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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 CO2 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.
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Sommario 

La filiera corta del legno, attraverso una gestione sostenibile delle foreste, è 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 

CO2, 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 più abbondante è 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 è 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 è quello di 

studiare le possibili applicazioni del legno locale nel settore delle costruzioni, al 

fine di incentivarne l'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 instabilità 

a carico di punta e nel secondo caso il rinforzo di solai lignei esistenti. Inoltre, è 

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 potenzialità grazie alle sue elevate proprietà 

meccaniche, mentre il pino laricio offre leggerezza e maggiore lavorabilità. 

Pertanto, queste due specie legnose sono idonee per produrre legno lamellare, con 

la possibilità 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 (Ceccotti 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 

(Izzi 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 
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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 & Blaß, 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).  

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). 
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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 Fortè 

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 

et al., 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. 

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 
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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'Italia”, 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. 

Fig. 7 Beech 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. 

Fig. 8 Cutting of trees in logs and planks. 
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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 
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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 1000 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. 

 

 

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 n1 for the isolated nodes, 

n2 for the groups of nodes aligned less than 150 mm apart, n3  for the isolated nodes 

aligned more than 150 mm apart, n4 for the groups of nodes more than 150 mm away 



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

 

21 

 

with inclined grain, n5 for the isolated nodes not aligned less than 150 mm away and 

with the original grain direction between them, and n6 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 (ω) 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; 

• 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: Edyn = MV ∙ (2lf)2 [N/mm2]; where l 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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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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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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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 γ Method of Eurocode 5 and the GL44hyb class of 

the German standard Z-9.1-679:2019 was exposed. For the γ Method: in the first 

case (γ-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 (γ-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 γ-Method (Exper.) curve was closer to the experimental behaviour 

than the γ-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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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 Sciomenta1, Pasqualino Gualtieri1, Luca Spera1, Francesco Contu2, 

Massimo Fragiacomo1 

1 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 Magnière [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.l 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/m2 for single face and 350 g/m2 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. 

Strength class 

fm,k  

[N/mm2] 

E0,mean 

[kN/mm2] 

ρm 

[kg/m3] 

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

Experimental glulam 40.00 14.36 695 

 

 



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

 

99 

 

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. 

Series 

# 

 

Repetitions 

Planking Screw 

Configuration 

Type 

Thickness 

[mm] 

D 

[mm] 

L 

[mm] 

α 

[°] 

1 

a 5 

single  

40 9 160 

+45° 

b 5 40 7 160 

2 

a 5 

double-crossed 

30 + 30 9 180 

b 5 30 + 30 7 180 

Note: α 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. 
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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 

µm) 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. 

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

transducers position; c) 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: 

𝐾𝑠 =
0.4 𝐹𝑒𝑠𝑡

4
3

(𝜈04 − 𝜈01)
 (1) 

Where ν01 and ν04 are the connection slips (evaluated for each specimen) 

corresponding to the load levels of 0.1Fest and 0.4Fest respectively; Fest 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’max,R 

when the corresponding slip value was less than 15 mm, otherwise the load 

corresponding to a 15 mm slip F15 was used [40]. According to EN 12512 [46], the 

yield point (Fy, νy) was determined, taking into account the pronounced non-linear 

behaviour of the load-slip curves. The ultimate slip νu 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. 

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

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 νy, ultimate displacement νu and ductility D 

(calculated according to EN 12512 [46]) of the entire connection system for each 

specimen are given in Tables 3-6. 
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Table 3 Screw configuration 1a (Fest = 60 kN). 

Specimens 

F'max 

[kN] 

Ks 

[kN/mm] 

Fy 

[kN] 

vy 

[mm] 

vu 

[mm] 

D 

[-] 

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). 

Specimens 

F'max 

[kN] 

Ks 

[kN/mm] 

Fy 

[kN] 

vy 

[mm] 

vu 

[mm] 

D 

[-] 

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 5,91 

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). 

Specimens 

F'max 

[kN] 

Ks 

[kN/mm] 

Fy 

[kN] 

vy 

[mm] 

vu 

[mm] 

D 

[-] 

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). 

Specimens 

F'max 

[kN] 

Ks 

[kN/mm] 

Fy 

[kN] 

vy 

[mm] 

vu 

[mm] 

D 

[-] 

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 γ-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. 

Configurations 

Ks  

[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 (Qk) 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 Qk = 2 kN/m2. 

j.s. Connection 
Span [m] 

4.5 5.0 5.5 6.0 

0
.5

0
 m

 7x160 1.55 2.31 3.31 4.59 

7x180 1.77 2.64 3.80 5.28 

9x160 1.56 2.33 3.34 4.64 

9x180 1.75 2.61 3.75 5.21 

0
.5

5
 m

 7x160 1.65 2.47 3.54 4.92 

7x180 1.90 2.84 4.08 5.68 

9x160 1.66 2.49 3.57 4.96 

9x180 1.88 2.81 4.04 5.61 

0
.6

0
 m

 7x160 1.75 2.62 3.76 5.23 

7x180 2.03 3.03 4.36 6.07 

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 Qk = 4 kN/m2. 

j.s. Connection 
Span [m] 

4.5 5.0 5.5 6.0 

0
.5

0
 m

 7x160 3.09 4.61 6.62 9.19 

7x180 3.54 5.28 7.59 10.55 

9x160 3.12 4.65 6.68 9.27 

9x180 3.50 5.22 7.50 10.42 

0
.5

5
 m

 7x160 3.30 4.93 7.08 9.84 

7x180 3.80 5.69 8.17 11.36 

9x160 3.33 4.97 7.14 9.93 

9x180 3.76 5.62 8.07 11.22 

0
.6

0
 m

 7x160 3.50 5.24 7.52 10.46 

7x180 4.06 6.07 8.72 12.14 

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/m2. 

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 Gk2 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 γ-method by the creep coefficient of the shear connection (the 

deformation coefficient kdef according to EN 1995-1-1:2004 [45] for which the value 

0.6 has been assumed). 

Table 10 Long-term deflections values [mm] (Gk2 = 1kN/m2 and Qk = 2kN/m2). 

j.s. Connection 
Span [m] 

4.5 5.0 5.5 6.0 

0
.5

0
 m

 7x160 3.93 5.86 8.40 11.66 

7x180 4.61 6.88 9.89 13.75 

9x160 3.96 5.91 8.47 11.77 

9x180 4.56 6.81 9.77 13.58 

0
.5

5
 m

 7x160 4.20 6.27 9.00 12.50 

7x180 4.95 7.41 10.64 14.80 

9x160 4.23 6.32 9.08 12.61 

9x180 4.90 7.33 10.52 14.62 

0
.6

0
 m

 7x160 4.46 6.67 9.57 13.31 

7x180 5.28 7.90 11.36 15.81 

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] (Gk2 = 2kN/m2 and Qk = 2kN/m2). 

j.s. Connection 
Span [m] 

4.5 5.0 5.5 6.0 

0
.5

0
 m

 7x160 5.16 7.70 11.04 15.33 

7x180 6.02 9.00 12.92 17.97 

9x160 5.20 7.77 11.14 15.48 

9x180 5.96 8.90 12.77 17.75 
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0
.5

5
 m

 7x160 5.52 8.25 11.83 16.44 

7x180 6.47 9.68 13.91 19.35 

9x160 5.56 8.31 11.93 16.58 

9x180 6.41 9.57 13.75 19.11 

0
.6

0
 m

 7x160 5.86 8.76 12.58 17.49 

7x180 6.90 10.33 14.85 20.67 

9x160 5.91 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] (Gk2 = 1kN/m2 and Qk = 4kN/m2). 

j.s. Connection 
Span [m] 

4.5 5.0 5.5 6.0 

0
.5

0
 m

 7x160 6.31 9.41 13.49 18.73 

7x180 7.33 10.95 15.73 21.88 

9x160 6.36 9.49 13.61 18.91 

9x180 7.25 10.83 15.55 21.61 

0
.5

5
 m

 7x160 6.75 10.07 14.45 20.07 

7x180 7.88 11.78 16.93 23.55 

9x160 6.80 10.15 14.58 20.26 

9x180 7.80 11.65 16.74 23.26 

0
.6

0
 m

 7x160 7.16 10.70 15.37 21.36 

7x180 8.41 12.58 18.08 25.16 

9x160 7.21 10.78 15.49 21.55 

9x180 8.32 12.44 17.87 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] (Gk2 = 2kN/m2 and Qk = 4kN/m2). 

j.s. Connection 
Span [m] 

4.5 5.0 5.5 6.0 

0
.5

0
 m

 7x160 7.55 11.26 16.14 22.41 

7x180 8.74 13.07 18.77 26.10 

9x160 7.60 11.35 16.28 22.61 

9x180 8.65 12.92 18.55 25.78 

0
.5

5
 m

 7x160 8.07 12.05 17.29 24.01 

7x180 9.40 14.06 20.20 28.10 

9x160 8.13 12.14 17.43 24.23 

9x180 9.31 13.90 19.96 27.75 

0
.6

0
 m

 

7x160 8.56 12.80 18.38 25.54 

7x180 10.03 15.00 21.57 30.01 

9x160 8.62 12.90 18.53 25.76 
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9x180 9.93 14.84 21.32 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/m2; instead 

for Qk = 4 kN/m2 the deflections exceed the standard limits: i) in the case of Gk2 = 1 

kN/m2 for a 6.0 m span and joists spacing of 0.6m; ii) in the case of Gk2 = 2 kN/m2 

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. 

Configurations 

Ku  

[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. 

𝑀1(𝑥) =
𝐸1𝐼1

(𝐸𝐼)𝑒𝑓𝑓
∙ 𝑀(𝑥) (2) 
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𝑀2(𝑥) =
𝐸2𝐼2

(𝐸𝐼)𝑒𝑓𝑓
∙ 𝑀(𝑥) (3) 

𝑁1(𝑥) =
𝛾1𝐸1𝐴1𝑎1

(𝐸𝐼)𝑒𝑓𝑓
∙ 𝑀(𝑥) (4) 

𝑁2(𝑥) =
𝛾2𝐸2𝐴2𝑎2

(𝐸𝐼)𝑒𝑓𝑓
∙ 𝑀(𝑥)             (5) 

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

The design tensile ft,o,d (parallel to the grain) and bending fm,d strengths were 

estimated equal to 12.05 N/mm2 and 20.09 N/mm2, respectively, according to [47] 

(assuming kmod = 0.8 and γM = 1.45).  

The design tensile σt,0,d and bending σm,d 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. 

𝜎𝑡,0,𝑑

𝑓𝑡,0,𝑑
+

𝜎𝑚,𝑦,𝑑

𝑓𝑚,𝑦,𝑑
+ 𝑘𝑚 ∙

𝜎𝑚,𝑧,𝑑

𝑓𝑚,𝑧,𝑑
≤ 1             (6) 

𝜎𝑡,0,𝑑

𝑓𝑡,0,𝑑
+ 𝑘𝑚 ∙

𝜎𝑚,𝑦,𝑑

𝑓𝑚,𝑦,𝑑
+

𝜎𝑚,𝑧,𝑑

𝑓𝑚,𝑧,𝑑
≤ 1             (7) 

 

 

Table 15 ULS for coupled tensile-bending (Gk2 = 1 kN/m2 and Qk  = 2 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. 

[N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] 

0
.5

0
 m

 

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 

7x180 1.01 3.59 0.26 1.33 4.71 0.34 1.63 5.79 0.42 1.93 6.84 0.50 

9x160 1.14 3.17 0.25 1.50 4.16 0.33 1.84 5.11 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 1.91 6.76 0.50 

0
.5

5
 m

 

7x160 1.28 3.33 0.27 1.68 4.36 0.36 2.06 5.36 0.44 2.43 6.32 0.52 

7x180 1.16 3.82 0.29 1.52 5.01 0.38 1.87 6.17 0.46 2.21 7.28 0.55 

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 1.50 4.96 0.37 1.85 6.10 0.46 2.18 7.20 0.54 

0
.6

0
 

m
 

7x160 1.42 3.49 0.29 1.86 4.58 0.38 2.29 5.63 0.47 2.71 6.65 0.56 
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7x180 1.30 4.03 0.31 1.71 5.29 0.41 2.10 6.52 0.50 2.48 7.71 0.59 

9x160 1.43 3.51 0.29 1.88 4.61 0.39 2.31 5.67 0.47 2.73 6.70 0.56 

9x180 1.29 4.00 0.31 1.69 5.25 0.40 2.08 6.46 0.49 2.46 7.62 0.58 

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

 

Table 16 ULS for coupled tensile-bending (Gk2 = 2 kN/m2 and Qk  = 2 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. 

[N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] 

0
.5

0
 m

 

7x160 1.45 4.02 0.32 1.90 5.27 0.42 2.33 6.47 0.52 2.75 7.63 0.61 

7x180 1.29 4.58 0.34 1.70 6.01 0.44 2.09 7.40 0.54 2.46 8.74 0.64 

9x160 1.46 4.05 0.32 1.91 5.31 0.42 2.35 6.52 0.52 2.77 7.69 0.61 

9x180 1.28 4.55 0.33 1.68 5.96 0.44 2.07 7.32 0.54 2.44 8.64 0.63 

0
.5

5
 m

 

7x160 1.64 4.26 0.35 2.14 5.58 0.46 2.64 6.86 0.56 3.11 8.09 0.66 

7x180 1.48 4.88 0.37 1.94 6.41 0.48 2.39 7.89 0.59 2.82 9.32 0.70 

9x160 1.65 4.28 0.35 2.16 5.62 0.46 2.65 6.91 0.56 3.13 8.16 0.67 

9x180 1.47 4.85 0.36 1.92 6.35 0.48 2.37 7.81 0.59 2.79 9.22 0.69 

0
.6

0
 m

 

7x160 1.82 4.48 0.37 2.39 5.87 0.49 2.94 7.23 0.60 3.47 8.53 0.71 

7x180 1.67 5.17 0.40 2.19 6.79 0.52 2.70 8.36 0.64 3.19 9.88 0.76 

9x160 1.83 4.50 0.38 2.41 5.91 0.49 2.96 7.28 0.61 3.50 8.60 0.72 

9x180 1.65 5.13 0.39 2.17 6.73 0.52 2.67 8.28 0.63 3.15 9.78 0.75 

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

 

Table 17 ULS for coupled tensile-bending (Gk2 = 1 kN/m2 and Qk  = 4 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. 

[N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] 

0
.5

0
 m

 

7x160 1.76 4.90 0.39 2.31 6.41 0.51 2.84 7.88 0.63 3.34 9.29 0.74 

7x180 1.57 5.58 0.41 2.07 7.32 0.54 2.54 9.00 0.66 3.00 10.63 0.78 

9x160 1.77 4.93 0.39 2.33 6.46 0.51 2.86 7.94 0.63 3.37 9.36 0.75 

9x180 1.56 5.53 0.40 2.05 7.25 0.53 2.51 8.91 0.65 2.97 10.51 0.77 

0
.5

5
 m

 

7x160 1.99 5.19 0.42 2.61 6.80 0.56 3.21 8.36 0.68 3.79 9.86 0.81 

7x180 1.80 5.95 0.45 2.37 7.81 0.59 2.91 9.62 0.72 3.44 11.36 0.85 

9x160 2.01 5.22 0.43 2.63 6.85 0.56 3.24 8.42 0.69 3.82 9.94 0.81 

9x180 1.79 5.90 0.44 2.34 7.74 0.58 2.88 9.52 0.71 3.40 11.24 0.84 

0
.6

0
 m

 

7x160 2.22 5.46 0.46 2.92 7.17 0.60 3.59 8.82 0.74 4.24 10.41 0.87 

7x180 2.03 6.31 0.48 2.67 8.28 0.63 3.29 10.20 0.78 3.89 12.06 0.92 

9x160 2.23 5.49 0.46 2.94 7.21 0.60 3.61 8.88 0.74 4.27 10.49 0.88 

9x180 2.02 6.26 0.48 2.65 8.21 0.63 3.26 10.10 0.77 3.85 11.93 0.91 

Legend: j.s. = joints spacing; v.r. = verification ratio.      
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Table 18 ULS for coupled tensile-bending (Gk2 =2 kN/m2 and Qk = 4 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. σt,0,d σm,d v.r. 

[N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] [N/mm2] [N/mm2] [-] 

0
.5

0
 m

 

7x160 2.08 5.77 0.46 2.72 7.56 0.60 3.34 9.28 0.74 3.94 10.94 0.87 

7x180 1.85 6.57 0.48 2.43 8.62 0.63 2.99 10.61 0.78 3.53 12.53 0.92 

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 2.41 8.54 0.63 2.96 10.50 0.77 3.50 12.39 0.91 

0
.5

5
 m

 

7x160 2.35 6.12 0.50 3.08 8.02 0.66 3.79 9.86 0.81 4.47 11.63 0.95 

7x180 2.13 7.02 0.53 2.79 9.22 0.69 3.43 11.34 0.85 4.06 13.40 1.00 

9x160 2.36 6.15 0.50 3.10 8.08 0.66 3.82 9.93 0.81 4.51 11.73 0.96 

9x180 2.11 6.96 0.52 2.77 9.13 0.68 3.40 11.23 0.84 4.01 13.26 0.99 

0
.6

0
 m

 

7x160 2.62 6.45 0.54 3.44 8.46 0.71 4.24 10.41 0.87 5.00 12.29 1.03 

7x180 2.40 7.44 0.57 3.15 9.78 0.75 3.88 12.04 0.92 4.59 14.23 1.09 

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 14.09 1.08 

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

 

Only with Gk2 = 2 kN/m2 and Qk = 4 kN/m2 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 σc,0,d are lower than both the design 

compression strength parallel to the grain fc,0,d (estimated of 15.06 N/mm2 from a 

characteristic value of 21.00 N/mm2) and the design compression strength 

perpendicular to the grain fc,90,d (estimated of 3.51 N/mm2 from a characteristic value 

of 4.90 N/mm2) of the upper planking (D24 strength class), as shown in Table 19.  

Table 19 Design compression stresses σc,0,d  for the planking. 

Configurations 

σc,0,d 

[N/mm2] 

7x160 1.51 

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.  

𝐹𝑖 =
𝛾𝑖𝐸𝑖𝐴𝑖𝑎𝑖𝑠𝑖

(𝐸𝐼)𝑒𝑓
 V             (8) 

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 kmod = 0.8 

and γM = 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’max 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 Fi,d (Gk2 = 1 kN/m2 and Qk  = 2 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

F1,d F2,d F1,d F2,d F1,d F2,d F1,d F2,d 

[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] 

0
.5

0
 m

 

7x160 1.20 7.08 1.56 7.73 1.95 8.35 2.38 8.95 

7x180 1.02 6.32 1.33 6.91 1.68 7.48 2.05 8.03 

9x160 1.13 7.12 1.47 7.78 1.85 8.41 2.26 9.02 

9x180 1.12 6.27 1.45 6.85 1.81 7.40 2.21 7.94 

0
.5

5
 m

 

7x160 1.25 7.97 1.62 8.71 2.04 9.42 2.51 10.11 

7x180 1.08 7.21 1.41 7.89 1.78 8.54 2.19 9.17 

9x160 1.17 8.02 1.53 8.77 1.93 9.49 2.38 10.19 

9x180 1.18 7.15 1.53 7.82 1.92 8.46 2.35 9.08 

0
.6

0
 m

 

7x160 1.29 8.86 1.68 9.69 2.13 10.49 2.61 11.26 

7x180 1.13 8.11 1.47 8.88 1.87 9.62 2.30 10.34 

9x160 1.21 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 Fi,d (Gk2 = 2 kN/m2 and Qk = 2 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

F1,d F2,d F1,d F2,d F1,d F2,d F1,d F2,d 

[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] 

0
.5

0
 m

 

7x160 1.53 9.04 1.99 9.87 2.49 10.66 3.04 11.43 

7x180 1.31 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 1.43 8.00 1.85 8.74 2.31 9.45 2.82 10.14 

0
.5

5
 m

 

7x160 1.60 10.21 2.08 11.15 2.62 12.06 3.21 12.94 

7x180 1.38 9.23 1.80 10.10 2.27 10.93 2.80 11.74 

9x160 1.50 10.27 1.96 11.23 2.47 12.15 3.04 13.04 

9x180 1.51 9.15 1.96 10.01 2.46 10.82 3.01 11.62 

0
.6

0
 m

 

7x160 1.65 11.37 2.16 12.43 2.73 13.46 3.35 14.44 

7x180 1.44 10.40 1.89 11.38 2.39 12.34 2.95 13.26 

9x160 1.55 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 Fi,d (Gk2 = 1 kN/m2 and Qk = 4 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

F1,d F2,d F1,d F2,d F1,d F2,d F1,d F2,d 

[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] 

0
.5

0
 m

 

7x160 1.86 11.00 2.42 12.01 3.03 12.98 3.70 13.91 

7x180 1.59 9.82 2.07 10.74 2.61 11.62 3.19 12.48 

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 3.43 12.34 

0
.5

5
 m

 

7x160 1.95 12.44 2.53 13.59 3.19 14.70 3.91 15.77 

7x180 1.68 11.25 2.19 12.31 2.77 13.33 3.41 14.31 

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 

0
.6

0
 m

 

7x160 2.02 13.87 2.63 15.17 3.33 16.42 4.09 17.63 

7x180 1.76 12.69 2.31 13.89 2.92 15.05 3.60 16.17 

9x160 1.89 13.94 2.48 15.26 3.14 16.53 3.87 17.76 

9x180 1.93 12.59 2.51 13.77 3.17 14.91 3.89 16.00 

Legend: j.s. = joists spacing 

 

Table 23 Load on a fastener Fi,d (Gk2 = 2 kN/m2 and Qk = 4 kN/m2). 

j.s. Connection 

Span [m] 

4.5 5.0 5.5 6.0 

F1,d F2,d F1,d F2,d F1,d F2,d F1,d F2,d 

[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] 

0
.5

0
 m

 

7x160 2.20 12.96 2.85 14.15 3.57 15.29 4.36 16.39 

7x180 1.88 11.57 2.44 12.65 3.07 13.70 3.76 14.70 

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 

0
.5

5
 m

 

7x160 2.30 14.67 2.99 16.03 3.76 17.34 4.61 18.60 

7x180 1.98 13.27 2.59 14.51 3.27 15.72 4.02 16.88 

9x160 2.16 14.76 2.82 16.14 3.56 17.46 4.37 18.74 

9x180 2.17 13.16 2.81 14.38 3.54 15.56 4.33 16.70 

0
.6

0
 

m
 

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 4.57 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 (Qk = 2 kN/m2), only for the 

7x160 connection (considering the maximum values of floor span and joists spacing 

and non-structural permanent load Gk2 equal to 2 kN/m2) the design load on a 

fastener overcomes the corresponding design strength. 

For variable load greater than the residential value (Qk = 4 kN/m2), for the 7x160, 

7x180 and 9x160 connection cases (considering the maximum values of floor span 

and joists spacing and non-structural permanent load Gk2 equal to 2 kN/m2) 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 (Qk = 4kN/m2 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, fv, 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 γ-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 γ-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 = ∞). It was shown that the choice of 

CLT panels leads to a range of SLS bending stiffness increase from 145% (K1 and 

d = 8 mm) 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 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 (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 CO2 

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 Abaqus model are shown in the following figures. 

 

Fig. 1 Example of 3D FE model. 

 

Fig. 2 Boundary conditions named BC-2. 
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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. 

 
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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