establish the usability of local beech wood for structural
purposes and to enhance the use of natural resources in the Abruzzo Region (in
central Italy).

4.2.3. Materials and methods

The procurement and selection of raw materials is integral part of the present
research since one of its objectives was to realize EWPs in accordance with the
principles of short supply chain. First, a survey was carried out jointly with the
Coordination and Planning Office in the Forestry Sector of Abruzzo Region aimed
at selecting the most suitable native species as well as the best area where to carry
out the forest harvesting, since the Abruzzo Region has the highest percentage of
protected area of Italy (37%).

The raw material used to manufacture the specimens, including boards and lamellas
for glulam beams was local beech (Fagus sylvatica L.) originated from the
Municipality of Cappadocia, a mountainous territory in the province of L’Aquila
(Abruzzo) - Central Italy. To that place, the most extensive forest formation is
certainly the beech forest, which originated through both natural and agamic
dissemination made up of similar groups more or less uniformly handled with
subsequent cuts. The beech high forest is growing extensively from 900 to 1900
meters altitude together with other common species such as: the mountain ash

(Sorbus aucuparia L.), the whitebeam (Sorbus aria L.), the mountain elm (Ulmus
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glabra L.), the mountain maple (Acer pseudoplatanus L.), the Norway maple (Acer
platanoides L.), the local lime tree (Tilia platyphyllos Scop) and, more seldom, the
yew (Taxus baccata L.).

The forest harvesting for this research’s procurement was performed in the
framework of a wider silvicultural intervention aiming at carefully handling the
forest by thinning it out. More specifically, the scope of this activity was to improve
the current conditions of the forest, by respecting the principles of naturalistic
silviculture, which supports, without enforcing, the natural evolutionary processes.
Therefore, the thinning interventions favours the perpetuation of the forest, protects
the biodiversity of the forest heritage and improve the quality of wood enabling the

production of timber.

4.2.3.1. Glulam production

The sawn logs were carried from the harvesting site to the sawmill in L’ Aquila and
properly cut into boards. The boards had a nominal cross-section of 130 mm width
and 45 mm thickness, and an average length of 4 m. The board’s batch was moved
to Lamel Legno S.r.I factory (Montefalcone nel Sannio — CB — Italy) where it was
kiln-dried in order to reach the suitable moisture content for the manufacturing
gluing process, fixed at 12%. Before further processing, boards were visual graded
in accordance with EN 11035-2 as LS2; additionally, the WoodEye system owned
by the enterprise was suitably calibrated based on the aforementioned Standard’s
limit and employed as a support tool for the grading optimization.

Through the use of special automated lines (cross cutting saw line, finger jointing
and planer line) the boards were multi-bladed, end-jointed (Fig. 1a) and planed to a
thickness of 40 mm to guarantee the suitable planar surface, preferred for the face
gluing. The layering of the boards and the face gluing process were mechanically

performed (Fig. 1b).
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Fig. 1 Glue-laminated timber beams: a) Manufacturing of finger joints and bonding; b)

Face gluing.

Timber boards were overlapped and glued together using a Melamine Urea
Formaldheyde (MUF) adhesive (GripProTM Design — AkzoNobel), that was
obtained by mixing a two component hardner (H021) and a liquid flexible resin
(A002). The choice of employing the melamine adhesive was due to the valuable
bonding features recorded in previous experimental programmes which involved the
use of beech boards [20,44]. In particular, the GripProTM adhesive is specifically
designed for softwood as well as for hardwood timber, such as beech, birch, oak and
chestnut. The adhesive was smeared by means of extrusion systems where the
adhesive mixture flows in the form of thin, very fluid and suitably spaced lines,
through the orifices of special ducts in which the adhesive is under pressure and is
mixed with the hardener (in our case in the ratio 2 to 1) (Fig. 1 right). The average
of glue grammage was 180 g/m? for single face and 350 g/m? for double face
application, respectively. The adhesive was applied in a factory condition of 23° C,
with an environmental relative humidity of 65%. The formed beams were then cold-
pressed for 2 hours, with a pressure of 10 bar. As a result, seven six-layered glue-
laminated timber beams (B x H x L / 130 x 240 x 4000 mm) were produced in
accordance with EN 14080.

4.2.3.2. Timber characterization

Since the visual classification of the timber planks resulted in the LS2 class, the
strength class was assumed as D24 according to UNI EN 338:2016 [48].

The mechanical properties of the glulam beams were assessed by testing four beech
beams by four-point bending tests in accordance with the EN 408 [49]. The

outcomes from this experimental programme are summarized in Table 1.

Table 1 Mechanical properties of planks and glulam beams.

fm,k EO,mean Pm
Strength class
[N/mm?] [KN/mm?] [kg/mq]

D24 (EN 338:2016 [48]) 24.00 10.00 580

Experimental glulam 40.00 14.36 695
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4.2.3.3. Specimens description

To carry out the push out tests, the common double-shear specimen layout was
adopted. It consists of a central timber element flanked by two side elements
symmetrically arranged and connected. In this research, the central timber elements
were obtained by cutting three glulam beech beams into seven parts with a length of
560 mm. The side elements consisted of beech boards, which were put on stage as a
single layer of planking (Series #1) and as a double-crossed planking (Series #2).
In both series, the fully threaded VGZ screws supplied by Rothoblaas were used.
Due to the different thickness of the side elements, the fastener length varies from
160 mm for Series #1 to 180 mm for Series #2. Additionally, two different screw
diameters were tested, in accordance with the configurations described in Table 2.
The fastener spacing was maintained fixed at 200 mm and two screws per side were
installed (Fig. 2).

The two series were investigated with the aim to characterize the mechanical
behaviour, in terms of stiffness and strength, of the screws designed for the

construction of low-engineered timber-to-timber composite (TTC) floors.

Table 2 Test configurations.

Planking Screw
Series
Configuration | Repetitions Thickness D L a
# Type
[mm] [mm]  [mm] [
a 5 40 9 160
1 single
b 5 40 7 160
+45°
a 5 30+ 30 9 180
2 double-crossed
b 5 30 +30 7 180

Note: a is the screw’s angle of inclination with respect to the grain direction

The full-scale construction schemes of the two floors associated with the push outs
of Series #1 and Series #2 are represented in Fig. 2.

In particular, the first scheme refers to TTC floor with glulam joists, secondary
joists, and single planking; the second scheme regards TTC floor with the same
glulam joists and a double-crossed planking. The aim is to propose technical
solutions that can be fully developed in the local context of reference, where the

wood supply chain is not yet fully developed.

99



Ph.D. Thesis of Luca Spera, University of L’ Aquila

240 mm 130 mm
>

50 mm
»ar|

200 mm 100 mm
e ¥

260 mm
——b¢

560 mm

240 mm 130 mm
le—>»

50 mm

B — L2
260 mm

200 100 mm
mm 100 m

560 mm

30 mm 30 mm
Fig. 2 Push-out specimens and related floor scheme: a) Series 1: single layer of planking

with floor joists; b) Series 2: double layer of cross planking.

4.2.3.4. Test setup and instrumentations

The experimental programme was carried out at the laboratory of the Department of
Civil, Construction-Architectural and Environmental Engineering (DICEAA) of the
University of L’Aquila. It consisted of push-out tests carried out by applying the
loading procedure of EN 26891 [40] on each specimen. Firstly, according to the
Standard, an estimated maximum load was determined for each of the four
configurations (1a, 1b, 2a, 2b). Then, the load was applied up to and maintained for
30 s. The load was then reduced to and maintained for 30 s. Thereafter the load was
increased until the slip of 30 mm was reached in accordance with the EN 12512 [46]
but the setup was designed to reach a maximum displacement of 50 mm.

The load, introduced by a Zwick Roell universal testing machine (Fig. 3a) through
a hydraulic actuator, was monitored with a 300 kN load cell. A constant slip rate of
0,06 mm/s was adopted (it was kept in the range between 0.02 mm/s and 0.2 mm/s
recommended by the Eurocode 5 [45]). Two Micro-Epsilon OptoNCDT 1320 | 100
mm laser displacement transducers (LVDTs) were employed (Repeatability of 10
pum) to measure: i) for the configuration with single planking, the slip between the
central and side planking elements (Fig. 3b) and, ii) for the configuration with
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double crossed planking, the slip between the central and the inner layer as well as
the slip between the central and the outer planking layer (Fig. 3c). Furthermore, the
crosshead displacement was recorded. The recording was done continuously with a

frequency rate of 2 Hz via a multi-channel data recording device.

a)

£ : 8|
Fig. 3 Tests: a) Testing instruments and loading machine; b) Single-layer planking: laser

transducers position; ¢) Double-layer crossed planking: laser transducers position.

4.2.3.5. Calculation methods of the mechanical
parameters of connections

The standards adopted as reference for the evaluation of the connection performance
parameters (yield point, secant stiffness, ultimate conditions and static ductility)
were EN 12512 [46] and EN 26891 [40]. The slip modulus of the connections
(corresponding to the slip modulus provided by EN 1995-1-1 [45]) was calculated

by means of the following equation:

04F,
K, = est M

4

3 (Vos — Vo1)
Where vo and vos are the connection slips (evaluated for each specimen)
corresponding to the load levels of 0.1Fe: and 0.4F respectively; Fes is the

estimated maximum load for each configuration based on preliminary tests
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(consistently with EN 26891 [40] excluding values that deviated by more than 20%
from the mean). For each test, F’max,i is equal to the actual maximum load F’maxr
when the corresponding slip value was less than 15 mm, otherwise the load
corresponding to a 15 mm slip Fis was used [40]. According to EN 12512 [46], the
yield point (Fy, vy) was determined, taking into account the pronounced non-linear
behaviour of the load-slip curves. The ultimate slip v, corresponds to the attainment
of the first of the following conditions: i) failure of the specimen, ii) slip at 0.8 times
F’max.r ON the descending branch, and iii) a slip value of 30 mm [46] . The ductility

D is calculated as the ratio between ultimate slip and yield slip according to [46].

4.2 .4. Results

The force-displacements curves in terms of shear force versus slip of the entire

specimen for all the configurations and screwed connections are plotted in Fig. 4.

a) b)
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v [mm]

Fig. 4 Test results: a) single planking; b) double-crossed planking.

v [mm]

The experimental results in terms of ultimate force F’max, Slip modulus Ks (assessed
according to EN 1995-1-1 [45]), yielding force Fy (evaluated according to EN 12512
case B [46]), yielding displacement vy, ultimate displacement vy and ductility D
(calculated according to EN 12512 [46]) of the entire connection system for each

specimen are given in Tables 3-6.

50

102



Ph.D. Thesis of Luca Spera, University of L’ Aquila

Table 3 Screw configuration 1a (Fest = 60 KN).
F'max Ks Fy Vy Vu D

Specimens
[kN] [KN/mm] [kN] [mm] [mm] [-]

9x160_1 72,43 20,24 70,73 3,61 30,00 8,31
9x160_2 76,13 17,69 73,47 3,94 30,00 7,61
9x160_3 87,56 27,49 80,09 2,79 30,00 10,74
9x160_4 62,47 20,86 53,60 2,40 30,00 12,50

9x160_5 83,38 23,89 77,05 3,06 30,00 9,81

Mean 76,39 22,03 70,99 3,16 30,00 9,80
St. dev 8,75 3,37 9,25 0,55 1,74

CoV 11,5% 15,3% 13,0% 17,5% 17,8%

Table 4 Screw configuration 2a (Fest = 100 kN).
F'ma)( Ks Fy Vy Vu D

Specimens
[kN] [KN/mm] [kN] [mm] [mm] [-]

9x180_1 108,63 19,50 101,38 5,01 30,00 5,99
9x180_2 113,14 19,32 100,27 5,76 30,00 5,21
9x180_3 110,87 20,45 96,91 5,08 30,00 591
9x180_4 108,13 18,33 95,92 5,53 30,00 5,43

9x180_5 100,51 17,49 88,79 5,63 30,00 5,33

Mean 108,25 19,02 96,65 5,40 30,00 5,57
St. dev 4,26 1,02 4,42 0,30 0,31

CoV 3,9% 5,4% 4,6% 5,5% 5,6%

Regarding the 9 mm diameter screws, in the single planking configuration a lower
mean ultimate force and a greater mean slip modulus were measured and assessed
with respect to the double planking configuration. In addition, the presented standard
deviation and the coefficient of variation values show less scatter for the case with
double planking. The mean ductility value is greater for the single planking case

which presents also a greater scatter of the ductility values.
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Table 5 Screw configuration 1b (Fest = 45 kN).

F'max Ks Fy Vy Vu D
Specimens
[kN] [kN/mm] [kN] [mm] [mm] [-]
7x160_1 52,70 28,01 38,01 1,28 30,00 23,41
7x160_2 56,39 24,67 47,12 2,28 30,00 13,17
7x160_3 58,06 16,83 53,41 3,14 30,00 9,56
7x160_4 56,26 17,61 50,36 2,72 30,00 11,05
7x160_5 55,67 32,24 43,22 1,25 30,00 24,00
Mean 55,81 23,87 46,42 2,13 30,00 16,24
St. dev 1,75 5,94 5,40 0,76 6,21
CoV 3,1% 24,9% 11,6% 35,6% 38,2%
Table 6 Screw configuration 2b (Fest = 60 KN).
F'max Ks Fy Vy Vu D
Specimens
[kN] [kN/mm] [kN] [mm] [mm] [-]
7x180_1 81,49 20,40 68,98 3,70 9,83 2,66
7x180_2 64,43 11,70 61,47 5,24 9,83 1,88
7x180_3 75,37 19,18 66,40 3,21 21,24 6,62
7x180_4 68,48 10,68 66,54 6,02 30,00 4,98
7x180_5 85,10 22,89 74,13 3,67 30,00 8,18
Mean 74,97 16,97 67,50 4,37 20,18 4,86
St. dev 7,73 4,88 4,11 1,07 2,36
CoV 10,3% 28,7% 6,1% 24,6% 48,5%

Even for the 7 mm diameter screws, the single planking configuration leads to a

lower mean ultimate force and a greater mean slip modulus with respect to the

double planking configuration. On the contrary, the standard deviation and the

coefficient of variation values show less scatter for the single planking case with the

exception of the standard deviation of the slip modulus. The mean ductility value is
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greater for the single planking case which presents also a greater standard deviation

and a lower coefficient of variation of the ductility values.

4.2 5. Deflection limits

Italian technical standard for buildings [47] does not provide deflection limits for
timber floors. On the other hand, deflection limits are given for steel floors and roofs,
so they can be taken as a reference for floors and roofs in general.

Considering the two cases of timber floors previously described (i.e. glulam joists
connected by screws with single planking and glulam joists connected by screws
with double-crossed planking), the short-term and long-term deflection limits can
be assumed as 1/300 and 1/250 of the floor span, respectively.

To determine the geometrical limits of the aforementioned timber floors in terms of
floor span and joists spacing, calculations of the short-term and long-term
deflections under structural permanent, non-structural permanent and variable load
were performed. The bending stiffness of the TTC section was evaluated according
to the y-method, i.e. the mechanically jointed beam theory provided by Annex B of
Eurocode 5 [45] for composite beams with flexible shear connections, assuming as
the slip modulus the mean experimental value for each configuration for the single

fastener as given in Table 7.

Table 7 Experimental slip moduli for the single fastener.

Ks
Configurations
[KN/mm]
7x160 5.97
7x180 4.24
9x160 5.51
9x180 4.76

4.2.5.1. Short-term deflection

The short-term deflection is usually assessed according to the so-called
characteristic (or rare) load combination [47] without the permanent loads. For

floors under a unique variable load, the combination load is equal to the variable
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load itself. Considering the TTC section composed by a single glulam joist screwed
to the upper planking, the deflections for different floor spans, joists spacings, and
variable load (Qx) values were evaluated so as to compare them to the standard limits
(Tables 8, 9).

Table 8 Short-term deflections values [mm] varying geometry for Qx= 2 kN/m?.

; : Span [m
].S. Connection 15 0 pan [ ]5.5 50
7x160 155 2.31 331 459
E 7x180 1.77 2.64 3.80 5.28
S 9x160 1.56 2.33 3.34 4.64
9x180 175 2.61 3.75 5.21
7x160 1.65 2.47 3.54 4.92
E 7x180 1.90 2.84 4.08 5.68
S 9x160 1.66 2.49 357 4.96
9x180 1.88 2.81 4.04 5.61
7x160 175 2.62 3.76 5.23
E 7x180 2.03 3.03 4.36 6.07
p 9x160 1.76 2.64 3.79 5.27
9x180 2.01 3.00 4.31 6.00

Short-term deflection limits [mm]  15.00 16.70 18.30 20.00
Legend: j.s. = joints spacing

Table 9 Short-term deflections values [mm] varying geometry for Qx= 4 kN/m?,

; : Span [m
].S. Connection 45 50 pan [ ]5.5 50
7x160 3.09 4.61 6.62 9.19
E 7x180 3.54 5.28 7.59 10.55
o 9x160 3.12 4.65 6.68 9.27
9x180 3.50 5.22 7.50 10.42
7x160 3.30 4.93 7.08 9.84
E 7x180 3.80 5.69 8.17 11.36
ok 9x160 3.33 4.97 7.14 9.93
9x180 3.76 5.62 8.07 11.22
7x160 3.50 5.24 7.52 10.46
g 7x180 4.06 6.07 8.72 12.14
pud 9x160 3.53 5.28 7.59 10.55
9x180 4.02 6.00 8.62 11.99

Short-term deflection limits [mm]  15.00 16.70 18.30 20.00
Legend: j.s. = joints spacing
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With regard to the considered geometries, the short-term deflections are lower than
the standard limits of 1/300 of the floor span, even in the case of the maximum span
and maximum joists spacing under the variable load of 4 kN/m?2,

4.2.5.2. Long-term deflection

The long-term deflection is usually assessed by adding two contributions: the
instantaneous deflection due to the so-called characteristic (or rare) load
combination, and the creep deflection due to the so-called quasi-permanent load
combination [47]. Similarly to the previous paragraph, the long-term deflections
were estimated considering in this case two different values of non-structural
permanent load Gy, as shown in Tables 10-13. The long-term deflection is assessed
according to EN 1995-1-1:2004 [45], namely by multiplying the elastic deflection
assessed with the y-method by the creep coefficient of the shear connection (the
deformation coefficient kqer according to EN 1995-1-1:2004 [45] for which the value

0.6 has been assumed).

Table 10 Long-term deflections values [mm] (G = 1kN/m? and Qi = 2kN/m?).

; . Span [m]
].S. Connection 45 =0 cc 50
7x160 3.93 5.86 8.40 11.66
E 7x180 4.61 6.88 9.89 13.75
o 9x160 3.96 5.91 8.47 11.77
9x180 4,56 6.81 9.77 13.58
7x160 4.20 6.27 9.00 12.50
E) 7x180 4.95 7.41 10.64 14.80
2 9x160 4.23 6.32 9.08 12.61
9x180 4.90 7.33 10.52 14.62
7x160 4.46 6.67 9.57 13.31
g 7x180 5.28 7.90 11.36 15.81
pud 9x160 4.49 6.72 9.65 13.42
9x180 5.23 7.82 11.23 15.62

Long-term deflection limits [mm]  18.00 20.00 22.00 24.00
Legend: j.s. = joints spacing

Table 11 Long-term deflections values [mm] (Gkz = 2kN/m? and Qi = 2kN/m?).

. . Span [m

j.S. Connection 45 50 pan | ]5.5 6.0
7x160 5.16 7.70 11.04 15.33

g 7x180 6.02 9.00 12.92 17.97

g 9x160 5.20 7.77 11.14 15.48
9x180 5.96 8.90 12.77 17.75
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7x160 5.52 8.25 11.83 16.44

E 7x180 6.47 9.68 13.91 19.35

ok 9x160 5.56 8.31 11.93 16.58
9x180 6.41 9.57 13.75 19.11

7x160 5.86 8.76 12.58 17.49

g 7x180 6.90 10.33 14.85 20.67

p 9x160 591 8.83 12.69 17.64
9x180 6.84 10.22 14.68 20.42

Long-term deflection limits [mm]  18.00 20.00 22.00 24.00

Legend: j.s. = joints spacing

Table 12 Long-term deflections values [mm] (G, = 1kN/m? and Qi = 4kN/m?).

; ; Span [m
j.S. Connection A5 50 pan [ ]5.5 50
7x160 6.31 9.41 1349  18.73
E 7x180 7.33 1095 1573  21.88
0 9x160 6.36 9.49 1361 1891
9x180 7.25 1083 1555  21.61
7x160 6.75 1007 1445  20.07
E 7x180 7.88 1178 1693 2355
0 9x160 6.80 1015 1458  20.26
9x180 7.80 1165 1674  23.26
7x160 7.16 1070 1537  21.36
E 7x180 8.41 1258 1808  25.16
= 9x160 7.21 1078 1549 2155
9x180 8.32 1244 1787  24.85
Long-term deflection limits [mm]  18.00 20.00 22.00 24.00

Legend: j.s. = joints spacing

Table 13 Long-term deflections values [mm] (Gkz = 2kN/m? and Qk = 4kN/m?).

i ; Span [m
j.S. Connection A5 0 pan [ ]5.5 50
7x160 7.55 11.26 16.14 22.41
E 7x180 8.74 1307 1877  26.10
g 9x160 7.60 11.35 16.28 22.61
9x180 8.65 12.92 18.55 25.78
7x160 8.07 12.05 17.29 24.01
E 7x180 9.40 1406 2020  28.10
g 9x160 8.13 12.14 17.43 24.23
ox180 9.31 13.90 19.96 27.75
c 7x160 8.56 12.80 18.38 25.54
38 7x180 10.03 15.00 21.57 30.01
e 9x160 8.62 12.90 18.53 25.76
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9x180 | 9.93 1484 2132 29.65

Long-term deflection limits [mm]  18.00 20.00 22.00 24.00
Legend: j.s. = joints spacing

Regarding the studied geometries, the long-term deflections are lower than the
standard limits of 1/250 of the floor span under the variable load of 2 kN/m?; instead
for Qx = 4 kN/m? the deflections exceed the standard limits: i) in the case of G, =1
kN/m? for a 6.0 m span and joists spacing of 0.6m; ii) in the case of Gy, = 2 kN/m?
for a 6 m span whatever the joists spacing.

4.2.6. Ultimate limit states

The ultimate limit states (ULS) verifications according to the Italian technical
standard for buildings [47] are described in this section. The slip moduli at ULS of
the composite section for the four deformable cases were assessed as 2/3 of the slip
modulus at serviceability limit states (SLS) and are given in Table 14.

Table 14 Slip moduli at ULS for the single fastener.

Ky
Configurations
[KN/mm]
7x160 3.98
7x180 2.83
9x160 3.67
9x180 3.17

Considering the same geometrical properties, mechanical properties and loads of the
previous section, the design bending moments and axial forces were divided
between joist and upper planking according to the equations (2 to 5) from the
mechanically jointed beam theory [45], using subscript n= 1 for the planking and

subscript n= 2 for the joist.

Eily

My (x) = (El)eff

- M(x) (2)
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Exl,

M,(x) = W'M(x)
_nEiAia )

Ny(x) = EDyy M (x)
_ V2E24za, )

Ny(x) = “EDyy; M (x)

©)

(4)

()

The ultimate limit state for coupled tension and bending of the joist was examined.

The design tensile fioq (parallel to the grain) and bending fmg strengths were

estimated equal to 12.05 N/mm? and 20.09 N/mm?, respectively, according to [47]

(assuming Kmod = 0.8 and ym = 1.45).

The design tensile ot0q and bending omgq Stresses due to the fundamental load

combination [47], along with the verification ratios which must be lower than or

equal to the unit according to the design inequalities (6-7), for each geometry and

load condition, are reported in Tables 15-18.

0t0,d

Om,y,d Om,z,d

thg 25 <1
ft,O,d fm,y,d m fm,z,d
0; 0. 0.

t,0,d km . my,d m,z,d <1
ft,O,d fm,y,d fm,z,d

(6)

(")

Table 15 ULS for coupled tensile-bending (Gk2 = 1 KN/m? and Qk = 2 kN/m?).

Span [m]
4.5 5.0 5.5 6.0
j.s. | Connection
Gt,0,d Om,d V.I. | Gtod Om,d V.I. | Gtod Om,d v.r. Gt,0,d Omd V.
[N/mm?]  [N/mm?]  [] | [N/mm?]  [N/mm?]  [] | [N/mm?] [N/mm?] [] [N/mm?]  [N/mm?]  []
7x160 1.13 3.15 0.25 1.49 4.13 0.33 1.82 5.07 0.40 2.15 5.97 0.48
g 7x180 1.01 3.59 0.26 1.33 471 0.34 1.63 5.79 0.42 193 6.84 0.50
g 9x160 1.14 3.17 0.25 1.50 4.16 0.33 1.84 511 0.41 2.17 6.02 0.48
9x180 1.00 3.56 0.26 1.32 4.67 0.34 1.62 5.73 0.42 191 6.76 0.50
7x160 1.28 3.33 0.27 1.68 4.36 0.36 2.06 5.36 0.44 243 6.32 0.52
E 7x180 1.16 3.82 0.29 152 5.01 0.38 1.87 6.17 0.46 2.21 7.28 0.55
g 9x160 1.29 3.35 0.27 1.69 4.39 0.36 2.07 5.40 0.44 2.45 6.37 0.52
9x180 1.15 3.79 0.28 150 4.96 0.37 1.85 6.10 0.46 2.18 7.20 0.54
§ 7x160 1.42 3.49 0.29 1.86 4.58 0.38 2.29 5.63 0.47 271 6.65 0.56
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7x180 1.30 403 031 171 529  041| 210 652 050 2.48 771 059
9x160 1.43 351  029| 188 461  039| 231 567 047 2.73 6.70 056
9x180 1.29 400  031| 169 525  040| 208 6.46  0.49 2.46 762 058
Legend: j.s. = joints spacing; v.r. = verification ratio.
Table 16 ULS for coupled tensile-bending (Gk. = 2 kN/m?2 and Qx = 2 kN/m?).
Span [m]
45 5.0 5.5 6.0
j.s. | Connection
Gt,0d Om,d V.r. Gt,0d Om,d v.r. Gt,0,d Om,d V.I. Gt,0d Om,d V.I.
[N/mm?]  [N/mm?]  [] | [N/mm?]  [N/mm?]  [] | [N/mm?] [N/mm?] [-] [N/mm?]  [N/mm?] []
7x160 1.45 402  032| 190 527  042| 233 647 052 2.75 763 061
E| 7x180 1.29 458  034| 170 601  044| 209 740 054 2.46 874 064
S| oxi60 1.46 405  032| 191 531  042| 235 652 052 2.77 769 061
9x180 1.28 455 033 168 596  044| 207 732 054 2.44 864 063
7x160 1.64 426  035| 214 558  046| 264 6.86  0.56 3.11 809 0.6
E | 7x180 148 488  037| 194 641 048 239 789 059 2.82 932 070
S| oxi60 1.65 428  035| 216 562  046| 265 691 056 3.13 816  0.67
9x180 147 485 036 192 635 048 237 781 059 2.79 922 069
7x160 1.82 448  037| 239 587  049| 294 723 060 3.47 853 071
E| 7x180 167 517  040| 219 679 052 270 836 064 3.19 988 076
S| 9x160 1.83 450  038| 241 591  049| 296 728 061 3.50 860 072
9x180 1.65 513  039| 217 673 052 267 828 063 3.15 978 075
Legend: j.s. = joints spacing; v.r. = verification ratio.
Table 17 ULS for coupled tensile-bending (Gk2 = 1 KN/m? and Qk = 4 kN/m?).
Span [m]
45 5.0 5.5 6.0
j.s. | Connection
Ot,0d Om,d v.r. Gt,0d Om,d v.r. Gt,0,d Om,d V.I. Gt,0d Om,d V.I.
[N/mm?]  [N/mm?]  [] | [N/mm?Z]  [N/mm?]  [] | [N/mm?] [N/mm?] [] [N/mm?Z]  [N/mm?  []
7x160 1.76 490 039| 231 641  051| 284 788 063 3.34 929 074
E| 7x180 157 558  041| 207 732 054| 254 900 066 3.00 1063 0.78
S| oxi60 1.77 493  039| 233 646  051| 286 794 063 3.37 936 075
9x180 156 553  040| 2.05 725  053| 251 891 065 2.97 1051 077
7x160 1.99 519  042| 261 680  056| 321 836  0.68 3.79 986 081
E| 7x180 1.80 595  045| 237 781 059 2091 962 072 3.44 1136 085
S| oxi60 2.01 522  043| 263 685  056| 324 842  0.69 3.82 994 081
9x180 179 590  044| 234 774 058| 288 952 071 3.40 1124 084
7x160 2.22 546  046| 292 717  060| 359 882  0.74 4.24 1041 087
E| 7x180 2.03 631  048| 267 828  0.63| 3.29 1020 0.78 3.89 1206 092
S| oxi60 2.23 549  046| 294 721  060| 361 888  0.74 427 1049 0.88
9x180 2.02 626  048| 265 821  0.63| 326 1010 0.7 3.85 1193 091

Legend: j.s. = joints spacing; v.r. = verification ratio.
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Table 18 ULS for coupled tensile-bending (Gk2 =2 kN/m? and Q= 4 kN/m?).

Span [m]
45 5.0 5.5 6.0

j.s. | Connection

Gt,0,d Om,d V.I. Gt,0,d Om,d V.I. Ot0d Om,d V.I. Gt,0,d Om,d V.I.
[N/mm?]  [N/mm?]  [] | [N/mm?]  [N/mm?]  [] | [N/mm?] [N/mm?] [-] [N/mm?]  [N/mm?] []

7x160 2.08 5.77 0.46 2.72 7.56 0.60 3.34 9.28 0.74 3.94 1094 0.87
g 7x180 1.85 6.57 0.48 243 8.62 0.63 2.99 10.61 0.78 3.53 1253 0.92
g 9x160 2.09 5.81 0.46 2.74 7.61 0.61 3.37 9.35 0.74 3.97 11.03 0.88
9x180 1.84 6.52 0.48 241 8.54 0.63 2.96 10.50 0.77 3.50 1239 091
7x160 2.35 6.12 0.50 3.08 8.02 0.66 3.79 9.86 0.81 4.47 1163  0.95
L% 7x180 213 7.02 0.53 2.79 9.22 0.69 343 11.34 0.85 4.06 13.40 1.00
g 9x160 2.36 6.15 0.50 3.10 8.08 0.66 3.82 9.93 0.81 451 11.73  0.96
9x180 211 6.96 0.52 2.77 9.13 0.68 3.40 11.23 0.84 401 13.26  0.99
7x160 2.62 6.45 0.54 3.44 8.46 0.71 4.24 10.41 0.87 5.00 1229 1.03
g 7x180 2.40 7.44 0.57 3.15 9.78 0.75 3.88 12.04  0.92 4.59 1423  1.09
g 9x160 2.64 6.48 0.54 3.46 8,51 0.71 4.26 10.48 0.88 5.04 12.38  1.03
9x180 2.38 7.39 0.57 3.13 9.69 0.74 3.85 11.93 0.91 4.54 1409 1.08

Legend: j.s. = joints spacing; v.r. = verification ratio.

Only with Gk = 2 kN/m? and Qx = 4 kN/m? for 6 m span and 0.60 m joist spacing,
the design inequalities are not satisfied for each connection type. With regard to the
case of 6 m span and 0.55 m joist spacing, the verification ratio overcomes the unit
only for the 7x180 connection.

Even for the loads of Table 18, the joist spacing equal to 0.60 m and the floor span
equal to 6.0 m, the design compression stresses c¢oq are lower than both the design
compression strength parallel to the grain fcoq (estimated of 15.06 N/mm? from a
characteristic value of 21.00 N/mm?) and the design compression strength
perpendicular to the grain feg0.4 (estimated of 3.51 N/mm? from a characteristic value

of 4.90 N/mm?) of the upper planking (D24 strength class), as shown in Table 19.

Table 19 Design compression stresses oc0,4 for the planking.

Oc,0d
Configurations
[N/mm?]
7x160 151
7x180 1.77
9x160 1.43
9x180 1.91
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In addition, the design loads on a fastener, assessed according to equation (8) of
Annex B of Eurocode 5 [45] and using subscript i= 1 for the planking and subscript
i= 2 for the joist, are reported in Tables 20 to 23.

F - ViEiAia;s; @®)
' (El)ef

For each connection case, the design load values of the fastener were compared to
the design shear strengths of the connection according to [47], assuming Kmos = 0.8
and ym = 1.25, marking in bold the values exceeding the corresponding strengths.
The characteristic strengths of the single screw were assessed from the experimental
ultimate force F-nax Values (Tables 2 to 5) divided by 4 to obtain the value for the
single fastener. Considering in the design two screws spaced at 200 mm centre to
centre along the joist span, the following design strengths were evaluated: 15.64 kN
for 7x160; 17.13 kN for 7x180; 16.67 kN for 9x160; 30.34 kN for 9x180.

Table 20 Load on a fastener Fig (Gkz = 1 KN/m? and Qx = 2 kN/m?).

Span [m]

j.s. | Connection 4.5 >0 55 6.0
Fid Fod Fid Fod Fid Fod Fid Fod
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
7x160 1.20 7.08 1.56 7.73 1.95 8.35 2.38 8.95
g 7x180 1.02 6.32 1.33 6.91 1.68 7.48 2.05 8.03
g 9x160 1.13 7.12 147 7.78 1.85 8.41 2.26 9.02
9x180 1.12 6.27 1.45 6.85 1.81 7.40 221 7.94
7x160 1.25 7.97 1.62 8.71 2.04 9.42 251 10.11
E 7x180 1.08 7.21 141 7.89 1.78 8.54 2.19 9.17
g 9x160 117 8.02 1.53 8.77 1.93 9.49 2.38 10.19
9x180 1.18 7.15 153 7.82 1.92 8.46 2.35 9.08
7x160 1.29 8.86 1.68 9.69 2.13 10.49 261 11.26
g 7x180 1.13 8.11 147 8.88 1.87 9.62 2.30 10.34
g 9x160 121 8.91 1.58 9.75 2.01 10.56 2.48 11.35
9x180 1.23 8.05 1.60 8.80 2.02 9.53 2.49 10.23

Legend: j.s. = joists spacing

Table 21 Load on a fastener Fig (Gkz = 2 kN/m? and Qk = 2 kN/m?).

Span [m]
. . 4.5 5.0 55 6.0
j.s. | Connection
Fid Foa Fia Foa Fid Foa Fid Foad
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
g 7x160 153 9.04 1.99 9.87 249 10.66 3.04 11.43
g 7x180 131 8.07 1.70 8.83 2.14 9.55 2.62 10.25
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9x160 1.44 9.10 1.87 9.94 2.36 10.75 2.89 11.52
9x180 143 8.00 1.85 8.74 231 9.45 2.82 10.14
7x160 1.60 10.21 2.08 11.15 2.62 12.06 321 12.94
LE 7x180 1.38 9.23 1.80 10.10 2.27 10.93 2.80 11.74
g 9x160 1.50 10.27 1.96 11.23 2.47 12.15 3.04 13.04
9x180 151 9.15 1.96 10.01 2.46 10.82 3.01 11.62
7x160 1.65 11.37 2.16 12.43 2.73 13.46 3.35 14.44
g 7x180 1.44 10.40 1.89 11.38 2.39 12.34 2.95 13.26
g 9x160 155 11.43 2.03 12.51 2.57 13.55 3.17 14.55
9x180 1.58 10.32 2.06 11.28 2.60 12.22 3.19 13.12
Legend: j.s. = joists spacing
Table 22 Load on a fastener Fig (Gkz = 1 KN/m? and Qk = 4 KN/m?).
Span [m]

j.s. | Connection 4.5 >0 >3 6.0
Fid Fod Fid Fod Fid Fod Fid Fad
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
7x160 1.86 11.00 242 12.01 3.03 12.98 3.70 13.91
E 7x180 1.59 9.82 2.07 10.74 2.61 11.62 3.19 12.48
g 9x160 1.75 11.07 2.28 12.09 2.87 13.08 3.52 14.02
9x180 1.74 9.74 2.25 10.64 2.81 11.50 343 12.34
7x160 1.95 12.44 2.53 13.59 3.19 14.70 3.91 15.77
E 7x180 1.68 11.25 2.19 12.31 2.77 13.33 341 14.31
g 9x160 1.83 12.51 2.39 13.68 3.02 14.81 3.71 15.89
9x180 1.84 11.16 2.39 12.19 3.00 13.19 3.67 14.16
7x160 2.02 13.87 2.63 15.17 3.33 16.42 4.09 17.63
E 7x180 1.76 12.69 231 13.89 2.92 15.05 3.60 16.17
g 9x160 1.89 13.94 2.48 15.26 3.14 16.53 3.87 17.76
9x180 1.93 12.59 251 13.77 3.17 14.91 3.89 16.00

Legend: j.s. = joists spacing
Table 23 Load on a fastener Fig (Gkz = 2 KN/m? and Qk = 4 KN/m?).
Span [m]

j.s. | Connection 50 A 6.0
Fid Fad Fid Fad Fid Fad Fid Fad
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
7x160 2.20 12.96 2.85 14.15 3.57 15.29 4.36 16.39
g 7x180 1.88 11.57 244 12.65 3.07 13.70 3.76 14.70
g 9x160 2.07 13.04 2.69 14.25 3.38 15.41 4.15 16.53
9x180 2.04 11.48 2.65 12.54 3.32 13.56 4.05 14.54
7x160 2.30 14.67 2.99 16.03 3.76 17.34 461 18.60
L% 7x180 1.98 13.27 2.59 14,51 3.27 15.72 4.02 16.88
g 9x160 2.16 14.76 2.82 16.14 3.56 17.46 4.37 18.74
9x180 2.17 13.16 281 14.38 3.54 15.56 4.33 16.70
§ 7x160 2.38 16.37 3.11 17.90 3.93 19.38 4.83 20.81
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7x180 2.08 14.98 2.72 16.40 3.45 17.77 4.25 19.09
9x160 2.23 16.46 2.92 18.02 3.71 19.52 457 20.96
9x180 2.27 14.86 2.96 16.25 3.74 17.60 4.59 18.89

Legend: j.s. = joists spacing

For variable load usually considered for residential use (Qx = 2 kN/m?), only for the
7x160 connection (considering the maximum values of floor span and joists spacing
and non-structural permanent load Gy, equal to 2 kN/m?) the design load on a
fastener overcomes the corresponding design strength.

For variable load greater than the residential value (Qx = 4 kN/m?), for the 7x160,
7x180 and 9x160 connection cases (considering the maximum values of floor span
and joists spacing and non-structural permanent load Gk equal to 2 kN/m?) the

design load on a fastener overcomes the corresponding design strength.

4.2.7. Conclusions

The experimental investigation consisted of 20 push-out tests and was divided into
four main groups (7x160, 7x180, 9x160, 9x180).

The VGZ fully threaded screws produced by Rothoblaas resulted to be suitable for
glulam and sawn timber made of beech wood in both the configurations (single and
double-crossed planking). With the 7 mm fastener diameter, the double-crossed
planking configuration showed a mean ultimate force F’max greater than single
planking one by about 34% and a mean slip modulus Ks lower than single planking
one by about 29%.

With the 9 mm fastener diameter, the double-crossed planking configuration showed
a mean ultimate force F’max greater than the single planking one by about 42% and
a mean slip modulus Ks lower than the single planking one by about 14%.

The lower values of the slip modulus in the case of double-crossed planking can be
justified by the presence of the orthogonal planking which acts as an interlayer. The
scatter of the experimental data leads to similar values in terms of slip modulus in
the two single planking cases, with a mean value of 22.03 kN/mm for the 9x160
group and of 23.87 kN/mm for the7x160 group.

The experimental slip moduli of all the groups were used for calculations of short
and long-term deflections (according to the Italian technical standards NTC2018) of
some design cases of timber floors varying the floor span, the joists spacing, and the
load values.

The long-term deflections were found to govern the design for spans greater than 5

m under significant variable loads (Qx = 4kN/m? for uses other than residential),
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especially for the more deformable configuration, i.e. the one with double-crossed
planking. Moreover, the ultimate limit states for coupled tension and bending of the
joists, compression of the planking and shear of the fasteners were considered.

The slip moduli values at ULS resulted limiting especially in the 7x160 connection
case. For maximum values of floor span and joists spacing, both the ULS for coupled
tension and bending of the joists and the ULS for shear of the fasteners resulted
difficult to be satisfied increasing the values of non-structural permanent and
accidental loads, limiting the design process as the long-term deflections.

In the end, the proposed low-engineered floor configuration based on the use of
locally sourced beech planks connected with inclined screws to a glulam beam made
of locally supplied beech planks can be considered as a suitable solution for low to
medium residential composite floors when a short-supply chain of locally-grown

hardwood is to be used.
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Concluding remarks

The research reported in the present thesis has investigated the mechanical
properties of novel engineered wood products, made from Italian hardwood and
softwood species (i.e. beech and pine), also following the preliminary phases of
procurement, classification, and production. Both cross-laminated timber (CLT)
panels and glue-laminated timber (glulam) beams, manufactured in homogeneous
beech and in hybrid beech-Corsican pine configurations, have been mechanically
characterized by means of four-point bending tests and they have been compared
with commercial products made of softwood through numerical simulations to
assess their performances. From the bending test in the direction perpendicular-to-
plane on the CLT panels, rolling shear collapse modes were prevalent due to the
reduced panel length. Homogeneous Corsican Pine panels were affected by knot
influence in the definition of mechanical performances and collapse mode. Hybrid
and homogeneous beech configurations under in-plane shear tests were analysed in
terms of size effect and it was observed, by changing the panel dimensions, that the
scatter of elastic stiffness between hybrid and homogeneous specimens was mostly
constant, while the scatter of ultimate force increases from 4% to 15%.

By means of numerical simulation, the experimental outcomes were further assessed
and compared with a widely used market product, i.e. traditional C24 spruce CLT
panels. Hybrid panels showed good performances giving evidence of a less
pronounced deformability than the C24 Spruce panels, in both the bending and shear

loading conditions. The mechanical behaviour of these novel products has been
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acceptable both in homogeneous beech and in hybrid configuration, demonstrating
the great potential of beech and, in the second configuration, the possibility to
optimize the raw material wood.

The experimental campaign on glulam beams highlighted good mechanical
performance of the prototypes, both homogeneous and hybrid. By analysing the
results from the four points bending tests, the two configurations have almost
comparable performances: the homogeneous beams showed maximum force, Fmax,
and flexural strength, fm, values greater than the values of the hybrid ones of about
7% and 8.3 %, respectively. Analysing the failure mechanisms occurred during the
bending tests, a greater variability was observed for the hybrid beams, with
particular reference to delamination. Significant differences are observed by
comparing the shear performance of the two configurations: the homogeneous
beams have reached a maximum force, Fmax, higher of about 31.5% and a shear
strength, f,, greater of about 31.8 % than the hybrid ones. Analysing the shear failure
mechanisms, less variability is observed as for homogeneous as for hybrid
configuration.

In addition, the possible adoption of the EN 14080 formulations, valid for attributing
a strength class to beams made with coniferous lamellas, to homogeneous broad-
leaved and hybrid products was considered. For homogeneous beams, the tensile DT
Table classes for medium-density European hardwoods (mainly beech and ash)
proposed by Kovryga et al. were adopted. In order to define what parameters are
more suitable to attribute the glulam class, three different hypotheses have been
carried out choosing the bending and tensile strength, the bending stress and the
dynamic modulus of elasticity respectively. By comparing the experimental
evidences with the analytical ones, the DT38 class (based on the closer dynamic
modulus of elasticity) resulted the best choice. For the hybrid beam, the y-method
and the Z-9.1-679 German provision were adopted. This latter choice allowed to
attribute a GL44h class to our hybrid beam which fitted with great accuracy the
experimental results.

Lastly, a FE modelling was provided in order to compare the prototypes with
commercial product (graded supposing C24 lamellas in accordance with EN 338, in
order to have the same class of inner hybrid layer). From the comparison in terms of
deflections, the prototypes in both hybrid and homogeneous configuration resulted
stiffer than the conifer beam.

It has been demonstrated, under the previous hypotheses, the possibility to adopt the
EN 14.080 formulations valid for conifer glulam beams also for the definition of the

features of hardwood beams. However, adopting the mechanical parameters
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suggested by EN 338 leads to a considerable underestimation of the stiffness.

For hybrid products, the strength classes proposed in the German provision Z-9.1-
679 as well as the y-method with the experimental values of timber coming from the
board classification allow to fit with good accuracy of the experimental stiffness.
These results could be a reference to incentivize the production of timber
components for structural purposes, overcoming the current predominant usage as
firewood in the Italian context.

Furthermore, interesting topics regarding the aforementioned thin CLT panels have
been explored like the buckling and the reinforcement of existing timber floors.
The first subject has been deepened both experimentally, through central axial
compressive tests, and analytically, through the formulation of a model to predict
the limit load with relative differences with experimental values lower than 20%.

In particular, the buckling behaviour of three-layered CLT panels was investigated,
first by means of 14 experimental tests and then by developing an analytical
formulation calibrated on the specific test setup. The experimental campaign was
conducted on two different groups of seven specimens, each one related to a specific
configuration characterized by the panels cross-section’s arrangement.

The first configuration (homogeneous, labelled HO) presented three layers made of
the same timber specie (beech), whereas, in the second one (hybrid, labelled HB),
the inner layer was made of a different timber specie (Corsican pine).

The experimental tests aimed to evaluate the failure limit loads of the specimens,
under an increasing tip compression force. The homogeneous panels showed almost
exclusively a mid-span bending failure mode while for the hybrid panels, different
failure mechanisms, such as rolling shear failure, as well as delamination failure,
were observed at the ends, singularly or in conjunction. Such a circumstance is likely
to follow from the lower rolling shear strength of the inner layer in the hybrid panels.
Nevertheless, the two groups showed quite similar average limit loads; however, the
hybrid specimens presented results with a higher standard deviation with respect to
those related to the homogeneous ones.

An analytical model was then developed in the attempt to describe theoretically the
system object of the experimentation.

The moderately high length to width ratio of the specimens, the absence of side
restraints in the test setup and, above all, the intent to develop a simplified approach
to the problem at hand, led straight to a beam-based theoretical formulation.
Starting from a model for a panel with a generic number of layers, modelled as a
stack of planar Timoshenko beams connected each other by continuous distributions

of normal and tangential elastic springs representing the glue lines, the general
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model was then adapted to a three-layer system, similar to the panels of the
experimental campaign, by means of some internal constraints, and considering a
side displacement field in the form of a sine, as a result of an initial sine shape for
the imperfect panel’s longitudinal axis line. From such a model, a closed-form
solution for the elastic problem, together with the related Eulerian critical load, was
determined. In the model, two non-dimensional parameters were introduced to
express the interaction among the wooden layers due to the tangential stiffness of
the glue and the rolling shear tangential stiffness of the inner layer. The proposed
model includes the influence of the elastic response of the glue lines, which
represents the novelty of the presented theoretical approach with respect to others
which generally overlook the presence of the adhesive layers. However, although it
was recognized that the influence of the glue stiffness on the critical load is
negligible, it should be highlighted that the modelling of the adhesive layers, beyond
allowing a richer description of the response of the three-layer CLT panel, permitted
the investigation of the delamination failure mode observed during the laboratory
tests. Such a delamination mode enlarges the range of possible failure modes for a
CLT panel, which includes the classical bending mode and the shear mode.

On the basis of the achieved closed-form solution and recalling the different failure
mechanisms detected during the experimental campaign, three different failure
criteria were introduced, leading to a unique theoretic compression limit load.

The first one accounts for the bending—buckling failure, the second refers to the
rolling shear failure mechanism of the inner layer, and finally the last takes into
account the delamination phenomena. A comparison among the experimental and
the theoretic limit loads was performed after the calibration of the analytical model
on the basis of some of the experimental results as well as on some parameters
derived from the literature. The comparison showed that the analytical formulation
describes sufficiently well the real behaviour of the CLT panels, both with a
homogeneous or hybrid configuration, with relative differences on the limit loads
lower than 20%. As a beam-based formulation, the proposed model, besides being
adopted for a comparison with the specific test described above, seems to configure
a potential preliminary design tool for stability verification, since it considers one of
the most demanding configurations for a three-layer panel wall, though substantially
unusual in the construction practice, with no vertical sides’ restraints and hinges on
both the horizontal ends. However, it should be recognized that the model is clearly
unable to describe the two-dimensional buckling behaviour of a panel wall in the
presence of restraints along its vertical border and/or of a width to height ratio higher

than unity.
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The second subject has been analysed theoretically, adopting the mechanically
jointed beam theory to compare common reinforcing techniques with the application
of the considered CLT panels as reinforcement of hypothetical existing one-way
timber floors. Three different retrofit interventions were considered: double-crossed
timber planks, CLT panels and reinforced concrete slab. The first and the third are
two of the most used techniques; the second one considers the homogeneous beech
CLT panels mechanically characterized in the first paper. In order to focus the
comparison on the nature of the reinforcing elements, the thickness of the
reinforcements was assumed equal to that of the CLT panels. The comparison in
terms of out-of-plane bending stiffness was conducted by evaluating slip moduli and
effective bending stiffness according to the mechanically jointed beam theory,
Annex B of Eurocode 5, both at ULS and at SLS. A total of three flexible cases, i.e.,
K1, K2 and K3 slip moduli for screwed connections characterized by different
spacing along the span of the member, and three screw diameters, were considered.
In addition, the performance of the flexible connections was assessed with respect
to the two limit cases corresponding to the absence of any connection (K = 0) and
to the presence of a fully rigid connection (K = eo). It was shown that the choice of
CLT panels leads to a range of SLS bending stiffness increase from 145% (K1 and
d=8mm) to 177% (K3 and d = 12 mm), against the ranges from 66% (K1 and d =
8 mm) to 92% (K3 and d = 12 mm) for double-crossed timber planks and from 246%
(K1 and d =8 mm) to 272% (K3 and d = 12 mm) for the RC slab solution.
Although based on the use of hardwood, this solution can also minimize the weight
increase for the examined geometry, in about the 40% parts of the structural
permanent loads, against the 69% term determined for the RC slab, and it allows to
realize a fully reversible intervention.

Even though the RC slab leads to the greatest bending stiffness values, this solution
is in fact not always applicable to existing buildings, especially when subjected to
superintendence of architectural heritage restrictions. In addition, concrete and steel
are considered less environmentally friendly than wood, and for this reason are often
less preferable in the construction sector, in order to pursue sustainability goals.
Due to the growing interest in retrofitting solutions based on engineered wood
products, the application of novel Italian beech CLT panels proved to represent a
significant alternative for the retrofitting of existing timber floors, especially when
belonging to the built cultural heritage. In this way, even further innovative
structural applications could be detected and optimised for local species, specifically
to beech and in general to hardwood, which both represent a consistent percentage

of the Italian wooden areas.
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Lastly, timber-to-timber screwed connections have been experimentally studied
through push-out tests performed on symmetric specimens with the central element
made of homogeneous beech glulam and the lateral element made of beech planking.
The experimental investigation, divided into four main groups (7x160, 7x180,
9x160, 9x180), consisted in a total of 20 push-out tests.

The VGZ fully threaded screws produced by Rothoblaas resulted to be suitable for
glulam and sawn timber made of beech wood in both the configurations (single and
double-crossed planking).

With the 7 mm fastener diameter, the double-crossed planking configuration showed
a mean ultimate force F’max greater than single planking one by about 34% and a
mean slip modulus Ks lower than single planking one by about 29%.

With the 9 mm fastener diameter, the double-crossed planking configuration showed
a mean ultimate force F’max greater than the single planking one by about 42% and
a mean slip modulus K lower than the single planking one by about 14%.

The lower values of the slip modulus in the case of double-crossed planking can be
justified by the presence of the orthogonal planking which acts as an interlayer.
The scatter of the experimental data leads to similar values in terms of slip modulus
in the two single planking cases, with a mean value of 22.03 kN/mm for the 9x160
group and of 23.87 kN/mm for the7x160 group.

The experimental slip moduli of all the groups were used for calculations of short
and long-term deflections (according to the Italian technical standards NTC2018) of
some design cases of timber floors varying the floor span, the joists spacing, and the
load values.

The long-term deflections were found to govern the design for spans greater than 5
m under significant variable loads (Qk = 4kN/m2 for uses other than residential),
especially for the more deformable configuration, i.e. the one with double-crossed
planking. Moreover, the ultimate limit states for coupled tension and bending of the
joists, compression of the planking and shear of the fasteners were considered.

The slip moduli values at ULS resulted limiting especially in the 7x160 connection
case. For maximum values of floor span and joists spacing, both the ULS for coupled
tension and bending of the joists and the ULS for shear of the fasteners resulted
difficult to be satisfied increasing the values of non-structural permanent and
accidental loads, limiting the design process as the long-term deflections.

In the end, the proposed low-engineered floor configuration based on the use of
locally sourced beech planks connected with inclined fully threaded screws to a
glulam beam made of locally supplied beech planks can be considered as a suitable

solution for low to medium residential composite floors when a short-supply chain
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of locally-grown hardwood is to be used.

In reference to the pre-established research objectives, the first one was achieved by
means of bibliographic studies and by collaboration with municipalities and the
Coordination and Planning Office in the Dept. of Agriculture (Forests and Parks) of
the Abruzzo Region offices in L'Aquila (AQ — Italy).

It resulted that one of the most interesting locally grown wood species in Abruzzo
Region, and in general in Italy, is a hardwood, i.e. beech (Fagus Sylvatica L.), both
for its mechanical properties and for abundance and future climate changing issues.
For this reason, the developed works were mainly focused on this wood species.
Regarding the second and third research objectives, two published papers are
dedicated to the classification, production, and characterization of CLT panels and
glulam beams manufactured from Italian beech and Corsican pine wood.

The classification was carried out by National Council for Research - Institute for
Bio-Economy of Sesto Fiorentino (CNR-IBE) by using a laser interferometer
MICROTEC Viscan-FMMF. The CLT panels were manufactured out of the
Abruzzo Region at the XLam Dolomiti factory (Castelnuovo — TN — Italy), while
the glulam beams were produced at the Pagano S.r.L factory (Oricola — AQ — Italy).
The four-point bending tests to characterize the specimens were performed at the
laboratory of tests, materials and structures (L.P.M.S.) of the University of L’ Aquila
(L’ Aquila— AQ — Italy). Concerning the fourth research objective, the application of
thin homogeneous beech CLT panels as reinforcement of existing timber floors and
the use of homogeneous beech glulam beams as joists of new timber floors, with
focus to the flexible timber-to-timber connections, were addressed. The glulam
beams were manufactured at Lamel Legno S.r.l factory (Montefalcone nel Sannio —
CB - Italy). The push-out tests to characterize the TTC joints were carried out at the
laboratory of tests, materials and structures (L.P.M.S.) of the University of L’ Aquila
(L’ Aquila— AQ — Italy).

To conclude, despite the great abundance of forested areas, the current Abruzzo
Region background seems to be immature to exploit wood resource to its full
potential in the building sector, due to the lack of sawmills, production factories,
construction companies and workmen specialized in timber structures.

However, the outcomes of this research clearly show the potential of local wood
species and their possible applications in laminated wood products and more.
Especially beech, which is the most abundant hardwood species in the Abruzzo
Region, results the specie to be valorised and on which research must be focused,
due to the current interest in its use as construction material both in Italy and in

Europe. The existing sawmills and production factories, although they are small in
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number, represent a reality of great importance and possess the fundamental know-
how to produce high technological content wood products.

Therefore, this study should be considered as a motivation to invest more in the
production process and in the sustainable management of the forests so as to increase
the usage of native species for building purposes and to promote short supply chain
wood as a renewable and sustainable material.

The development of a short supply timber chain can offer numerous benefits of
environmental, economic, and social nature, both in the application of local wood
as construction material and in the reduction of importation and its consequent CO;
emissions. Only a cultural change of the local mindset can truly produce positive
effects, and the main purpose of this research is to provide a contribution to this

cause.

Subjects for further research

Additional tests should be performed on polyurethane bonded CLT panels, to
deepen the finding about increasing deformability and ultimate force related to the
same panels bonded with melamine adhesive.

Further investigations could be useful to have a wider comprehension of other
species of hardwood timber as well as to fix some points in the open field of
adhesives and gluing methods involving hardwood lamellas.

Since the last topic presented in this thesis has regarded timber-to-timber joints, it
would be relevant to perform full-scale tests of floors specimens with a realistic
span, at least 4 or 5 meters, both for the configuration with single planking and for
the one with double-crossed planking.

Through four-point bending tests it would be possible to determine the mechanical
properties of the composite section, also varying the spacing of the fasteners.
Moreover, due to the fact that timber floors are particularly susceptible to human-
induced vibrations, it could be important to explore the vibrational response of this
timber-to-timber systems.

Another issue to be faced in the future regards the durability of engineered wood
products made of local species, especially hardwood as beech or others, with a

special focus on the identification of suitable service classes.
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Appendix

To extend the written description of the FE model reported in section 3.1, the

images of the Abagus model are shown in the following figures.

Fig. 1 Example of 3D FE model.

Steel-to-timber friction

>
0 Steel-to-steel friction

K

4 Edet Boundary Condition X
Name  BC-2

Type  Displacement/Rotation

Step:  Initial

Region: (Picked) [y

CS¥S: (Global) [3 L
Ou
Bu
HAus
(%3]
Dur2
DOurs

Note: The displacement boundary condition
will be reapplied in subsequent steps.

| oK Cancel |

Fig. 2 Boundary conditions named BC-2.
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Steel-to-steel friction
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@ PINNED (U1=U2=U3=0)

(O ENCASTRE (U1=U2=U3=UR1 = UR2= UR3 = 0)

oK Cancel

Fig. 3 Boundary conditions named BC-3.

In addition, a flow chart similar to Fig. 7 in section 4.1 is provided for the procedure

followed for CLT panels in section 3.1.

Experimental characterization
Experimental characterization of panels
and grading of laminations
- Four-points bending tests
- Machine grading procedure Ea
I—’ Edyn fm
Y Numerical simulations
Stre.ngttlix class definition for - FE model calibrated on tests
s - Comparison between prototypes
_ EN338 and commercial product

Fig. 4 Flow chart for the procedure followed for CLT panels.

Regarding the FE model reported in section 4.1, the assumption of the steel-steel
contact friction coefficient equal to 0.15 derives from the following reference
considering the steel-to-steel lubricated case: https://www.tribology-
abc.com/abc/cof.htm.
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