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Summary

This thesis is mainly focused on the seismic behaviour of cross laminated

timber (CLT) buildings. The document can be subdivided into three main

sections closely related to each other.

In the first part, after a short introduction on the state of the art on

timber buildings regarding the constructive and legislative issues, the be-

haviour of CLT buildings is presented. The research is focused on the

study on single shear-walls, on the multi-storey single-walls and on the

behaviour of the whole buildings. The analyses are performed in order to

assess the ductility level achievable by a CLT building as a result of differ-

ent choices for the ductility of the connections at the foundation level. In

order to estimate the ductility level, a large number of non-linear analyses

were performed. This was possible thanks to a Matlab code, specifically

developed, which allowed to reduce the computational burden. The re-

sults are used to evaluate a reliable set of behaviour factors to be applied

in the seismic design of CLT buildings.

In the second part of thesis, the low-cyclic fatigue strengths for dif-

ferent typologies of dissipative timber connections are presented. The
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low-cyclic fatigue strength represents a key-parameter in the assessment

of the seismic behaviour of timber connections. In fact, high values of duc-

tility associated with low values of strength degradation ensure a remark-

able and reliable energy dissipation without a significant loss of strength.

Despite the current version of chapter 8 of Eurocode 8 requires specific

values of seismic demand for timber connections in terms of low-cyclic

fatigue strength, no specific provision is reported to this regard in the Eu-

ropean Standard for the cycling testing of timber connections and assem-

blage in seismic design (EN 12512). In This Standard the ductility capac-

ity and the impairment of strength are calculated as separate mechanical

parameters. For this reason, a proposal of revision of European Standard

EN12512 is presented and discussed.

The third and last part of the thesis describes an innovative connection

for CLT buildings. This innovative connection was originally developed in

order to absorb both traction and shear actions. Furthermore, a good

performance has been obtained in terms of low-cyclic fatigue strength

and ductility, with the aim of conceiving a connection able of satisfy the

requirements of the current seismic European Standard. The design of

this new connection was an iterative process, starting from some sim-

plified numerical models. After some improvements, it was possible to

obtain the expected performance levels. The strength and rigidity of the

designed connection were initially obtained through numerical analysis,

and then compared with the results of physical tests carried out in the

Materials and Structures Testing Laboratory (MSTL), that is a part of the

Department of Civil, Environmental and Mechanical Engineering (DICAM)

of the University of Trento.
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Chapter 1

Introduction

Nowadays timber constructions can be view as one of the most important

and most used systems in many parts of the world (Europe North Amer-

ica, Japan, Australia). This diffusion is mainly due to the many advan-

tages that the timber construction systems offer compared to traditional

constructions, such as the fast and simple assembly of prefabricated sur-

face, the environmental sustainability both during the erection phase and

life-times, the high stability of the panels thanks to the cross lamination

process and their intrinsic lightness and strength that make these build-

ings an excellent solution even for earthquake zones.

However, due to the inherent variability of the wood material and to

enhance its overall performance, engineered timber products were devel-

oped. Engineering timber products are manufactured using renewable

resources, which generate fewer pollutants compared to the traditional

building materials. Finally, timber constructions system are characterized

by a favourable strength-to-weight ratio which represent a great advan-
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CHAPTER 1. INTRODUCTION

tage for multi-storey structures erected in the seismic-prone areas.

One of the latest innovations in the area of engineering timber prod-

ucts was the development of Cross-Laminated Timber (CLT) also know

as “Cross-Lam”, “X-Lam” or “Massive Timber”. CLT technology was de-

veloped in the early 1990s in Europe and it was motivated by the need

for the sawmill industry to find practical uses for usually discarded wood.

In the past two decades, the CLT popularity quickly grew and now many

people from all over the world, choose the CLT for their construction.

The CLT construction technology is an excellent alternative to other

materials typically used for building such as reinforced-concrete and steel.

In fact, CLT constructions have assumed a considerable role thanks to

their intrinsic mechanical properties both in the structural and anti-seismic

field and in the field of energy efficiency and thermal insulation. In addi-

tion, CLT products are manufactured using renewable resources, which

generate fewer pollutants compared to the traditional building materials.

The nature of CLT panels implies that they can bear forces in all di-

rections, which allows them to be used as walls, slabs or roofs, in a wide

range of applications, such as houses, bridges, high-rise apartment and

office buildings, and so on. Furthermore, the natural redundancy in terms

of walls and connections allow to make the building a highly hyper-static

system capable of developing alternative load paths and consequently

able to stop the propagation of the damage.

Another fundamental aspect of CLT buildings is that they are charac-

terized by a favourable strength-to-weight ratio which represent a great

advantage for multi-storey structures erected in the seismic-prone areas.

2



CHAPTER 1. INTRODUCTION

Figure 1.1 presents some interesting examples of building built around

the world using CLT elements, going from a simple single-family house to

the tallest hybrid multi-storey building in Canada.

1.1 Research Needs

Despite its important position and relevance in the timber construction

sector, the regulatory process of CLT system is still in a very early phase,

due to the fact that many aspects were not yet well investigated. For this

reason, nowadays, in Europe its use is codified in accordance with nu-

merous, product-specific, European Technical Assessments (ETAs) and

not according to the design regulations in the Eurocode 5 and Eurocode

8. In this context, in order to fill regulatory gaps and to transfer the knowl-

edge from the research field to the Standards some Project Teams have

been trained since 2015 to prepare a new draft for the revision process

of the structural Eurocodes including those relating to wooden structures.

Regarding the revision process of chapter 8 of Eurocode 8 (relating to

seismic design of timber structures), many changes were included in the

draft concerning: definitions and design concepts, materials and prop-

erties of dissipative and non-dissipative zones, structural types, ductility

types and behaviour factors, capacity design rules, safety verifications and

non-linear static analysis. To support the revision process, the research

projects, experimental data and useful information were used, therefore

some topics presented in this thesis could be a valuable aid in drafting the

final document.
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CHAPTER 1. INTRODUCTION

(a) Family house (Aquila) [1]

(b) Hotel Nautilus, 7-storey (Pesaro) [2]

(c) Social housing-Via Cenni, 9-storey (Milano) [6]

(d) Student Residence Brock Commons, 18-storey

(Vancouver)[46]

Figure 1.1: Examples of CLT building.

All arguments regarding CLT construction system are important, but

some are more important than others as presented in [42]. In this study
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CHAPTER 1. INTRODUCTION

the researchers proposed a questionnaire to several people working in the

field of timber construction (such as researchers, engineers, educators

and so on) asking to rank some research topics in order of importance.

Over the 90% of participants indicated that “structural performance and

connections” are the most important research needs. Many studies were

carried out on this topic in Europe, North America and Japan, in order to

define the behaviour of the mostly used connections, wall assembly and

finally entire buildings. The most comprehensive experimental research

on seismic behaviour of CLT systems and connections was carried out

by CNR–IVALSA (Italy) under the SOFIE Project [87, 30, 32]. Additional

studies was performed by Flatscher and Schickhofer [50] conducted on

a three-storey building, as part of the SERIES Project and Popovski and

Gavric [112] tested a two-storey structure under quasi-static loading con-

ditions. Finally, in Japan some study about multi-storey CLT structures

([152, 79, 160]) have been carried out to study the seismic performance

and the dynamic behaviour of the buildings.

Also with regard the connections, several studies were performed to

investigate the monotonic and cyclic behaviour. Gavric et al. [61] and

Flatscher et al. [49] studied the hysteretic behaviour of hold-downs and

angle brackets used in SOFIE and SERIES projects respectively. Addi-

tional studies on behaviour of hold-downs and angle brackets connections

were conducted at University of Trento – Italy [148]. Panel-to-panel joint

were investigated by Gavric et al. [60] and by Hossain et al. [66]. Fi-

nally, more recently, some solutions of innovative connections were stud-

ied [110, 91, 81, 131, 64].

However, several researches can and must be carried out in order to
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CHAPTER 1. INTRODUCTION

improve the knowledge of CLT structures by investigating aspects such

as structural performance, connections, moisture performance, acous-

tic and thermal performance, production aspects, environmental perfor-

mance and so on.

In this thesis the study of ductility in structural performance and con-

nections was deepened. In particular, it was studied how ductility varies

in a multi-storey building, how connections can be tested consistently with

what is reported in the seismic regulation and was developed an innova-

tive connection capable of absorbing both shear and traction forces.

1.2 CLT as construction system

In CLT structural systems the timber panels, such as walls, floors and

roofs, serve as load-bearing elements. These CLT elements make up the

superstructure that it is typically placed over a concrete foundation slab or

a basement previously built.

CLT structures are typically built using a “platform frame” approach,

meaning that walls are temporarily braced with raking props, before floor

panels are lowered onto them and fixed. The completed floor structure

provides the “platform” for the erection of wall panels to the following

storey.

The CLT panels are prefabricated and are made up of multiple lay-

ers of lumbers typically ranging in thickness between 19 mm and 45 mm.

Each layer of boards (usually three, five or seven) is stacked crosswise

and glued together in order to increase rigidity and strength, see Figure

6



CHAPTER 1. INTRODUCTION

1.2. The main specie currently used for CLT is spruce, but Though Scots

pine, Larch and Douglas fir are available. The base material is generally

conditioned to a moisture content of u = 12± 2% and visually or mechani-

cally strength graded. Common strength classes according to EN 338 are

C24 for a homogeneous layup, C24 for longitudinal layers and C16/C18

for the transverse layers in a combined layup.

Figure 1.2: Cross-Laminated Timber (CLT) panel.

CLT panel can theoretically be of any size but in practice its size is con-

strained by the size of the press in the manufacturing plant, limitations in

transport vehicle, and construction site constraints, see Figure 1.3. Com-

mon dimensions of CLT are a length of up to 18 m, a width of up to 3.0 m

and a thickness not higher than 300–400 mm.

(a) (b)

Figure 1.3: Main limitations in producing CLT panels: (a) press in the manufacturing

plan [4], (b) transport vehicle [3].

In wall applications, the lumber used in the outer layers of a CLT panel

7
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is typically oriented vertically so its fibers run parallel to gravity loads,

maximizing the wall’s vertical load capacity. In floor and roof applications,

the lumber used in the outer layers is oriented so its fibres are parallel to

the direction of the span.

Openings for windows and doors are cut with precision using CNC

machines. This computerized system improves the efficiency in the use

of wood resources, minimizing manufacturing waste and time, and guar-

anteeing the precision of the final product.

To guarantee the system stability, the walls are anchored to the foun-

dations, or to lower walls in multi-storey buildings, by means of special

steel connectors (hold-downs, angle-brackets, steel plate, screws an so

on). Consequently, steel connections require a particular attention.

1.3 Seismic behaviour

CLT buildings are characterized mainly by a “wall” structure, where struc-

tural continuity among vertical elements must be realised by means of

connectors able to transmit vertical and horizontal force. Vertical forces

are transmitted to the foundation by CLT panels whereas horizontal forces

are taken by steel connections. In fact, due to the brittle nature of wood the

non-linear behaviour is localized only in the hold-down and angle-bracket

connections, so CLT panels remain virtually intact even after failure of

connections. The most basic approach to calculate the force distribution

in connections of a CLT wall is to assume that the panel remains rigid and

all deformations come from rotation and translation of the panel.
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The failure mechanism of the wall involves connection devices, there-

fore connectors play an important role in maintaining the integrity of the

timber structure and in providing strength, stiffness, stability and ductil-

ity. Consequently, steel connections require special attention, not always

given during the design phase. In addition to hold-downs and angle-

brackets, other common types of connections in CLT assemblies include:

panel-to-panel (in floors, walls and roofs), wall-to-foundation, wall-to-wall

intersections and wall-to-floor/roof, some examples are shown in Figure

1.4.

Although in the seismic common design simplified assumptions on

connections are used (i.e. hold-downs work only in tension, while angle-

brackets work only in shear), during earthquakes connections are sub-

jected simultaneously to both shear and tension. The interaction be-

tween shear and tension forces may affect connector’s capacity in terms

of strength, stiffness, ductility and dissipation capacity.

It should be noted that in order to allow walls to deform and to absorb

energy it is recommended to have floors that behave as rigid diaphragms.

Consequently, if the structure has rigid floors and roofs, horizontal forces

(including the seismic action) are usually distributed to shear-walls in a

proportional manner to walls stiffness. Moreover, it is important to take

into account that CLT walls contribute to the lateral resistance, thus pro-

viding an added degree of redundancy; in this way buildings show a box-

behaviour.

Lots of research works around the world demonstrate that CLT struc-

tures have a very good performance when subjected to seismic forces.

9
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Figure 1.4: Examples of types of connections typically used to establish panel-to-panel

and wall-to-floor connections in CLT construction.

Unfortunately, despite timber buildings are nowadays widely used in many

countries, incongruities and lacks are present in seismic codes in the tim-

ber section mainly because of the relatively recent development of new

building systems, this is particularly true for CLT technology.

10



CHAPTER 1. INTRODUCTION

1.4 Materials

As a conclusion to the brief introduction of cross-laminated timber build-

ings, materials and main connection devices used are presented.

1.4.1 Timber boards

As mentioned above, the CLT panel consist of several layers of boards

stacked crosswise and glued together, see Figure 1.2. Boards typically

used to product it are Red spruce, but sometimes Scots pine, Larch and

Douglas fir, see Figure 1.5.

Figure 1.5: Types of wood used for the production of CLT panels.

Figure 1.6: Structural finger joint.

11
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To obtain a slat of timber of desired length and to reduce imperfections

the boards are fingerjoined using structural adhesive as shown in Figure

1.6. Thickness of individual boards may vary from 19 mm to 40 mm and

the width may vary from about 60 mm to 240 mm.

1.4.2 Ring shank nails and Screws

Screws and nails are probably the most commonly-used mechanical fas-

teners. Ring shank or annular nails separate wood fibers, and then fibers

lock back in to rings which resist removal. These nails are typically used

to connect angle-brackets as well as hold-downs to the CLT panel, see

Figure 1.7.

(a) (b)

Figure 1.7: (a) Typical nailed connection, (b) ring shank nail.

Screws are used primarily for connecting wood to wood, but they are

also used to realize steel-to timber joint. There are many different in terms

12
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of screws head, thread, screw tip as show in Figure 1.8.

(a) (b)

Figure 1.8: (a) Typical screwed connection, (b) Self-tapping screws.

1.4.3 Steel connections

Hold-down elements prevent the uplift and the rotation of the wall. The

hold-down present a particular geometry usually L-shape with special

steel ribs able to transfer the vertical force to the fastener that connects it

to the foundation. Angle-brackets are designed to prevent the rigid slip of

a wall. They are common steel bracket, of various sizes, that have some

holes to secure them to the CLT panel by means ring nails and anchored

to foundation with bolts.

During earthquake, all of these types of connection are subjected si-

multaneously to both shear and tension, see Figure 1.9. However in the

common design the followed simplified assumptions are assumed:

13
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Figure 1.9: Behaviour of CLT wall.

• Hold downs are subjected only to the vertical force due to rocking of

the panel. For this reason in order to reduce the vertical force they

are normally placed at the corners.

• Angle-brackets are arranged along the panel in order to absorb base-

shear forces due to horizontal slip of the panel.

In this simplified design approach, the shear stiffness and strength of

hold-downs are neglected, as well as the axial stiffness and strength of

angle-brackets.

14
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1.5 Objective and scope

The main objectives of this study were to investigate the seismic behaviour

of cross-laminated timber buildings, to investigate how the low-cycle fa-

tigue strength influence the behaviour of a timber connection and to in-

vestigate the behaviour of a new innovative connection for CLT buildings.

The work can be subdivided in the following list corresponding to vari-

ous topics considered:

• determine the relation between parameters that describe the struc-

tural system (i.e. mechanical properties of base components, hold-

down and angle-brackets, the number of storey and so on) and the

ductility of the whole building;

• assess the displacement capacity of buildings and propose a new

set of behaviour factors to be used in the seismic design;

• assess the low-cyclic fatigue strengths for different typologies of dis-

sipative timber connection;

• describes an innovative connection for CLT buildings able to absorb

both tension and shear actions.

1.6 Chapter overview

The present thesis is divided in three main parts, as previously described,

with a total amount of six chapters. In the second, third and fourth chapter

a scientific paper related to its topic is attached.

15
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Chapter 2 gives a overview on the seismic behaviour of cross-laminated

timber buildings. Focusing on the most important experimental studies,

numerical approaches used to predict the performance of CLT structural

system, the behaviour factor to be use in the seismic design and capacity-

based design principles.

Chapter 3 reports results of non-linear analyses performed in order to

assess the ductility level achievable by a CLT building as a result of dif-

ferent choices for base components that define the structural system (i.e.

mechanical properties of the steel connection, number of storey and so

on). Firstly, analyses of single and couple shear-wall are presented. This

study is necessary to understand how walls behave when local param-

eters change. Secondly, results of one-storey building is presented in

order to evaluate the ductility achievable by one-storey systems. Results

highlight the need to adopt a capacity design approach in order to avoid

permanent horizontal displacement under seismic load. In a second part,

non-linear analyses are extended to multi-storey shear walls with the aim

to establish a correlation between the local ductility of base-components

and the global ductility of the structure. Results of multi-storey shear wall

highlight that the ductility of the system is strictly related to the hold-down

ductility and to the number of storey that make up the structure. Finally,

the study of a large set of multi-storey buildings is presented. Results

show that the seismic level (PGA) used in the design, do not influence the

displacement capacity of buildings. It should be noted that the building

ductility is strongly influenced by the number of storey and the hold-down

ductility. All ductility values collected are used to estimate and propose a

new value for the q-behaviour factor to be used in the seismic design of

16
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cross-laminated timber buildings.

Chapter 4 presents the low-cyclic fatigue strength for different typolo-

gies of dissipative timber connections by means of a novel methodology,

which defines an interaction between the strength degradation and the

ductility capacity. Results of more than 40 cyclic tests on panel-to-timber,

timber-to-timber, steel-to-timber connections and mechanical anchors are

reported and discussed, by defining an approximated linear relationship

between the slip amplitude and the impairment of strength from the 1st to

3rd cycle. Consistently with the “Timber” section of the European Stan-

dard Document for the seismic design of structures, Eurocode 8, a pro-

posal for considering the strength degradation as an additional condition

in the determination of ultimate slip of dissipative connections subjected to

low-cyclic load testing is presented and discussed. The seismic low-cycle

fatigue strength in terms of ductility capacity and strength degradation is

compared for all tested connections.

Chapter 5 describes an innovative connection for CLT buildings. This

innovative connection is able to absorb both tension and shear actions.

After a preliminary overview on steel connections available on the mar-

ket, the development process is presented. The development of this con-

nection was an iterative process, starting from some simplified numerical

models. After some improvements, it was possible to obtain expected

performance levels. The strength and rigidity of the designed connection

were initially obtained through numerical analysis, and then compared

with results of physical tests carried out in the Materials and Structures

Testing Laboratory (MSTL). Details of the test apparatus and loading pro-

tocols are given. Test results are presented, and conclusions are drawn

17
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by examining the experimental data.

Chapter 6 present the overall conclusions and possible future work.
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Chapter 2

Overview on the seismic

behaviour of CLT structures

2.1 Introduction

It is now internationally recognized that well-designed timber buildings

can guarantee the most advanced levels of seismic safety. This is pos-

sible thanks to many advantages that they provide, especially because of

its lighter weight and a favourable strength/density ratio. It is also well-

know that the timber material has a brittle behaviour therefore the seismic

energy is dissipated during cyclic loading in connections via mechanical

fasteners. On this basis, it is clear that the ductility of structural system is

mainly due to the ability of connections to deform plastically.

The peculiarity of seismic design of timber structures lies precisely in

the identification of dissipative zones (nodes and connections), exactly
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the opposite of what occurs in the design of steel or reinforced concrete

frames, where it is instead necessary to preserve structural nodes in order

to encourage phenomena of plasticization outside them.

Seismic codes as Eurocode 8 suggest to use a simple approach to

design structures under seismic actions, regardless of the material used.

This approach, called response spectra analysis, provides to perform a

simple global linear elastic analysis in which elastic seismic forces are

divided by the behaviour factor q (depending on the global structural duc-

tility) in order to account non-linear resources of a structure. The global

behaviour of a structure, and in particular its ductility strongly depends

both on the mechanical properties of structural components and on the

global failure mechanism. For this reason, in order to achieve high values

of q-factor, brittle failure mechanism should be prevented. All these defini-

tions explains why it is so important to establish a proper behaviour factor

for different structural systems.

Seismic standards (i.e. Eurocode 8; NTC18) suggest values of q-factor

for several structural types, however for timber structures these values are

not well defined or are totally missing, this is the case of CLT construc-

tions. Therefore, a definition of an appropriate values of the behaviour

factor q is necessary.

The behavioural factor q of CLT buildings has been at the center of

numerous research projects, in which both experimental and numerical

analyses have been used for its determination. The standard experimen-

tal and numerical methods for the q-factor evaluation are summarized in

the flowchart shown in Figure 2.1.
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Figure 2.1: Methods for the evaluation of the behaviour factor q, modify by [57].

Experimental methods are divided into two categories based on quasi-

static cycle tests and on full-scale shaking table tests.

Full-scale shaking table tests are used to evaluate the dynamic re-

sponse of a whole building and therefore the q-factor of the structure.

Contrary, quasi-static cycle tests are performed to define the hysteretic

behaviour of a wall or a single connector to be used primarily as input in

numerical analyses.

The evaluation of q-factor by means the full-scale tests, involves fol-

lowing steps:

• Design the building elastically (q = 1) with a Peak Ground Accelera-

tion (PGAdesign) according with current legislation;

• Perform a full-scale shaking table test increasing the seismic accel-

eration until the near-collapse status is reached;
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• Evaluate the Peak Ground Acceleration (PGAnear−collapse) correspond-

ing to the near-collapse status;

• Evaluate the q-factor as:

(2.1) q =
PGAnear−collapse

PGAdesign

The obtained value of q-factor takes into account all parameters that

describe the structure, but it is strictly dependent on the seismic code

used to design the case study, on the geometry of the building and the

seismic record used in the shaking table test. Furthermore, to generalize

the behaviour factor, more tests with different configurations and different

seismic acceleration should be done.

Due to the high cost of experimental tests, numerical methods have

represented a valid alternative in the assessment of the behaviour factor

q, in fact they allow to analyse a large number of cases while keeping

costs low and saving time.

Numerical approaches employ both the static and dynamic non-linear

analyses to evaluate the value of q-factor. All these methods are struc-

tured as follows:

• Design the building with a q = 1 (elastic behaviour) with a Peak

Ground Acceleration (PGAdesign) according with current legislation;

• Create the structure model based on results of the experimental

tests;

• Perform static or dynamic non-linear analysis in order to define the

seismic response of the structure.
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Two different methods can be used to obtain the q-factor from dynamic

non-linear analyses. The first one is based on peak ground acceleration

(PGA). This method is very similar to the procedure used to the full-scale

shaking table test. The only difference is that the PGAnear−colapse is calcu-

lated by dynamic non-linear analyses. Therefore, the q-behaviour factor is

determined as the ratio of PGAs at yielding and ultimate displacement of

the building. The second one is based on the Base Shear (BS) method.

In this case the q-factor is obtained as the ratio between the shear base

obtained by a linear dynamic analysis and the shear-base evaluated with

a non-linear dynamic analysis. The value obtained is independent of the

legislation used to design the building, because it is calculated from the

elastic and inelastic response of the structure.

The definition of the behaviour factor by means the non-linear static

analysis employs the pushover method. This method involves the bi-

linearisation of load-slip curve obtained by keeping vertical loads fixed and

monotonically increasing horizontal ones. Two well-known methods are

reported in the literature for the evaluation of behaviour factor by means

non-linear static analyses. The first one is called N2 method and it was

proposed by Fajfar in 1999 and 2000. The N2 method employs the build-

ing ductility, the characteristic period of the ground acceleration and also

the elastic period of the structure to evaluate the behaviour factor.

The second method was proposed by Newmark and Hall in 1982, that

for simplicity will be called NeH method. Contrary to the N2 method, this

one does not depend on dynamic properties of the structure, but only on

the building ductility.
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The definition of values q, proposed by Fajfar and used in the Eu-

rocode 8, takes into account the seismic deformation capacity and energy

dissipation capacity (in other word the ductility of the structure),qD and the

over-strength qR due to the redistribution of seismic actions in statically

indeterminate structures.

(2.2) q = qD · qR

However, a new formulation of the behaviour factor is proposed in the

revision of Eurocode 8. The new formulation is very similar to the Fajfar

method, but in addition to factors related to the building ductility qD and

the over-strength qR another factor qS is introduced to consider the over-

strength due to all other sources. According to the revision document the

q-factor is defined as following:

(2.3) q = qS · qD · qR

where the value of qS factor is fixed and equal to 1,5 while the other

two factors (i.e qD and qR) are obtained employing an Equivalent Energy

Elastic-Plastic (EEEP) approach as shown in Figure 2.2.

(2.4) q = qS ·
Vel,max

VEEEP

· VEEEP

Vel

where Vel,max is the base shear obtained from an elastic analysis; Vel is the

basic cut corresponding to the achievement of the yield condition of the

first wall; VEEEP is the base shear determined using an EEEP approach.
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Figure 2.2: Definition of behaviour factor q.

According to the N2 method, qD factor can be evaluated from the fol-

lowing equation:

(2.5) qD =





(µS − 1) · T
∗

Tc
if T ∗ < Tc

µS if T ∗ ≥ Tc

where µS is the ductility of the structure; T ∗ is the period of an equiva-

lent SDOF system and Tc is the upper limit of the plateau period in the

response spectrum, depending on ground types.

The NeH method employs the following formula to evaluate the qD fac-

tor:

(2.6) qD =
√

2µS − 1

where µS is the ductility of the structure.
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All of these two methods employ the ductility of the structure (µS) in the

evaluation of qD factor. According to the EEEP approach the ductilityµS is

the ratio between the ultimate displacement (δU ) and the yield displace-

ment (δEEEP ) as reported in the Eq.(2.7).

(2.7) µS =
δU

δEEEP

The period T ∗ of the idealized SDOF system is calculated by the fol-

lowing expression:

(2.8) T ∗ = 2π

√
m∗ · d∗y
F ∗
y

where the ratio F ∗
y

d∗y
is the elastic stiffness of the SDOF idealized system

and m∗ is the mass of idealized system that is equal to:

(2.9) m∗ =
∑

(mi · Φi)

where mi is the mass of the ith storey, while Φi is the dimensionless

and normalized displacement at the same storey for the first mode of vi-

bration.

In Table 2.1 are reported values of the period Tc, namely the period

corresponding to the point starting from which the elastic response spec-

trum is with constant velocity.

Finally, Incremental Dynamic Analysis (IDA), proposed by Vamvatsikos

and Cornell, is presented. This approach is a parametric analysis method

that has recently emerged in several different forms to estimate more

thoroughly structural performance under seismic loads. FEMA P695, on

the base of IDA method, suggests an innovative methodology to evaluate
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Table 2.1: Value of Tc period in function of the ground type..

Ground type Tc [s]

A 0.4
B 0.5
C 0.6
D 0.8
E 0.5

the seismic performance, which include the behaviour factor, the system

over-strength factor, and the deflection amplification factor for seismic de-

sign. This methodology is an iterative process that employs the non-linear

static and dynamic analysis on a number of basic models which represent

the seismic force resisting systems. During the analysis the earthquake

records are systematically scaled in order to define the collapse condition.
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Abstract

Cross-Laminated Timber (CLT) structures exhibit satisfactory per-

formance under seismic conditions. This is possible because of the

high strength-to-weight ratio and in-plane sti�ness of the CLT panels,

and the connections capacity to resist the loads with ductile deforma-

tions and limited impairment of strength. This study summarises a

part of the activities conducted by the working Group 2 of COST Ac-

tion FP1402, by presenting an in-depth review of the research works

that have analysed the seismic behaviour of CLT structural systems.
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The �rst part of the paper discusses the outcomes of the testing pro-

grammes carried out in the last �fteen years and describes the mod-

elling strategies recommended in the literature. The second part of

the paper introduces the q-behaviour factor of CLT structures and

provides capacity-based principles for their seismic design.

Keyword: Cross-Laminated Timber, seismic performance, experimental

testing, Finite-Element numerical modelling, q-behaviour factor, capacity-

based design.

1 Introduction

Timber constructions have undergone a revival of popularity over the last

years; this positive trend is associated to a combination of several factors.

Firstly, wood-based structural products generate fewer pollutants compared

to the mineral-based building materials (steel and concrete) because are

obtained from sustainable and renewable resources. Secondly, timber struc-

tural elements are prefabricated o�-site and transported to the building loca-

tion, where they are quickly assembled. Finally, the strength-to-weight ratio

of wood is a great advantage for structures erected in seismic-prone areas,

because it limits the total mass of the buildings. The seismic performance of

multi-storey timber structures has been the focus of several research projects.

Tests �rstly examined the behaviour of light-frame buildings, which were the

most common timber structural systems all over the world. Results of full-

scale shaking table tests showed a highly dissipative behaviour, with most

of the plastic deformations concentrated in the sheathing-to-framing joints

and the anchoring devices (hold-downs and angle brackets) still in the elastic
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phase [22, 91, 87, 85, 9]. More recently, the increasing interest in high-rise

structures (the so-called �tall buildings�) required a higher level of seismic

performance. Therefore, the focus has shifted to massive and more e�ec-

tive systems, such as Cross-Laminated Timber (CLT) [6]. Compared to

light-frame buildings, CLT structures have a higher in-plane sti�ness and a

greater load-carrying capacity; di�erences are attributed to both the phys-

ical parameters of the timber panels and the mechanical properties of the

connections used (hold-downs and angle brackets, stronger and sti�er than

the connectors used in lightweight structures). In particular, full-scale tests

of CLT structures highlighted that the CLT panels act almost as rigid bod-

ies, while the connections provide all the ductility and the energy dissipation

[36, 37].

CLT structures are generally divided into two groups, depending on their

dissipative capacity. The �rst group refers to buildings assembled using large

monolithic walls, i.e. panels with high length-to-height ratios. The second

group refers to buildings assembled using segmented walls, i.e. systems of

narrow panels fastened together with vertical step joints. In the �rst case,

the energy dissipation takes place only into the anchoring connections used

to prevent the rocking (hold-downs) and sliding (angle brackets) of the CLT

walls. Therefore, such structures have a low to medium capacity to dissipate

the seismic energy. In the second case, if properly designed, the vertical step

joints enhance the ductility of the buildings, thus resulting in a high capacity

to dissipate the seismic energy.

Nowadays, the use of CLT structural systems in Europe is codi�ed only

into the ETAs (European Technical Assessments) issued for the speci�c

building products, whereas design principles have not yet been included

CHAPTER 2. OVERVIEW ON THE SEISMIC BEHAVIOUR OF CLT STRUCTURES

33



either in Eurocode 5 [2] or in Eurocode 8 [1]. General design principles

for CLT structures have been included in the Austrian National Annex to

Eurocode 5 [3], while similar pieces of information are not yet available for

any other European country. Based on the current situation in Europe, the

COST Action FP1402 �Basis of Structural Timber Design - from research

to standards� was established in 2014, as part of the initiatives dedicated to

the development of the new Eurocodes.

This paper summarises a part of the activities conducted by the working

Group 2 of COST Action FP1402; it presents a state-of-the-art review of the

studies that focused on the seismic performance of CLT structures and rec-

ommends principles for the design practice. The �rst section discusses the

outcomes of the experimental testing programmes that have examined the

seismic behaviour of CLT structural systems. The second section shifts the

focus to the modelling approaches recommended in the literature to predict

the seismic performance of CLT structures. The third section introduces

the q-behaviour factor (denoted as the �seismic reduction factor� in some

structural design codes) of CLT buildings, necessary in the seismic design to

scale down the elastic response spectrum to the design spectrum. Finally,

the fourth section proposes capacity-based design principles for CLT struc-

tures. Results of past testing programmes are used as a basis to develop

provisions capable of ensuring that all plastic deformations occur in selected

ductile components and no other part (less ductile or brittle) exhibits any

anticipated failure.
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2 Testing of CLT structures

The seismic performance of CLT buildings has been the central topic of

several testing programmes. The experiments have been carried out on single

connections, monolithic and segmented wall systems (i.e. CLT walls and

connections), and full-scale buildings featuring di�erent numbers of storeys

and layups. In this section, the outcomes of the testing programmes are

discussed; further information is also available in Pei et al. [58].

2.1 Testing of connections

Mechanical connections used in CLT buildings are typically divided into two

groups. The �rst group refers to the connections used to prevent the rocking

and sliding of the walls, i.e. the hold-downs and the angle brackets. Such

metal connectors are fastened to the CLT walls using threaded nails or screws

with a small diameter, and have been developed based on the connection

systems used in light-frame structures [61]. The second group refers to the

step joints used to prevent the relative sliding between contiguous walls or

between a �oor panel and the underlying wall. Those joints are usually

assembled using self-tapping screws made of carbon steel, with partially or

fully threaded shank [16].

The hysteretic behaviour of the connections with hold-downs and an-

gle brackets has been the focus of several research projects. Gavric et al.

[32] and Flatscher et al. [23] carried out the most complete testing pro-

grammes as part of the SOFIE and SERIES Projects, respectively. Results

highlighted a dissipative behaviour and ductile failure mechanisms, with the

only exception of the situations where the angle brackets, designed to resist
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primarily in shear, were loaded in tension. In such situations, they exhibited

some inappropriate failures caused by either withdrawal of the nails from the

�oor panels or pull-through of the anchoring bolts (Figures 1a-1b). However,

those connectors proved to have good mechanical properties under lateral

and axial loads. Conversely, the hold-downs showed high strength capaci-

ties when loaded in tension and a weak mechanical behaviour if subjected to

lateral loads, due to the buckling of the metal �anges. Furthermore, tests of

connections with hold-downs conducted by Tomasi and Sartori [86] pointed

out two additional failure mechanisms that may occur if high tension loads

are transferred along the connections, i.e. tensile failure in the net cross-

section of the metal �ange and buckling of the anchoring to the foundations

(Figures 1c-1d).

Shear tests of panel-to-panel joints, performed by Gavric et al. [31]

on half-lapped and spline joints with partially threaded screws, led to a

good hysteretic behaviour. However, some brittle mechanisms occurred in

cases where the requirements for end and edge distances were not satis�ed.

More recently, Hossain et al. [35] conducted similar tests on panel-to-panel

joints with double-angled fully threaded screws. Results showed signi�cantly

higher strength and sti�ness capacities than those obtained with partially

threaded screws, although the loads transferred along the joints caused some

brittle failures with splitting of the timber members.

The experimental activities �nalised at the cyclic characterisation of the

connections used in CLT structures are still ongoing, with special attention

to the applications in mid- and high-rise buildings. Tests have been carried

out on a large number of connections, by varying the thickness and geom-

etry of the connectors [65, 78, 88, 46]. Furthermore, several hold-downs
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(a) (b)

(c) (d)

Figure 1: Inappropriate failure mechanisms at the connection level: (a) withdrawal of the
nails connected to the CLT �oor panel; (b) pull-through of the anchoring bolt, (c) tensile
failure in the net cross-section of the metal �ange, and (d) buckling of the anchoring to
the foundations.

[66], angle brackets [48] and screws [45] have been examined by consider-

ing the simultaneous presence of lateral and axial loads. This proved that

the coupled shear-tension action in�uences their mechanical properties and

dissipative capacity. Lastly, great e�ort has been devoted to investigating

the performance of some innovative connection systems. Polastri et al. [60]
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analysed the hysteretic behaviour of X-RAD connectors, which showed great

potentials to resist the coupled shear and tension loads with large ductility

ratios. Loo et al. [49] developed a slip-friction connector, composed by a

plate of abrasion resistant steel and two plates of mild steel between which

it slides. Kramer et al. [44] proposed an energy dissipation system for self-

centring wall systems, based on the concept of the steel buckling-restrained

braces and composed of a milled element designed to yield and a steel pipe in

which it is enclosed. Similarly, Sarti et al. [76] investigated the performance

of a replaceable dissipater, composed of a mild steel bar con�ned by a steel

tube �lled with grout or epoxy. Finally, Hashemi et al. [34] introduced a

slip-friction connector that allows for the self-centring of the wall without

requiring the adoption of post-tensioned tendons. Compared to traditional

connections with hold-downs and angle brackets, these systems attain large

ductility ratios while limiting the residual drift and peak accelerations.

2.2 Testing of wall systems

Racking tests of monolithic and segmented wall systems (i.e. CLT walls

composed of narrow panels, fastened together with vertical step joints)

further explored the hysteretic behaviour of CLT structural systems. For

this purpose, several testing programmes have been conducted in Europe

[36, 37, 30, 38, 17], Canada [65] and Japan [93, 93].

In Europe, Gavric et al. [30] carried out cyclic racking tests using mono-

lithic and segmented walls. In the �rst case, tests considered a square wall

and the layout of the anchoring connections was varied; in the second case,

the wall was composed of two narrow panels and tests investigated the in�u-

ence of the screws in the vertical joint. Hummel et al. [38] conducted similar
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racking tests to those reported above and extended the investigations to walls

with an opening. Dujic et al. [17] examined the racking behaviour paying

particular attention to the e�ects of the boundary conditions; three situa-

tions were investigated: shear cantilever mechanism (rocking response), re-

stricted rocking mechanism (coupled shear-rocking response) and pure shear

mechanism. Finally, Hristovski et al. [36, 37] performed shaking table tests

on monolithic and segmented wall systems; compared to the investigations

reported above, which were carried out under quasi-static loading condi-

tions, the shaking table tests were performed under dynamic conditions and

provided a detailed insight into the seismic performance of the systems.

In Canada, Popovski et al. [65] investigated the racking behaviour of

monolithic walls with three aspect ratios, segmented walls with vertical step

joints and di�erent layouts of screws, and two-storey assemblies. The ex-

periments used commercially sold and custom-made angle brackets with dif-

ferent fastening systems, a combination of angle brackets and hold-downs,

and inclined screws. Conversely, in Japan, Okabe et al. [54] and Yasumura

[93] examined the racking behaviour of walls made of the local grown Sugi

(Cryptomeria japonica) rather than the typical European species (e.g. Picea

abies). Tests adopted monolithic walls with a narrow CLT panel and seg-

mented walls with up to three narrow panels, fastened together with vertical

step joints.

Finally, following the increasing use of CLT for the construction of mid-

and high-rise structures, several research e�orts have been devoted to analysing

the racking behaviour of walls equipped with the innovative connections dis-

cussed in Section 2.2 at the anchoring to the foundations [50, 75, 33] and with

energy dissipating U-shaped �exural plates in the vertical joints [19, 52]. All
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testing programmes con�rmed that the layout of the connections (in terms

of type, number and position) governs the cyclic behaviour of a CLT wall

system. Results highlighted that the CLT panels exhibit minor in-plane

deformations and act almost as rigid bodies, while the connections provide

all the ductility and the energy dissipation. Furthermore, racking tests of

segmented walls demonstrated that the aspect ratio of the panels and the

number of screws in the vertical step joints in�uence the global kinematic

behaviour.

Finally, Dujic et al. [18] and Yasumura et al. [94] investigated the rack-

ing performance of walls with an opening. In particular, Dujic et al. [18]

concluded that openings with up to 30% of the surface do not a�ect the max-

imum load-carrying capacity, although they reduce the sti�ness up to 50%

of the value of a wall panel without apertures. More recently, Shahnewaz

et al. [81] further explored the behaviour of wall systems with openings

and proposed some equations capable of predicting their sti�ness when the

size and aspect ratio of the openings, as well as aspect ratio of the wall are

varied.

2.3 Testing of full-scale structures

Following the extensive research e�orts on connections and wall systems, full-

scale tests were also performed on single and multi-storey CLT structures.

The investigations have �rstly been carried out on a one-, three- and seven-

storey buildings as part of the SOFIE Project [47, 12, 14]; all structures were

erected using narrow CLT panels, anchoring connections with hold-downs

and angle brackets, and vertical step joints with partially threaded screws.

Lauriola and Sandhaas [47] conducted pseudo-dynamic lateral tests on
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the one-storey building and Ceccotti and Follesa [12] performed full-scale

shaking table tests on the three-storey structure. Tests investigated the

lateral deformability capacity caused by the presence of large openings at

the ground �oor. In particular, the experiments considered two symmet-

rical con�gurations parallel to the loading direction (with di�erent layouts

of openings) and a third one asymmetrical. Neither of the structures un-

derwent any major damage in the CLT members; furthermore, because the

deformability capacity was governed by the rocking of the single walls, tests

exhibited lateral de�ections proportional to the area of the openings.

Ceccotti et al. [14] carried out the shaking table tests on the seven-storey

building, assembled using CLT elements and connection systems similar to

those used in the one- and three-storey structures. However, because the

hold-downs used for the three-storey building were not suitable for high

slender structures, special high-strength hold-downs with 10 mm thick plates

were placed at the anchoring to the foundations. After several tests, carried

out by varying the ground motion record, the building did not collapse and

exhibited only local damages close to the connections.

Flatscher and Schickhofer [24] conducted full-scale shaking table tests

on a three-storey building, as part of the SERIES Project. Compared to

the three-storey structure tested by Ceccotti and Follesa [12], the building

was assembled using large monolithic walls rather than narrow panels with

vertical step joints. Furthermore, fully threaded screws were primarily used

as fasteners, rather than partially threaded screws. Consequently, the lateral

deformability of the building was lower than the structures tested within the

SOFIE Project, thus resulting in smaller inter-storey drifts.

Popovski and Gavric [62] tested a two-storey structure under quasi-static
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loading conditions, with speci�c attention to the lateral strength and de-

formability capacities. Tests did not exhibit any global instability even after

the attainment of the maximum load-carrying capacity; furthermore, only

minor torsional e�ects were observed and the ultimate resistance was iden-

tical in both principal directions.

Finally, in Japan, several shaking table tests have been carried out on

multi-storey CLT structures. Tsuchimoto et al. [90] focused on the static

lateral capacity and seismic performance of a three-storey structure assem-

bled with narrow CLT panels. Compared to the structures previously tested

in Europe and Canada, the building was assembled using tension bolts and

screwed steel-to-timber connections rather than with hold-downs and an-

gle brackets. Kawai et al. [43] investigated the dynamic behaviour of a

�ve-storey structure assembled using similar connections to those used by

Tsuchimoto et al. [90]. Furthermore, Kawai et al. [43] extended the analy-

ses to a three-storey structure where the CLT panels were used as outside

walls and solid timber frames were used in the inside. Finally, Yasumura et

al. [95] tested two two-storey structures composed of monolithic and nar-

row CLT panels, respectively. In the structure with monolithic wall panels,

some cracks were observed at the corner of the openings, which propagated

both vertically along the grain of the panel surface and diagonally as the

horizontal displacement increased. In the structure assembled with narrow

wall panels, some gaps were observed between each wall and no cracks were

visible at the corner of the openings; additionally, small gaps were observed

at the �oor joints above the openings and bending failure of the CLT �oor

panel was detected above the corner of the openings.
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3 Modelling of CLT structures

In recent years, thanks to the technological advancements of Finite-Element

(FE) software packages, numerical modelling has become an important tool

in both the research �eld and the design practice. Usually, the planning

and execution of full-scale tests is an expensive and time-consuming proce-

dure, requiring consideration of several factors (e.g. thickness and aspect

ratio of the timber panels, as well as type and position of the connections)

and loading conditions. Furthermore, the simpli�ed formulas used by prac-

titioners are not always capable of predicting the non-linear response of a

CLT building, and the mutual interaction between the ground motion and

the overlying structure. To overcome those limitations, several numerical

models have been proposed; however, most of them are advanced tools for

research purposes and only few are used in the design practice, due to the

complex implementation procedures and the need of input parameters for

which limited evidences exist (e.g. friction).

Numerical models of CLT buildings employ some well-established as-

sumptions: the timber panels are assumed to behave elastically and the

non-linear response of the structure is concentrated in the connections. Fur-

thermore, to improve the reliability of the numerical predictions, the panel-

to-panel interaction (contact and friction) shall be properly taken into ac-

count and modelled in the analyses.

3.1 CLT members

CLT wall panels are generally simulated in FE analyses according to one

of the following approaches. The �rst approach schematises a wall as a set
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of trusses; the in-plane deformations are either ignored [11, 71] or modelled

with diagonal springs [69, 10]. This technique limits the computational e�ort

to the minimum, although it has two major drawbacks: it does not provide

a punctual representation of the stress distribution in the panels and the

connections are localised on the corners of the wall rather than modelled on

their actual position. The second approach schematises a wall panel using

2D shells; the layup of the CLT members is taken into account using either

multi-layer shells or according to an equivalent orthotropic approach [74, 83]

(typically the Blaÿ-Fellmoser composite theory [5]). Shell models overcome

the limitations of the truss schematisation and are the preferred technique

in both the research �eld and the design practice. Their use is particularly

advantageous when the panel has an opening because they allow predicting

the stress distribution in the CLT wall, preventing undesired brittle failures.

Finally, the third approach schematises a wall panel using 3D solid elements

[40]; this technique is a further development of the multi-layer shell method

and is generally the most accurate, because it allows accounting for the

actual thickness and orientation of each board layer. However, solid models

usually require a high computational e�ort and have had limited applications

until now.

As mentioned in the previous paragraph, the modelling of panels with

an opening requires speci�c attentions. Generally, the door and window

openings are obtained either by the cutting of the panels or by the assemblage

of multiple elements (Figure 1). In the �rst situation, it is feasible to model

the entire system as a unique element and to maintain the same layup of

the CLT walls even in the lintels. In the second case, the lintels shall be

modelled as independent elements and the fastening to the CLT walls shall be
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schematised using link elements. Furthermore, in such a situation, the lintels

orientation shall be properly schematised to ensure a correct representation

of the physical system (depending on the fact that it may be either another

CLT member or a solid wood element).

Finally, the �oor panels are modelled using similar methods to those

discussed above. Typically, truss models with rigid links are used if the

�oors act as diaphragms, while 2D shell models are used when the out-

of-plane behaviour of the panels is taken into account in the analyses. In

this context, a recent study conducted by Moroder et al. [51] highlighted

that the sti�ness of the �oors may in�uence the dynamic behaviour of a

multi-storey timber structure; therefore, in the authors opinion, it is always

recommended to model the CLT �oor using shell elements to obtain reliable

numerical predictions.

The material parameters of CLT are necessary input parameters in FE

analyses. Unlike solid timber and glued-laminated timber, those properties

have not yet been harmonised in any European standard. Some reference

values for CLT are prescribed in the Canadian CSA O86-14 [4]. However, if

speci�c test data for the layup analysed are not available, it is recommended

to determine those parameters in accordance with Brandner et al. [6].

3.2 Mechanical connections

Mechanical connections are modelled in FE analyses using link elements or

springs. Their behaviour is typically de�ned according to one of the follow-

ing methods. The �rst method considers a uniaxial behaviour where each

connection resists only in its primary direction: the hold-downs in tension

and the angle brackets in shear [95, 11, 70]. This simpli�cation is com-
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(a) (b)

Figure 2: Schematics of a CLT wall with openings obtained (a) by the cutting of the
panel and (b) by the assemblage of multiple elements.

monly adopted by practitioners and leads to conservative results, because it

neglects the stabilising contribution of angle brackets in their axial (weak-

est) direction [40]. The second method assumes a biaxial behaviour where

the connections resist both axial and lateral loads simultaneously, and each

component is independent [36, 83, 28, 82]. Compared to the �rst situation,

the axial contribution of angle brackets is introduced into the analysis, im-

proving the accuracy of the results. Finally, the third method is adopted

in time-history simulations and considers a biaxial behaviour with an in-

teraction domain between axial and lateral loads [73, 67]. In this context,

simulations of connections with hold-downs and angle brackets exhibited a

quadratic interaction relationship between shear and tension [41].

The constitutive law implemented in the springs depends on the analysis

performed. Typically, an elastic response is considered in linear analyses,

while multi-linear relationships are used in pushover simulations [36, 95, 28,

26]. In the �rst case, the dissipative behaviour of the connections is taken
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into account using the q-behaviour factor. Furthermore, the mechanical

properties of the connections are de�ned as follows: the elastic sti�ness is

acquired from test data and design values of the maximum load-carrying

capacity are determined either in accordance with Eurocode 5 [2] or based

on the ETA of the connections. In the second case, the load-displacement

laws used as inputs in the analyses are assessed either from the loading curves

of monotonic tests or from the envelope curves of cyclic tests. Finally, time-

history simulations adopt advanced non-linear relationships, which allow for

a detailed schematisation of both the hysteretic behaviour (pinching e�ect)

and the impairment of mechanical properties due to cyclic loading [11, 82, 73,

67, 68]. Those relationships require the assessment of many input parameters

and are calibrated using experimental data obtained under cyclic conditions.

As mentioned at the beginning of this section, practitioners usually per-

form simpli�ed simulations to predict the performance of CLT structures.

Consequently, linear analyses with the design response spectrum represent

the preferred approach in the practice and sometimes are the option pre-

scribed by the standards. In such a situation, it is necessary to pay par-

ticular attention to the hold-downs. Due to the contact between the wall

and the underlying element (the foundations or an intermediate �oor), the

hold-downs resist only tension. Consequently, they have a non-linear consti-

tutive law even in the elastic phase, with sti�ness under compressive loads

much higher than the corresponding value under tension loads. This issue

has been extensively addressed in the literature and several approaches have

been developed, which rely on iterative procedures [10] or on the assessment

of equivalent sti�ness values [83].
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3.3 Panel-to-panel interaction

The panel-to-panel interaction in�uences the dynamic behaviour of a CLT

structure. As demonstrated via non-linear dynamic simulations of full-scale

CLT buildings, the friction at the bottom edge of the walls reduces signi�-

cantly the inter-storey drifts [74, 83]. Nevertheless, for the sake of simplicity,

its e�ect is usually ignored in the design practice, i.e. when force-based de-

sign methods are used.

Depending on the modelling strategy adopted, the friction at the base of

the CLT walls is simulated using either gap elements or a surface-to-surface

interaction. Generally, the �rst approach is preferred if truss models or shell

models are used [74], while the second approach is adopted in the presence

of solid models [40]. Furthermore, the friction in the vertical joints is usually

ignored; this simpli�cation is acceptable even under dynamic conditions and

does not introduce any evident error in the results.

4 Behaviour factor of CLT structures

The q-behaviour factor is used to perform the seismic design of a building

by means of linear analyses with the response spectrum. To this aim, the

q-factor is necessary to scale down the elastic response spectrum to the

design spectrum; it accounts for the non-linear behaviour of the structure,

the presence of damping and of any other force-reducing e�ect.

4.1 Scienti�c background

The assessment of the q-behaviour factor of a CLT structure has been a

central topic of many research projects. The investigations have been car-
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ried out using both experimental and numerical approaches, and di�erent

analysis methods have been proposed. In this context, due to the high costs

of testing, numerical methods have played a key role in the assessment of

the q-factor for CLT structures. Their advantage relies on the possibility of

investigating the q-behaviour factor by varying the geometry of the buildings

(number of storeys, plan dimensions, aspect ratio of the CLT members, and

properties of the connections), the applied loads, the regularity in elevation,

and the ground motion record.

Among the experimental approaches, the most used method to assess the

q-behaviour factor of a CLT structure uses the results of full-scale shaking

table tests. In particular, the q-factor is de�ned as the ratio of the Peak

Ground Acceleration (PGA) at which the near-collapse status is reached to

the PGA with which the building was designed elastically [14, 13].

Conversely, when numerical approaches are used, the q-factor is assessed

using the results of non-linear simulations carried out under static or dy-

namic loading conditions [11, 71, 69, 63, 59, 64, 89]. The models are devel-

oped using the static ductility and hysteresis cycles resulting from tests of

single components (wall systems and mechanical connections). If non-linear

static analyses are used, the FE models are subjected to constant vertical

loads and the horizontal loads are increased monotonically. The q-factor is

then evaluated using the base shear versus displacement curve, following the

Newmark [53] or the N2 [20, 21] methods. If non-linear dynamic analyses are

used, the models are subjected to di�erent accelerograms that simulate the

ground motion and the q-factor is assessed following either the Peak Ground

Acceleration (PGA) or the Base Shear (BS) methods. In the �rst situation

(PGA method), the q-factor is de�ned as the ratio of the PGAs at the yield-
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ing and ultimate displacements of the structure, respectively. In the second

situation (BS method), the q-factor is de�ned as the ratio of the base shear

at the yielding and ultimate displacements of the structure, respectively.

As shown in Table 1, the highest q-factors are obtained when segmented

walls composed of narrow panels and vertical step joints are considered and

the lower values are obtained when monolithic walls are adopted. Di�erences

are due to the enhanced energy dissipation in the vertical step joints, which

occurs when fasteners with a small diameter are used. Furthermore, Trutalli

and Pozza [89] showed that the regularity in elevation in�uences the q-factor,

reducing its value up to 25%.

Table 1: Values of the q-behaviour factor recommended in the literature.

Reference Method Value

Ceccotti and Follesa [12] Shaking table test of a 3-storey structure with narrow
walls

3.4

Ceccotti et al. [14] Shaking table test of a 7-storey structure with narrow
walls

3.0

Flatscher and Schickhofer [24] Shaking table test of a 3-storey structure with large
walls

2.8

Pei et al. [59] Simulations of full-scale structures with narrow walls 4.5
Pozza and Trutalli [71] Simulations of full-scale structures with large walls 2.0
Popovski and Karacabeyli [63] Single components tests (connections and CLT wall

systems)
3.0

Popovski et al. [64] Simulations of full-scale structures with narrow walls 3.0

4.2 Code prescriptions

The current version of Eurocode 8 [1] does not prescribe any speci�c q-factor

for CLT structures; a q-factor equal to 2.0 is prescribed for buildings erected

with glued walls and diaphragms that comply with the criterion of regu-

larity in elevation. However, this building typology cannot be intended as

a CLT structural system, because the investigations on the seismic perfor-

mance of panelised buildings have been conducted after the publication of
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the standard.

Recently, Follesa et al. [27] proposed a revised version of Chapter 8 of

Eurocode 8 [1] in which CLT buildings are divided into three classes: the �rst

two classes apply if the design is performed in accordance with the princi-

ples of the capacity approach (DCM and DCH), while the third class is used

when a non-dissipative behaviour is assumed (DCL). The DCM class (i.e.

medium capacity to dissipate energy) applies to buildings assembled with

monolithic walls without vertical joints, while the DCH class (i.e. high ca-

pacity to dissipate energy) applies to structures assembled using segmented

walls with vertical step joints. In the �rst case, a q-factor equal to 2.0 is

recommended; in the second case, a q-factor equal to 3.0 is adopted. Finally,

if the principles of the capacity-based design are not satis�ed, the DCL class

(i.e. low capacity to dissipate energy) prescribes a q-factor equal to 1.5.

Speci�c provisions for the seismic design of CLT buildings have been in-

cluded in the Canadian CSA O86-14 [4]. In this standard, the q-behaviour

factor corresponds to the product of a ductility-related force modi�cation

coe�cient Rd by an overstrength-related force modi�cation coe�cient R0.

In particular, if the energy is dissipated through connections and wall pan-

els with length-to-height ratio lower than one that act in rocking or in a

combination of rocking and sliding, Rd is equal to 2.0 and R0 is equal to 1.5

(i.e. RdR0 = 3.0). Furthermore, the standard prescribes a RdR0 ≤ 1.3 for

structures with walls that resist in sliding or composed of panels with length-

to-height ratio higher than one. In this context, the Canadian standard and

the proposal of Follesa et al. [27] de�ne the same coe�cient for segmented

walls, i.e. q = RdR0 = 3.0. Conversely, a di�erent behaviour is adopted

when long walls are considered, because the CSA O86-14 [4] prescribes a

CHAPTER 2. OVERVIEW ON THE SEISMIC BEHAVIOUR OF CLT STRUCTURES

51



low ductility class.

5 Design principles of CLT structures

The development of advanced analytical models capable of predicting the

mechanical behaviour and failure mechanisms of laterally loaded wall sys-

tems has been the focus of several research e�orts. In particular, Casagrande

et al. proposed a rheological model to predict the elastic performance of sin-

gle and multiple shear-walls [10], horizontally-aligned and connected with

rigid beams, and an analytical approach for segmented wall systems [8].

Reynolds et al. [72] published a yield criterion for laterally loaded shear-walls

based on acceptable permanent deformations. Tamagnone et al. [84] pre-

sented a non-linear procedure to design the anchoring connections of typical

CLT walls. Finally, Flatscher and Schickhofer [25] developed a displacement-

based model to predict the lateral performance of single and segmented CLT

wall systems.

In spite of the signi�cant �ndings obtained in the research �eld, some

speci�c rules for the seismic design of CLT structures have not yet been

included in Eurocode 8 [1]. In this context, the Canadian CSA O86-14 [4]

is the �rst structural code to introduce instructions for the seismic design of

CLT buildings.

Nowadays, it is common practice to verify a structural element using

capacity-based principles. This approach, originally developed during the

1970s by Paulay [56, 57], is a necessary condition to ensure a global ductile

behaviour consistent with the q-factor assumed in the design phase. There-

fore, it is a part of the force-based method [15] and should not be considered
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an advanced design procedure.

5.1 Scienti�c background

The capacity-based approach aims at ensuring ductile failure mechanisms

at di�erent structural levels and at preventing undesired brittle collapses.

As discussed in Section 2, the seismic behaviour of CLT structures predom-

inantly depends on the performance of the connections, while the timber

panels act almost as rigid bodies. This means that, under dynamic con-

ditions, the dissipative connections shall withstand large deformations and

provide a stable energy dissipation [26, 29, 80].

At connection level, it is common practice to assume as dissipative com-

ponents the laterally loaded joints with dowel-type fasteners (e.g. the timber-

to-timber and steel-to-timber joints). To this aim, the yielding of the fasten-

ers shall be achieved with at least one plastic hinge, although the mechanism

where two hinges are formed is considered as the most desirable. All failure

mechanisms localised outside the ductile joints shall be avoided, i.e. those

that might occur in the connections metal member (e.g. tensile failure of

the net cross-section), at the anchoring bolts to the foundations and in the

timber panels (e.g. splitting or plug-shear). In this context, the dowel-type

fasteners located in the dissipative zones shall be inserted in perpendicular

to the direction of the load being transferred along the joint (Figures 3a-

3b), while all connections made of dowel-type fasteners transferring most of

the load via axial resistance shall not be considered as dissipative (Figures

3c-3d).

Once inappropriate failures at connection level are prevented, similar

provisions are applied at the wall level. Here, the wall is designed for the
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(a) (b) (c) (d)

Figure 3: Schematic of (a) a dissipative steel-to-timber connection, (b) a dissipative
timber-to-timber connection, (c) a non-dissipative steel-to-timber connection, and (d) a
non-dissipative timber-to-timber connection.

overstrength of the connections to avoid any local failure that may occur in

the CLT member. Hence, it is important to distinguish between dissipative

and non-dissipative connections (Figure 4). The �rst ones are located in the

connections against rocking (hold-downs) and sliding (angle brackets), and

in the vertical joints between adjacent panels, respectively. The latter ones

ensure the stability of the structure, and are located at the �oor level (in the

�oor-to-�oor and in the �oor-to-wall connections) and in the vertical step

joints between perpendicular walls, respectively. Finally, at the building

level, the �oor panels shall act as rigid diaphragms, by ensuring a box-type

behaviour and by redistributing the torsion between the walls. Furthermore,

to prevent any soft-storey mechanism and to distribute the energy dissipa-

tion along the height of a building, the lateral resistance of the shear-walls

shall be higher at lower storeys and decrease at higher storeys.
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Figure 4: Schematics of a CLT structure, with indication of the dissipative and non-
dissipative connections.

5.2 Analytical provisions

According to the concept of capacity-based design discussed in Section 5.1,

the energy dissipation shall be localised in selected dissipative zones; all

other structural elements shall be designed with an adequate overstrength

to behave elastically. Consequently, ductile failures are achieved thanks to

the hierarchy of resistance between the structural components, de�ned as

follows:

(1) γRdRd,ductile ≤ Rd,brittle

In Eq.(1), γRd is the overstrength factor, while Rd,ductile and Rd,brittle
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are the design strengths of the ductile and brittle components, respectively.

The coe�cient γRd takes into account all the factors that may increase the

strength of a ductile element (e.g. higher-than-speci�ed material strength,

strain hardening at large deformations and commercial sections larger than

what resulting from the design) and ensures that all non-dissipative compo-

nents activate after the dissipative ones.

Capacity-based principles for timber structures were �rstly discussed by

Jorissen and Fragiacomo [42], and have been the focus of a large body of

research afterwards; in particular, in agreement with Eq.(1), those authors

have de�ned the overstrength factor as shown in Eq.(2).

(2) γRd =
R95%

Rd

=
R95%

R5%

· R5%

Rk

· Rk

Rd

= γsc · γan · γM

In the equation above, R5% and R95% are the 5th and 95th percentiles of

the experimental strength capacity of the ductile component (from mono-

tonic tests), while Rk and Rd are the characteristic and the design strength

values of the same element, determined with analytical methods (e.g. the

European Yielding Model), respectively.

According to Eq.(2), three coe�cients are identi�ed. The coe�cient

γsc, equal to the ratio of R95% to R5%, accounts for the scatter of strength

properties in the experimental tests. The coe�cient γan, de�ned as the

R5% to Rk ratio, measures the accuracy of the analytical model to predict

the strength property. Finally, γM is the partial safety factor for material

properties, equal to one in Eurocode 8 [1] for ductile elements designed in

accordance with the concept of dissipative behaviour.

Schick et al. [77] and Vogt et al. [92] have developed a slightly di�erent

approach to evaluate the overstrength factor. Relying on experimental data
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of light-frame shear-walls, they have de�ned the overstrength factor as the

product of three contributions:

(3) γRd =
Rexp,95%

Rk

=
Rm

Rk

· Rexp,m

Rm

· Rexp,95%

Rexp.m

In Eq.(3), Rk is the characteristic value according to code provisions,

Rm is the analytical value of resistance calculated with the mean values of

the material properties (rather than the characteristic ones), Rexp,m is the

average strength capacity assessed from the tests, and Rexp,95% is the 95th

percentile of the experimental strength capacity. Formally, there are some

di�erences between Equations 2 and 3; however, a closer look reveals that

those equations di�er only on how the coe�cients are de�ned.

Eq.(2) clearly highlights that two situations should be considered, de-

pending on the method used to assess Rk. When Rk is determined based on

general rules (e.g. those prescribed in Eurocode 5 [2]), the simpli�cations

introduced in the formulas might underestimate the strength capacity of the

ductile component, compromising the hierarchy of resistance planned by the

designer. Consequently, γRd shall be de�ned considering the contribution of

both γan and γsc [42, 39, 55]. Conversely, when Rk is de�ned based on exper-

imental results or using distinct design rules (e.g. those given in the ETAs),

γan is assumed equal to one and Eq.(2) leads to γRd = γsc [32, 31, 28, 79].

Finally, if no test results are available, another option to assess γRd relies on

the use of structural reliability methods (e.g. the Monte Carlo simulations

[7]).

Recently, Follesa et al. [27] proposed a revised version of Chapter 8 of

Eurocode 8 [1] where speci�c design provision for CLT structures in seismic
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areas are introduced. In particular, a structural element designed in accor-

dance with the concept of dissipative behaviour is veri�ed at the Ultimate

Limit State if:

(4) Ed ≤ βsd ·Rd,ductile

In the equation above, Ed denotes the design value of the action e�ects,

βsd is a reduction factor that considers the impairment of strength due to

cyclic loading and Rd,ductile is the design strength of the dissipative element.

According to the same authors, βsd is equal to 0.8 for all dissipative systems

and higher values may be used if the actual strength degradation is derived

from test data.

Once the dissipative elements are veri�ed at Ultimate Limit State, ductile

failure mechanisms are ensured by designing the strength of the brittle part

Rd,brittle as follows:

(5)
γRd
βsd

·Rd,ductile ≤ Rd,brittle

Regarding the overstrength factor to be used in Eq.(5), Follesa et al. [27]

recommend a value of 1.3. This coe�cient is consistent with the outcomes

of the experimental studies conducted during the last years and is obtained

by ignoring the contribution of γan. According to Table 2, values of γan may

vary between 1.0 and 1.4. However, the results included in the table are

obtained by considering single joints or connections, and are not necessarily

valid for a structural system. In particular, a CLT wall system is usually

equipped with several connections and each metal connector is fastened to

the CLT wall using many nails (or screws) that carry the load simultaneously.
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Consequently, it is feasible to assume that both γsc and γan may be lower

and, according to the authors opinion, this could lead to an overstrength

factor close to the one discussed above.

Table 2: Values of the overstrength factor recommended in the literature.

Reference Connection type γRd = γsc γRd = γan · γsc
Jorissen and Fragiacomo [42] Dowelled timber-to-timber joint

(shear)
1.4 1.6

Gavric et al. [32] Hold-down (shear and tension) 1.3 -
Angle bracket (shear and tension) 1.2 -

Gavric et al. [31] Screwed joint (withdrawal) 1.4 -
Screwed timber-to-timber joint
(shear)

1.7 -

Izzi et al. [39] Nailed joint (withdrawal) 1.8 2.0
Nailed steel-to-timber joint (shear) 1.4 2.0

Ottenhaus et al. [55] Dowelled steel-to-timber joint
(shear)

- 1.5

6 Summury and outlook

This paper presents a state-of-the-art review of the most important research

studies that have focused on the seismic performance of CLT structural sys-

tems. The discussion has considered four principal aspects: the experimental

testing, the numerical modelling, the assessment of the q-behaviour factor,

and the seismic design. An in-depth comparison of the proposals made by

di�erent research groups has been presented; furthermore, an overview on

the prescriptions currently included in the structural design codes has been

reported.

Despite of the signi�cant �ndings on the seismic performance of CLT

structures, future research e�orts are required to extend the knowledge of

this building system. Some speci�c aspects that have been identi�ed from

this research work are listed below:
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� the role of CLT diaphragms in multi-storey structures and how they af-

fect the behaviour of the lateral load-resisting systems shall be further

examined via testing and numerical modelling;

� great e�orts shall be devoted to developing simpli�ed numerical meth-

ods for design purposes, capable of predicting the dynamic behaviour

of CLT structures;

� the concept of the capacity-based design shall be extended to lateral

load-resisting systems and to full-scale structures, by de�ning speci�c

formulas and procedures for the design practice.
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Chapter 3

Ductility evaluation by means

Non-Linear Static Analysis

3.1 Introduction

In timber buildings the structural ductility cannot be reached in timber el-

ements because, as known, are characterized by a brittle behaviour. In

fact, the energy is dissipated during cyclic loading in connections via me-

chanical fasteners. Referring to CLT structures two are the main sources

where the energy dissipation may occur, namely hold-down and angle-

bracket (or screws) connections.

It should be noted that, generally, angle-brackets are designed in a

sufficient number to absorb the all shear-force due to the seismic action,

remaining in the elastic field. This design methodology leads to the real-

ization of very rigid connections respect to shearing actions and therefore
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the rigid translation of the wall can be considered negligible to the other

deformation contributions. In fact, generally the yielding of the hold-down

is preferable to that of angle-brackets, because, due to a rigid rotation of

the wall caused by horizontal force, the wall returns to its initial position

thanks also to the vertical load applied. For this reason, the only damage

caused by the yielding of the hold-down can be solved by replacing con-

nections. On the contrary, this not happen if the yielding of angle-brackets

occurs, where there is a permanent residual deformation.

As discussed in Section 2 the seismic design can performed by means

of a simple approach which involves the use of the behaviour factor q to

take into account the dissipative capacity of the structure.

However, despite the success and the quick spread across Europe

and in countries as USA and Canada, calculation methods are not fully

implemented in the Standard. Regarding Europe area its use is regulated

only by the European Technical Assessments (ETAs), while no provisions

or design rules have been yet included in the Eurocode 5 and Eurocode 8.

The only provision on CLT structure are reported in the Austrian National

Annex to Eurocode 5, but unfortunately no details for the seismic design

of CLT building have been included.

On this basis, this Chapter deals with the inelastic analysis of full-scale

buildings, paying particular attention to how the capability of the structure

changes by varying base-components that define the structural system.

In addition, in order to provide a valuable support and background for the

definition of seismic requirements for the CLT building to be included in

the Eurocode 8, a new set of values of behaviour factor q to be used in
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the response spectrum analysis is presented.

In Chapter 2 it is reported how the evaluation of the behaviour factor

takes place by experimental or numerical approaches. Due to the high

cost of the experimental approaches as well as to the impossibility of in-

vestigated a large number of real structure, numerical approaches are

used. In detail, in this research project, the non-linear static analysis was

used, in order to establish a reliable correlation between the local ductil-

ity of base-components and the global ductility of the structure of a large

number of cases.

For this reason, a specific Matlab code capable of interfacing with the

SAP2000 program was developed, in order to obtain the load-displacement

curve of a structure. This specifically developed program is composed by

some sub-routines, each of which handles a specific phase of analysis,

namely:

• Perform a pre-analysis to choose the type and number of hold-downs

and angle-brackets;

• Create different SAP models using base components that describe

the structure;

• Perform the pushover analysis;

• Obtain the backbone curve from SAP2000 software;

• Process results by supplying require values to estimate the behaviour

factor such as the ductility of the system, the over-strength factor, the

period and the mass of the structure and so on.
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Figure 3.1: Stages of the Matlab code.

3.2 Non-linear analysis on CLT building

This analysis is initially carried out considering the post-elastic behaviour

of one-storey building. However, before analysing a entire building, the

behaviour of a single and a couple shear-wall is investigated. This allows

to determine the behaviour of walls (as the geometry and ductility of con-

nections vary) which will make up the whole building. It is worth noting

that this analysis is necessary to highlight essential features and quali-

tative aspects that characterize different failure mechanisms and not to

properly assess the dissipative capability of system.

The analysis is performed from the numerical point of view by varying
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the following parameters:

• Panels shape. Three different panels with a height of 3 m and a

height / width ratio of 0.5, 1 and 2 respectively are chosen, see Fig-

ure 3.2

Figure 3.2: CLT panels shape.

• Panels interaction. Three different couple shear-walls configura-

tions are chosen as shown in Figure 3.3

Figure 3.3: CLT panels configuration.
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• Ductility of connections. The following values of ductility are se-

lected for angle-bracket connections:

(3.1) µAB = [1.25; 1.50; 2.00; 2.50]

while the following values of ductility are adopted for hold-down con-

nections:

(3.2) µHD = [1.50; 2.00; 2.50; 3.00]

Three height/width ratios were adopted so as to be able to compare

the behaviour of panels which, with the same rotation, present a lift to

the side of hold-down loaded in traction gradually less. In fact, in a real

building it is possible to find walls with different height/width ratios.

Ductility values of hold-downs and angle-brackets were chosen consid-

ering products on the market and actually tested in the laboratory. Data

obtained from experimental tests in the literature were approximated to

the first decimal place, thus obtaining values presented.

3.2.1 Analysis results

Results on a single shear-wall show that the strength of a wall is equal

to the strength of the weakest element that makes it up. Indeed a single

shear-wall is a statically determined system in which the failure is gov-

erned by the element that reach the ultimate point first. Therefore, in this

kind of system, the force commands the failure of the wall.

Conversely, results on a couple shear-wall shown that the system is

governed by the displacement, in fact the system behaviour is not gener-

ally correlated to the weakest element, but it is related to the mechanical
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connection that reaches the yield displacement first. The two couple walls

constitute a statically indeterminate system, and therefore when a me-

chanical connection of a wall is in the plastic branch the system can still

increase the horizontal load.

It also should be noted that the ductility of a couple shear-walls is al-

ways equal or higher than the smallest ductility of the single wall that com-

pose the system.

The analysis was extended to one-storey building characterized by an

approximately square plan that allow to neglect the torsional effects on

the wall force distribution.

Firstly„ the building was designed through the linear static analysis

considering a value of the elastic response spectrum SE(T ) = 0.35g and

a behaviour factor q = 2 and then the non-linear static analysis was per-

formed.

Several configurations were analysed by varying the hold-down ductil-

ity and the angle-bracket ductility. On the basis of the obtained results, it is

possible to note that the failure mechanism is governed by hold-down con-

nections, in fact angle-brackets are not stressed over the yielding. More-

over, in a real structure there would be friction between the wall and the

lower floor, decreasing the force in angle-brackets.

The fact that angle-brackets remain in the elastic range brings an ad-

ditional advantage; if angle-brackets yield, there would be a permanent

deformation due to a rigid translation of walls caused by the horizontal

force. This would require a massive intervention on the construction in-

stead of simply replacing damaged connectors caused by the yielding of
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hold-downs.

From the previous results, the need to adopt a capacity design ap-

proach is emphasized in order to avoid permanent horizontal displace-

ment under seismic load.

Non-linear analysis was then extended to multi-storey buildings in or-

der to evaluate the influence of building dimensions as well as the number

of storey on the ductility.

Similarly to one-storey system, some analyses were performed on a

single multi-storey shear-wall by varying hold-downs ductility (in the range

reported in Eq.(3.2)) and the number of storey from two to eight.

Analysis results are plotted in Figure 3.4 from that two main consider-

ation can be done:

• the ductility of the system increases with the increasing ductility of

hold-down connections;

• the system ductility decreases when the number of storeys increase,

except the two-storey system.

It is clear that the ductility of single connection influence the ductility

of entire system. The ductility is defined as the ability of the structure to

deform in the plastic field before breaking. The first consideration can be

explained taking into account this definition, in fact in a single multi-storey

shear-wall the post-elastic capability of the system is provided only by

mechanical connections because the CLT panel remain in elastic field.

In addition, in a building with a higher number of storey failure mecha-

nisms involve generally the firsts storey, whereas the lasts storey remain
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Figure 3.4: Ductility of the shear-wall vs the number of storey and the hold-down ductility.

in the elastic range. Moreover, it is complex to ensure the spread of the

ductility in many storey due to the larger over-strength in the upper storey.

Regarding the two-storey system, the value of ductility is lower than the

ductility of the three-storey system because only the hold-down at the

ground level yields.

As show in Figure 3.5, the maximum displacement as well as the max-

imum ductility, is achieved by yielding the hold-down of each storey.

Finally, a large number of entire buildings were analysed in order to

obtain reliable values of system ductility. The main result of the analysis

is the Table 3.1 which shows the lower and the mean values of ductility

reached by the buildings.

It is possible to note that the ductility decreases with the increase of

the number of storey and that, on the contrary, it increases with increas-

ing hold-downs ductility. It also should be noted that ductility values are

83



CHAPTER 3. DUCTILITY EVALUATION BY MEANS NON-LINEAR STATIC ANALYSIS

Figure 3.5: Comparison of the mechanical behaviour of CLT walls.

Table 3.1: Lowest and mean values for the building ductility.

Storey µHD = 1.50 µHD = 2.00 µHD = 2.50 µHD = 3.00

L.V. M.V. L.V. M.V. L.V. M.V. L.V. M.V.

2 1.75 1.98 1.87 2.17 2.10 2.39 2.25 2.61
3 1.78 2.04 1.85 2.22 1.94 2.38 2.05 2.36
4 1.46 1.99 1.59 2.12 1.59 2.24 1.59 2.05
5 1.30 1.88 1.38 1.98 1.40 2.09 1.40 1.78
6 1.35 1.83 1.39 1.90 1.46 1.98 1.52 1.69
7 1.40 1.81 1.44 1.84 1.50 1.90 1.57 1.72
8 1.46 1.78 1.49 1.82 1.54 1.84 1.61 1.77

L.V. lowest value, M.V. mean value

obtained by using the capacity design approach namely hold-downs are

yielded for first, while angle-brackets have to be over-resistant. The choice

to consider only hold-downs as dissipative element derives from the fact

that if it was not so, there would be a residual horizontal deformation at the

end of the seismic event due to the yielding of angle-brackets. Contrary,

the yielding of hold-downs causes a rotation of the building which, thanks
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to its own weight, returns to the initial configuration without visible residual

deformations at the end of the seismic event.

All ductility values are used to evaluate and propose a new set of value

for the behaviour factor to be used in the seismic design of CLT buildings.

Considering these ductility values and knowing that the hold-down con-

nections on the market present a ductility in the range of 1 to 3, a mean

value of behaviour factor q equal to 2.2 can be obtained. For this reason,

a value of 2 is suggested for CLT buildings when the energy dissipation is

ensured by the yielding of hold-down connections.

3.3 Non-linear analysis on building made by

segmented walls

The limited ductility of hold-downs does not allow to obtain high values of

the behaviour factor, in fact as presented in the previous section a value

of q-factor equal to 2.2 is evaluated. For this reason it was proposed to

make walls composed of more than one panel connected to each other by

means of vertical joints made with mechanical fasteners such as screws

or nails. This compound wall is called “segmented wall”. By adding a

metal connection to the system it is possible to obtain a better dissipation

of the energy under seismic forces.

It should be noted that the behaviour of segmented wall is influenced

not only by parameters that influence the behaviour of a single wall ele-

ment, but also by the type of vertical joints and by the number of screws.
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Three possible kinematic behaviour types can be recognized:

1. coupled wall behaviour, when each wall segment has a well-defined

centre of rotation, i.e. rocks around its lower corner as an indepen-

dent;

2. single-coupled wall behaviour, when the wall panels behave as partly

fixed panels with semi-rigid screwed connection;

3. single wall behaviour, when the wall panels behave as a single wall

panel with rigid screwed connection.

In the first case, the vertical joint between wall panels is relatively weak

in comparison to hold-down connections, thus providing a low level of

stiffness between individual wall panels. While being loaded with lateral

forces, connected panels behave as individual panels, rocking around

each individual lower corner. The second possibility is an intermediate,

combined behaviour. Vertical connections between coupled wall panels

are semi-rigid, therefore a small deformation of vertical connections can

take place. Conversely, if vertical connections between coupled wall pan-

els are very stiff, the behaviour of coupled walls is virtually the same as

the behaviour of a single, monolithic wall element.

Several non-linear static analyses were performed in order to investi-

gate the global ductility of a building made by segmented wall by varying

the number of storey, and number of elements that make up the walls.

Specifically, a number of storey equal to two, four and six was as-

sumed, while walls were divided into sub-panels where each panel has a

width not smaller than 0.25 h, where h is the inter-story height.
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To avoid torsional effects an approximately symmetrical building was

chosen which features a rectangular plan of size 14x 20 m (see Figure

3.6).

Figure 3.6: Comparison of the mechanical behaviour of CLT walls.

Initially, the building was designed assuming a seismicity level with

peak ground acceleration ag = 0.25g and a behaviour factor q = 2. In

this phase a dead and live load equal to 3.5 kN/m2 and 2.00 kN/m3 was

assumed. Angle-bracket connections were designed to behave elastically

according to the capacity design approach.

The type of hold-downs, to be place in the segmented wall, was cho-

sen so that the slip of all vertical joints could be occur (the first kinematic

behaviour). This is possible by requiring that the ratio between the stiff-

ness of hold-down (kHD) and the stiffness (k) of n mechanical fastener

that make up vertical joints satisfies the inequality reported in Eq.(3.3).

(3.3) k̃ =
kHD

n · k ≥
1− q̃ · 3·m−2

m2

1− q̃ · m−2
m2
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where q̃ is the dimensionless vertical load while m is the number of

CLT panels that make up the wall (for more detail see [25]).

3.3.1 Analysis results

Results of 24 non-linear static analyses were reported in Tables 3.2 and

3.3. In detail Table 3.2 shows the mean value of the global building ductility

to vary of the number of storey and the walls assembly. It is immediately

apparent that the ductility of a building made by segmented walls is higher

than the ductility of one made by monolithic walls. It is also possible to

note that ductility decreases with increasing number of storey.

Table 3.2: Mean value of building ductility.

Storey Monolithic wall Segmented wall

Two 1.85 2.47
Four 1.64 2.24
Six 1.57 1.96

In Table 3.3 mean values of over-strength are reported. It can be noted

that the values are higher in the case of buildings made by segmented

walls and that they are related to the number of storey.

Table 3.3: Mean value of over-strength ratio.

Storey Monolithic wall Segmented wall

Two 1.09 1.63
Four 1.13 1.87
Six 1.19 2.04

Table 3.4 shows the values of ductility capacity (qD) obtained by the

N2 and NeH methods described in section 2.1.
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Table 3.4: Mean value of ductility capacity qD.

Storey Monolithic wall Segmented wall

N&H N2 N&H N2

Two 1.64 1.85 1.98 2.47
Four 1.51 1.64 1.87 2.24
Six 1.46 1.57 1.71 1.96

It should be noted that the values of ductility capacity qD are closely

related to values of ductility of the system, this because the period of the

equivalent SDOF system (T ∗) is always higher than the transition period

(Tc).

Table 3.5 shows the values of behaviour factor q obtained from Eq.2.2.

It is remark that in Eq.(2.3) the over-strength contribution (qS) due to all

other sources (i.e. design over-strength factor) is not taken into account.

For this reason, Table 3.6 shows the values of behaviour factor q obtained

using Eq.(2.3) imposing a factor qS = 1.5.

Table 3.5: Values of q for different number of storey.

Storey Monolithic wall Segmented wall

N&H N2 N&H N2

Two 1.79 2.02 3.24 4.03
Four 1.71 1.85 3.32 3.99
Six 1.71 1.84 3.38 3.88

It is clear that more cases must be analysed in order to obtain realistic

values of the behaviour factor q to use in the seismic design, but two main

consideration can be done:

• buildings made by segmented walls are characterized by a greater
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Table 3.6: Values of q for different number of storey, using a design over-strength factor

equal to 1.5.

Storey Monolithic wall Segmented wall

N&H N2 N&H N2

Two 2.69 3.02 4.85 6.04
Four 2.56 2.78 4.98 5.98
Six 2.57 2.76 5.08 5.82

capacity to dissipate energy and greater global ductility than mono-

lithic wall structures;

• the use of segmented walls requires not only the knowledge of equi-

librium equations, but also real mechanical properties of anchor con-

nections and of the mechanical fasteners used to realise vertical

joints.

However, it is not easy to find real mechanical properties, as manu-

facturers do not supply them. At now, to know the mechanical behaviour

of connections for timber building, it is necessary to perform experimental

tests or find data from scientific literature.
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Abstract

The research presented in this paper investigates the behaviour

of cross-laminated timber (CLT) buildings under lateral seismic load-

ing. Speci�cally, has been studied the relationship between the global

building ductility and the ductility of the individual components by

means of non-linear static analyses. Firstly the analyses were per-

formed on a one-storey system, going from a single shear-wall to the

whole building. Then, the study was extended to multi-storey build-

ings in order to evaluate how the number of storeys a�ects the duc-

tility. In order to obtain suitable results, a large number of cases

were analysed by varying the values of some mechanical-geometrical
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parameters as the building plan, the seismic input and the ductility

of the base components.

Keyword: Cross-Laminated Timber buildings, Seismic analysis, Behaviour

factor, Timber buildings.

1 Introduction

Nowadays, the massive wood construction is one of the most used building

systems in North America, Japan, Australia and in particular in Europe,

where this technology was developed. The massive wood construction sys-

tem employs solid timber panels, called cross laminated timber (CLT or

X-Lam) to realize the structural part of the building (e.g. walls, �oor and

roof). Its di�usion is mainly due to two reasons: on one side, their out-

standing performance in terms of environmental sustainability both during

the erection phase and life-times; on the other side, their good load-bearing

behaviour to vertical and horizontal loads including earthquake impact [11].

Obviously without neglecting other fundamental aspects such as the light-

ness, the strength capacity and the natural redundancy in terms of walls

and connections, that make this construction system an excellent solution

for mid-rise and high-rise buildings. Despite the success and the quick spread

across Europe and in countries as USA and Canada, calculation methods are

not fully implemented in the Standard. In Europe its use is regulated only

by the European Technical Assessments (ETAs), while no provisions or de-

sign rules have been yet included in the Eurocode 5 [2] and Eurocode 8 [1].

The only provision on CLT structure are reported in the Austrian National

Annex to Eurocode 5 [3], but unfortunately no details for the seismic design

CHAPTER 3. DUCTILITY EVALUATION BY MEANS NON-LINEAR STATIC ANALYSIS

94



of CLT building have been included. Therefore, more e�orts need to be

made in terms of experimental researches and numerical models to provide

the engineers su�cient information to analyse all the aspects and complexity

of CLT buildings.

It should be noted that since 2015 the revision of the 8th chapter of the

Eurocode 8 [1] has been started by theWorking Group 3 of CEN/TC250/SC8

European committee [20]. A lot of researches (e.g. [13, 37, 31, 42]) were car-

ried out to investigate the seismic behaviour of CLT structures providing a

good starting point for the revision process.

This paper �ts into this research �eld, dealing the seismic behaviour

of CLT one- and multi-storey buildings by means of numerical parametric

analyses. For this, the main aims of this study are:

1. Establish a correlation between the local ductility of base-components

and the global ductility of the structure in order to understand how

the ductility of a CLT building is in�uenced by the behaviour of its

metal connections. In fact, the dissipation of seismic energy in timber

structure is generally achieved in mechanical connection due to the

brittle behaviour of wood material.

2. De�ne a new set of values of behaviour factor q to be used in the re-

sponse spectrum analysis. In the paper all the necessary contributions

(i.e. the ductility capacity and the over-strength of the structure) to

the de�nition of the behaviour factor are reported and described.

To obtain relevant outcomes a large number of case-study was analysed

by means of a Matlab®[27] code specially developed for this study. This

particular code works in conjunction with the software SAP2000®[14] in
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order to perform a parametric analysis in a semi-automatic way and to

reduce the time-consuming. The outcomes presented in this paper may

represent an important support and background for the de�nition of the

seismic requirements for the CLT building to be included in the Eurocode 8

[1].

2 Background

The most common and easiest method to perform a seismic design is a

modal linear analysis with a response spectrum. This method employs the

behaviour factor q to scale down the elastic response spectrum to the design

one. Generally, the values of q-factor are reported in the Seismic Standard

(that for Europe zone is the Eurocode 8 [1]) and they depend mainly on the

material, on the structural typology and on the intrinsic capability of the

structure to dissipate energy.

The provision for the seismic design of timber buildings are reported in

the chapter 8 of the Eurocode 8 [1]. However, the current version, pub-

lished in 2004, appears to be very concise and incomplete in many respects,

especially those concerning the design of structures built using new tech-

nologies such as the Cross-Laminated Timber (CLT) structures. For this

reason, it is important to investigate the behaviour of CLT buildings under

seismic action. A large overview of the seismic performance of CLT building

is reported in [23].

The behaviour factor q of CLT buildings was the focus of several research

projects. A short summary of the state-of-the art on the seismic behaviour

of CLT buildings is reported hereafter.
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2.1 Values of behaviour factor: scienti�c backgronud

The de�nition of the behaviour factor according to the Eurocode 8 [1] is

the following: �factor used for design purposes to reduce the forces obtained

from a linear analysis, in order to account for the non-linear response of a

structure, associated with the material, the structural system and the design

procedures�. From this de�nition it is clear that it is closely related to the

components that de�ne the structural system.

To assess the values of q-factor both experimental and numerical ap-

proaches (that involve several methods of analysis) can be used, see 1

Figure 1: Methods for the evaluation of the behaviour factor q.

The experimental methods are divided into two categories based on quasi-

static cycle tests and on full-scale shaking table tests. The full-scale shaking

table tests are used to evaluate the dynamic response of a whole building

and therefore the q-factor of the structure. While, the quasi-static cycle

tests are performed to de�ne the hysteretic behaviour of a wall or a single

connector to be used primarily as input in numerical analyses.

One of the �rst and most important studies on CLT buildings was con-

ducted by CNR IVALSA (Italy) as part of the SFOIE Project. In this project
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full-scale pseudo-dynamic tests of a one-storey [26] buildings and full-scale

shaking table tests of a three- [13] and a seven-storey [12] buildings were

carried out. A similar study was performed by Flatscher and Schickhofer

[18] on a three-storey buildings. The full-scale shaking table tests are cer-

tainly the most accurate, however the obtained value of the behaviour factor

is a�ected by the shape of the tested buildings and by the ground motion

record used in the experiments.

The high cost of experimental tests has meant that the numerical meth-

ods has played an important role in the assessment of the q-behaviour factor.

Numerical methods allow to analyse a large number of cases while keeping

costs low and saving time.

It should be noted that for how the behaviour factor is de�ned, the

only usable analyses are the non-linear ones, performed considering the

static or dynamic load conditions. For this reason, several results avail-

able in literature are based on the Finite Elements (FE) non-linear analyses

([30, 36, 34, 32, 33, 40]). These researches investigated the q-factor taking

into account the post-elastic capacity of the structure by varying one or more

parameters that de�ne the system such as the number of storeys, the prop-

erties of connections, the shape of the buildings, the panel con�gurations,

the applied load and so on.

According to the scienti�c references reported above, the q-behaviour

factor of CLT buildings is between 2.0 and 3.0. It should be noted that the

q-behaviour factor varies with the wall behaviour (monolithic or segmented)

adopted in the structure. In fact, the value of q-factor obtained considering

the segmented systems with narrow walls and vertical step joints is higher

than that obtained when monolithic walls are considered.
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2.2 Values of behaviour factor: seismic Standard pre-

scription

As reported above no prescription and any speci�c q-factor are reported

in the current version of Eurocode 8 [1] for CLT structures. Currently,

the CLT buildings are classi�ed as �glued wall panels with glued diaphragms

connected with nails and bolts�. For this reason, they fall within the Medium

Ductility Class (DCM) for which a q-factor equal to q = 2 is associated if the

regularity criterion in elevation is satis�ed. However, this value is not speci�c

for the CLT since the knowledge of the structural typology and the seismic

performance of these buildings had not been fully known to the publication

of the standard.

In this last years, the Chapter 8 of Eurocode 8 [1] has been revised by

the WG8 subgroup of the CEN/TC250/SC5 commission. They proposed a

draft of the Standard, based on scienti�c researches[20] in which the CLT

structures are diversi�ed into three classes: DCH (i.e. high capacity to

dissipate energy), DCM (i.e. medium capacity to dissipate energy) and DCL

(i.e. low capacity to dissipate energy). The DCH and DCM classes can be

applied if a dissipate behaviour is assumed in the design phase, namely

that the capacity design approach and the design rules must to be satisfy.

Otherwise, if the structure is designed with a non-dissipative behaviour,

the DCL class is assumed. The DCH class applies to structures built with

walls composed of several panels connected with vertical joints made with

mechanical fasteners, while the DCM class refers to structures built with

monolithic walls without vertical joints. In this draft, the values of q-factor

to use for DCH and DCM classes are equal to 2.0 and 3.0 respectively, while

the prescribed value for the DCL class is 1,5.
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Finally, it can be noted that CLT building are already mentioned in the

Canadian Standard CSA O86-14 [4]. For CLT buildings composed with seg-

mented walls, the Canadian Standard prescribes the same value of behaviour

factor (called reduction factor R), i.e q = 3, de�ned by the WG8 group. On

the contrary, the Canadian standard prescribes to use the low ductility class

for buildings composed with monolithic walls.

2.3 Determination of behaviour factor

As reported above, two methods can be used to assess the value of the be-

haviour factor, the experimental and numerical ones. Regarding the exper-

imental approaches the most used method employs the results of full-scale

shaking table tests, while the numerical approaches use the results of quasi-

static cycle tests in the non-linear analyses.

The evaluation of the q-factor by means of full-scale shaking table tests,

involves following steps:

� Design the building elastically (q=1) with a Peak Ground Acceleration

(PGAdesign) according with current legislation;

� Perform a full-scale shaking table test increasing the seismic accelera-

tion until the near-collapse status is reached;

� Evaluate the Peak Ground Acceleration (PGAnear-collapse) correspond-

ing to the near-collapse status;

� Assess the q-factor as the ratio between the PGAnear-collapse and the

PGAdesign
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The obtained value of q-factor takes into account all the parameters

that describe the structure, but it is strictly dependent on the seismic code

used to design the case study, on the geometry of the building and the

seismic record used in the shaking table test. Furthermore, to generalize

the behaviour factor, more tests with di�erent con�gurations and di�erent

seismic acceleration should be done.

The numerical approaches employ both the static and dynamic non-linear

analyses to evaluate the value of q-factor. All these methods are structured

as follows:

� Design the building with a q=1 (elastic behaviour) with a Peak Ground

Acceleration (PGAdesign) according with current legislation;

� Create the structure model based on the results of the experimental

tests;

� Perform static or dynamic non-linear analysis in order to de�ne the

seismic response of the structures.

The seismic response performed with non-linear analysis allows to investi-

gate a large number of cases and therefore to obtain a more reliable q-factor.

Two di�erent methods can be used to obtain the q-factor from dynamic non-

linear analyses. The �rst one is based on peak ground acceleration (PGA).

This method is very similar to the procedure used to the full-scale shaking

table test. The only di�erence is that the PGA near-collapse is calculated

by dynamic non-linear analyses. Therefore, the q-behaviour factor is deter-

mined as the ratio of the PGAs at the yielding and ultimate displacement

of the building. The second one is based on the Base Shear (BS) method.
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In this case the q-factor is obtained as the ratio between the shear base

obtained by a linear dynamic analysis and the shear-base evaluated with a

non-linear dynamic analysis. The value obtained is independent of the leg-

islation used to design the building, because it is calculated from the elastic

and inelastic response of the structure.

On the contrary, the de�nition of the behaviour factor by means the

non-linear static analysis employs the pushover method. This method in-

volves the bi-linearization of the load-slip curve obtained by keeping the

vertical loads �xed and monotonically increasing the horizontal ones. Two

well-known methods are reported in the literature for the evaluation of be-

haviour factor by means non-linear static analyses. The �rst one is called

N2 method and it was proposed by Fajfar in 1999 and 2000 (see [15, 16]).

The N2 method employs the building ductility, the characteristic period of

the ground acceleration and also the elastic period of the structure to eval-

uate the behaviour factor. According to [38] the N2 method show a good

ability to evaluate the behaviour factor for timber buildings. In addition,

this method was successfully applied to CLT structures in [22].

The second method was proposed by Newmark and Hall [28] in 1982.

Contrary to the N2 method, this method does not depend on the dynamic

properties of the structure, but only on the building ductility. For simplicity,

from now on this method will be called N&H method. The N&H method

was used in [35] to obtain a basic estimation of the q-factor of cross-laminated

timber walls. It can be noted that, generally, the N&H method is more

conservative than the N2 method.

According to Fajfar [17] the q-factor is the product of two factors: the qD

factor that considers the seismic deformation capacity and energy dissipation

CHAPTER 3. DUCTILITY EVALUATION BY MEANS NON-LINEAR STATIC ANALYSIS

102



capacity (in other word the ductility of the structure) and the qR factor that

considers the over-strength due to the redistribution of the seismic actions

in statically indeterminate structures.

(1) q = qD · qR

However, a new formulation of the behaviour factor is proposed in the

revision of Eurocode 8 [1]. The new formulation is very similar to the Fajfar

one, but in addition to the factors related to the building ductility qD and

the over-strength qR another factor qS is introduced to consider the over-

strength due to all other sources. According to the revision document the

q-factor is de�ned as following:

(2) q = qS · qD · qR

where the value of qS factor is �xed and equal to 1,5 while the other

two factors (i.e qD and qR) are obtained employing an equivalent energy

elastic-plastic (EEEP) approach as shown in Figure 2

Two consideration can be done: the �rst one is that if the factor qS

is set equal to 1,0 the same formulation proposed by Fajfar is obtained,

the second one is that when a non-dissipative behaviour in considered for

timber structures the value of behaviour factor is equal to 1,5 which coincides

precisely with the value of the factor qS.

Adopting the equivalent engy elastic-plastic (EEEP) approach the Eq.(2)

can be written as:

(3) q = qS · Vel,max

VEEEP

· VEEEP

Vel
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Figure 2: De�nition of the behaviour factor.

where Vel,max is the base shear obtained from an elastic analysis; Vel is

the basic cut corresponding to the achievement of the yield condition of the

�rst wall; VEEEP is the base shear determined using an EEEP approach.

All of the two methods above employ the ductility of the structure (µS)

in the evaluation of qD factor. According to the EEEP approach the ductil-

ity µS is the ratio between the ultimate displacement (δU) and the yield dis-

placement (δEEEP ) as reported in the Eq.(4). In an equivalent energy elastic-

plastic curve the yielding point is associated with the displacement relative

to the point of convergence between the elastic and the plastic branches

(δEEEP ).

(4) µS =
δU

δEEEP

According to the N2 method, qD factor is obtained from the following
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equation:

(5) qD =





(µS − 1) · T
∗

Tc
if T ∗ < Tc

µS if T ∗ ≥ Tc

where µS is the ductility of the structure as reported above; T ∗ is the

period of an equivalent SDOF system and Tc is the upper limit of the plateau

period in the response spectrum, depending on the ground types.

The N&H method employs the following formula to evaluate the qD

factor:

(6) qD =
√

2µS − 1

The incremental Dynamic Analysis (IDA) was proposed by Vamvatsikos

and Cornell [41] in 2001. This method can provide accurate estimates of

the complete range of the model's response, from elastic to yielding, then to

nonlinear inelastic and �nally to global dynamic instability. On the base of

IDA method, FEMA P695 [29] suggests an innovative methodology to eval-

uate the seismic performance, which include the behaviour factor,the system

over-strength factor, and the de�ection ampli�cation factor for seismic de-

sign. This methodology is an iterative process that employs the non-linear

static and dynamic analysis on a number of basic models which represent the

seismic force resisting systems. During the analysis the earthquake records

are systematically scaled in order to de�ne the collapse condition. In [30]

and [6] the FEMA [29] approach was adopted to evaluate the behaviour

factor of CLT buildings.
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As highlight above, the q-behaviour factor is closely dependent to the

system ductility and for this reason this research aims to investigate how

ductility changes with the parameters that describe the system.

3 Material and Methods

When modelling CLT structures, three numerical strategies can be adopted

for walls. The �rst one reproduces the wall with trusses and can hither ne-

glect or consider in plane deformations. Secondly, CLT wall can be simulated

using shell-elements. Both Multi-layer elements or orthotropic elements with

equivalent mechanical properties can be used. Moreover, the wall panel can

be modelled using solid elements, allowing for an exact de�nition of the

thickness and orientation of each board layer.

In a FE analysis, the mechanical connections can be modelled either with

truss beams or link elements based on their behaviour. To describe their

behaviour two assumption is used: uniaxial behaviour, when the connection

resist only in their primary direction, i.e. hold-down resists only to tension

forces and angle bracket resist only to shear forces, and biaxial behaviour

with or without an interaction domain when the connections are modelled

to resist both in tension and in shear.

In this study, the mechanical model used to perform the non-linear static

analyses, are de�ned as reported in the Figure 3.

The CLT panel are modelled with shell elements with an orthotropic

behaviour in which the equivalent mechanical properties are obtained by the

Homogenised, Orthotropic plane stress Blass reduced cross Section method

(HOBS) (see [7]. This method is based on the reduction of a multilayer to a
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Figure 3: Mechanical behaviour of wall elements.

single layer section using the coe�cient k3 and k4 reported in Eqs. (7) and

(8).

(7) k3 = 1−
(
1 − E90

E0

)
· am−2 − am−4 − . . .± a1

am

(8) k4 =
E90

E0

+

(
1 − E90

E0

)
· am−2 − am−4 − . . .± a1

am

Where E0 and E90 are the modulus of elasticity parallel and perpendic-

ular to the grain respectively, am is the total thickness of the panel a1 is

the thickness of the middle layer and ami is the overall thickness of the i-th

central layers of the panel as shown in Figure 4

The e�ective sti�ness used in the numerical model were evaluated by

Eq.(9).

(9)
E0,CLT = E0 · k3
E90,CLT = E0 · k4
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Figure 4: Terms for the evaluation of the mechanical properties of CLT.

To prevent the rocking and the sliding of the wall, the CLT panel is

connected to the ground or to wall below by two springs representing the

hold-downs and the angle-brackets. These connections are modelled with

element able to resist only to single force components, therefore the shear

sti�ness of the hold-downs and the tensile sti�ness of the angle brackets are

neglected. Due to the contact between the panel and the �oor underneath,

the hold-down behaviour is di�erent in tension and compression. Conse-

quently, their constitutive law is composed of a rigid branch in compression

and a non-linear behaviour in traction.

To take into account the panel-to-ground and the panel-to-panel con-

tacts, gap elements that work only in compression is used. For this element

the constitutive law comprises only a compression branch with a sti�ness

based on the compression resistance of the materials, therefore the tension

branch is taken with a null sti�ness. (see Figure ). In addition, the gap ele-

ment can be used to consider the friction between the base of the panel and

the underneath �oor. The friction has a crucial role in reducing inter-storey

drift, but it is usually neglected as it is tough to quantify and simulate.

In this study it is ignored according to the Eurocode 8 [1] which reports

that the friction should not be taken into account as resistance mechanism,

especially referring to seismic action.

Lots of advanced constitutive laws were adopted in the literature to re-
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produce the experimental behaviour of the connections. Nevertheless, the

choice fell on the elastic-perfectly plastic behaviour as it provides a sim-

ple yet reliable method. Several studies presented in literature shown how

the elastic-perfectly plastic behaviour is a good constitutive law to deter-

mine the mechanical properties of the timber connections. For example in

[8] the equivalent energy elastic-plastic (EEEP) method according to [25]

and ASTM E2126 [5] is used to determine the strength degradation and the

ductility capacity of timber connections. In [34] the energy approach was

adopted to de�ne the yielding point and the ductility of CLT walls from

full-scale cyclic tests. In [39] the EEEP method was used to establish an

analytical correlation between the base-components ductility and building

ductility of light timber frame buildings. Jorissen and Fragiacomo in [24]

highlighted the validity and importance of the EEEP method proposed by

Foliente [19] in determining the behaviour of timber connections.

The elastic-perfectly plastic behaviour of the springs representing the dif-

ferent mechanical connector, was taken according to the experimental tests

present in literature (e,g. [8]). This behaviour was chosen with the aim

to reduce the computational e�ort and to simplify the parametric analyses,

where a large number of case studies were considered. It is the authors' opin-

ion that this simpli�cation is acceptable in order to establish a correlation

between the local mechanical properties (e.g. strength, sti�ness and ductil-

ity) of each component (i.e. hold-downs, angle brackets and CLT panels)

and global behaviour of a CLT shear-wall.
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4 Non-linear analyses of one-storey shear-wall

and buildings

In this section the non-linear behaviour of one-storey buildings is examined.

Before analyse a complex entire building with several walls, the behaviour

of single and coupled shear-wall was investigated. This study was necessary

in order to understand how the local parameters a�ect the behaviour of the

shear-wall. For this a parametric analysis was performed and the obtained

results are reported and discussed below. Secondly, the results of parametric

analysis on some one-storey buildings are reported, paying special attention

on how the buildings ductility changes according to the di�erent ductility of

the mechanical connections. Due to the large number of cases to be analysed,

a Matlab®[27] code, that works together with SAP2000®[14] software, was

developed to perform the non-linear static analyses.

4.1 Single and couple shear-wall

To perform the NLS analyses, the models were created in SAP2000®[14]

according to as reported in the chapter 3. In particular to determine how

the mechanical properties of the components in�uence the global behaviour

of the wall, the NLS analyses were carried out by varying the following

parameters:

� The panels shape: three panel of 3 m high and height/width ratio of

0.5, 1 and 2 were analysed, see Figure 5;

� The panels interaction: three coupled shear-wall was studied by vary-

ing the length of the walls that compose the system. The analysed
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Figure 5: CLT panel shape.

cases are reported in Figure 6;

Figure 6: Couple walls con�guration.

� The ductility of connections: the following values of ductility were

selected for the angle brackets connections:

(10) µAB = [1.25; 1.50; 2.00; 2.50]

While the following values of ductility was used for the hold-downs:

(11) µHD = [1.50; 2.00; 2.50; 3.00]

A total of 224 di�erent cases were analysed considering a dead and a live

load equal to 3.50 kN/m2 and 2.00 kN/m2. An in�uence length of 3 m was

assumed so as to obtain the uniform load (kN/m) on the walls.
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The results on a single shear-wall show how the global ductility is strictly

related to the weakest component. In fact, when the hold-down is over-

resistant compared to the angle brackets, they reach the yield point �rst and

therefore determine the ultimate condition and analogously to the contrary

(see Table 1). This obvious behaviour re�ects that a single shear-wall is a

statically determined system (isostatic) as reported in [10]. Furthermore, it

can be noted that if the yielding occurs in the hold-down, the wall ductility

decreases with increasing the l/h ratio. In fact, if a wall with l/h ratio equal

to 0.5 is considered, the slip of the control point associated with an unitary

uplift of the hold-down is higher than that of a wall with l/h ratio equal to

2 see Figure 7.

Figure 7: Horizontal displacement of a wall with a unitary uplift.

The analyses on the couple shear-wall were carried out considering the

presence of a rigid �oor diaphragm in order to have the same horizontal

displacement. The seismic legislation requires that in seismic areas the �oor

is considered as a rigid element, for this reason the assumption of rigid

diaphragm can be applicable.

The results of coupled shear-wall (Table 2) show that the global ductility

is not generally correlated to the weakest element, but it is related to the

mechanical connection that reaches the yield condition �rst. The two walls
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Table 1: Ductility value for single CLT wall obtained by varying hold-down and angle

bracket ductility.

more than one angle brackets only one angle bracket

l/
h
=
0
.5

µAB
µHD

1.25 1.50 2.00 2.00 1.25 1.50 2.00 2.50

1.50 1.77 (HD) 1.77 (HD) 1.77 (HD) 1.77 (HD) 1.61 (HD) 1.61 (HD) 1.61 (HD) 1.61 (HD)
2.00 2.17 (HD) 2.17 (HD) 2.17 (HD) 2.17 (HD) 2.06 (HD) 2.06 (HD) 2.06 (HD) 2.06 (HD)
2.50 2.66 (HD) 2.66 (HD) 2.66 (HD) 2.66 (HD) 2.51 (HD) 2.51 (HD) 2.51 (HD) 2.51 (HD)
3.00 3.12 (HD) 3.12 (HD) 3.12 (HD) 3.12 (HD) 2.95 (HD) 2.95 (HD) 2.95 (HD) 2.95 (HD)

l/
h
=
1
.0 1.50 1.68 (HD) 1.68 (HD) 1.68 (HD) 1.68 (HD) 1.54 (AB) 1.68 (AB) 1.97 (AB) 2.26 (AB)

2.00 2.14 (HD) 2.14 (HD) 2.14 (HD) 2.14 (HD) 1.54 (AB) 1.68 (AB) 1.97 (AB) 2.26 (AB)
2.50 2.50 (HD) 2.50 (HD) 2.50 (HD) 2.50 (HD) 1.54 (AB) 1.68 (AB) 1.97 (AB) 2.26 (AB)
3.00 2.71 (HD) 2.71 (HD) 2.71 (HD) 2.71 (HD) 1.54 (AB) 1.68 (AB) 1.97 (AB) 2.26 (AB)

l/
h
=
2
.0 1.50 1.54 (HD) 1.54 (HD) 1.54 (HD) 1.54 (HD) 1.29 (AB) 1.47 (AB) 1.84 (AB) 2.22 (AB)

2.00 1.69 (HD) 1.69 (HD) 1.69 (HD) 1.69 (HD) 1.29 (AB) 1.47 (AB) 1.84 (AB) 2.22 (AB)
2.50 1.79 (HD) 1.79 (HD) 1.79 (HD) 1.79 (HD) 1.29 (AB) 1.47 (AB) 1.84 (AB) 2.22 (AB)
3.00 1.96 (HD) 1.96 (HD) 1.96 (HD) 1.96 (HD) 1.29 (AB) 1.47 (AB) 1.84 (AB) 2.22 (AB)

(#) mechanical connector that yields �rst; HD: Hold-Down, AB: Angle Bracket

constitute a statically indeterminate system, and therefore when a mechani-

cal connection of a wall is in the plastic branch the system can still increase

the horizontal load. This does not happen in a single shear-wall since the

attainment of the ultimate condition in the mechanical connection de�nes

the failure of the global system. It can be noted that in agreement with the

results and with what reported in [39] the ductility of a coupled shear-walls

is always equal or higher than the smallest ductility on the single wall that

compose the system

Table 2: Ductility values for coupled shear-walls.

l/h

µHD 0.5+1 0.5+2 1+2

1.50 1.83 1.55 1.54
2.00 2.15 1.72 1.69
2.50 2.52 1.85 1.80
3.00 2.72 1.98 1.97
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4.2 One-storey building

The building analysed is one-storey house approximately square in plane,

measuring 21.62 m by 18.40 m. The building simplicity and the plan reg-

ulation allow to neglect the torsional e�ects on the walls force distribution.

As de�ned in the previous section the �oor diaphragm was assumed as rigid.

Figure 1 shows in plan the seismic-resistant walls, di�erentiating those in the

X and Y direction. According to Eurocode 8 [1] the partition-walls are con-

sidered as secondary seismic members, so they are not accounted for seismic

resistance.

In order to re�ect a real case, a dead and live load equal to 1.50 kN/m2

and 2.00 kN/m2 was considered in the analyses.

To carried out the analysis, �rstly the buildings were designed through

the linear static analysis considering a value of the elastic response spectrum

SE(T ) = 0.35g and a behaviour factor q = 2, secondly the NLS analyses were

performed in order to obtain the global ductility of the buildings.

Figure 8: One-storey building plan.
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A total of 32 di�erent con�gurations were analysed by varying the hold-

down ductility and the angle-bracket ductility as reported in Eqs. (10) and

(11).

The Table 3 and Table 4 show the values of the global ductility of building

for the X and Y directions. In all con�guration the building ductility is

dependent on the hold-down ductility, in fact the failure is always governed

by the hold-down and consequently the angle brackets connections do not

in�uence the global ductility.

Table 3: Value of building ductility, X direction.

µHD µAB

1.25 1.50 2.00 2.50

1.50 1.60 1.60 1.60 1.60
2.00 1.68 1.68 1.68 1.68
2.50 1.79 1.79 1.79 1.79
3.00 2.00 2.00 2.00 2.00

Table 4: Value of building ductility, Y direction.

µHD µAB

1.25 1.50 2.00 2.50

1.50 1.39 1.39 1.39 1.39
2.00 1.59 1.59 1.59 1.59
2.50 1.75 1.75 1.75 1.75
3.00 2.08 2.08 2.08 2.08

Generally, the angle brackets are designed in a su�cient number to ab-

sorb the all shear-force due to the seismic action, remaining in the elastic

�eld. This design methodology leads to the realization of very rigid connec-

tions respect to shearing actions and therefore the rigid translation of the

wall can be considered negligible to the other deformation contributions.
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This assumption can be considered as valid according to [21] in which is re-

ported that the yield of hold-down is preferable to that of the angle brackets.

This because, due to a rigid rotation of the wall caused by horizontal force,

the wall returns to its initial position thanks also to the vertical load applied.

For this reason, the only damage caused by the yielding of the hold-down

can be solved by replacing the connections. On the contrary, this not hap-

pen if the yielding of the angle brackets occurs, where there is a permanent

residual deformation.

From the previous results, the need to adopt a capacity design approach

is emphasized in order to avoid permanent horizontal displacement under

seismic load. This means to design the angle-brackets with a su�cient over-

strength so that the energy dissipation occurs in the hold-downs. The cur-

rent version of Europe Seismic Standard o�ers no speci�c provision for the

design of CLT buildings, therefore a general overview on the capacity design

for CLT structures can be found in [25, 5, 39].

5 Non-linear analyses of multi-storey shear-walls

and buildings

The analyses of one-storey CLT buildings highlight that to avoid a ultimate

permanent slip, the hold-downs connections must reach the yielding point

before the angle brackets connections that must remain in the elastic �eld.

This means that the angle brackets connections must be designed according

to the capacity design approach.

In this section the behaviour of multi-storey shear-walls and building is

investigated taking into account that the energy dissipation occurs in the
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hold-down connections.

5.1 Multi-storey shear-wall behaviour

The analyses presented in this section have as their objective the evaluation

of the global ductility by varying the hold-down ductility (in the range re-

ported in Eq.(10)) and the number of storey from two to eight. In order

to make the analyses more realistic, two loading conditions were considered:

the �rst one concerns the last �oor (the roof) in which a dead and a live

load equal to 1.50 kN/m2 and 2.00 kN/m2 was suppose and the second one

regards the intermediate �oors in which a dead and a live load equal to

3.50 kN/m2 and 2.00 kN/m2 was assumed.

In this set of case-study, �rstly a linear static analysis was performed in

order to choose the strength of the hold-down positioned on each storey and

secondly a pushover analysis was carried out to assess the global ductility of

the system.

In Table 5 and Figure 9 are reported the values of the system ductility

for di�erent number of storey and hold-down ductility. The �rst considera-

tion that can be done is that the ductility of the system increases with the

increasing ductility of the hold-downs connections.

The second consideration is that, except the two-storey system, the sys-

tem ductility decreases when the number of storeys increases. This be-

haviour is due to the fact that the failure mechanisms involves generally the

�rsts storey, while the lasts ones remain in the elastic range. Therefore, it

is complex to ensure the spread of the ductility in many storey due to the

larger over-strength in the upper storey. Regarding the two-storey system,

the value of ductility is lower than the ductility of the three-storey system
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Table 5: System ductility of a multi-storey shear-wall.

# storey µHD

1.50 2.00 2.50 3.00

2 2.31 2.73 3.15 3.48
3 3.10 3.51 3.98 4.45
4 3.09 3.41 3.82 4.17
5 2.91 3.40 3.69 3.98
6 2.33 2.74 2.88 2.95
7 1.81 1.97 2.13 2.22
8 1.62 1.70 1.78 1.87

Figure 9: One-storey building plan.

because only the hold-down at the ground level yields.

Furthermore, it should be noted that the multi-storey shear-walls is a

statically determinate system unless two or more wall-panels placed to the

same storey work together. Since the connections are characterized by an

elastic-perfectly plastic constitutive law, the system reaches its ultimate con-

dition when at least one connection yields.

Ductility maximization is achieved by designing hold-downs so that they

all yield before the system reach the ultimate condition. To prove this

statement, it can be noted that in case where all hold-downs yield the multi-
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storey shear-wall is characterized by a greater displacement (and so a greater

value of system ductility) than in the case only one hold-down reaches the

yielding condition, see Figure 10.

Figure 10: Comparison of the mechanical behavior of CLT walls: (a) yielding of the
hold-down at the ground �oor; (b) yielding of all hold-down.

5.2 Behaviour of multi-storey buildings

In this section the results of multi-storey building is presented in order to de-

termine the values of global ductility and the over-strength (OSR) achieved

by the CLT structure. The system ductility was obtained as proposed in

the section 2.2 that is how the ratio between the ultimate and the yielding

displacement of the equivalent structural system with a one degree of free-

dom (SDOF). The OSR was de�ned as the ratio between the ultimate load

of the SDOF system and the load where the �rst wall reaches the yielding.

A large number of case-study were analysed in order to obtain a reli-

able values of system ductility, OSR and behaviour factor. As in the pre-

vious cases, the parametric analyses were performed using the interaction
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between the SAP2000®[14] and Matlab®[27] software. The NLS anal-

yses were carried out on three CLT buildings (see Figure 11 ) by vary-

ing the number of storey from two to eight and the hold-down ductility

(muHD = 1.50; 2.00; 2.50; 3.00). To limit the torsional e�ects three ap-

proximately symmetrical geometries were chosen. The geometric charac-

teristics of the buildings are shown in the Table 6. All buildings were

designed assuming four seismicity levels (with peak ground acceleration

ag = 0, 05g; 0, 15g; 0, 25g; 0, 35g) and a behaviour factor q = 2.00. Two

load condition were considered: a dead and a live load equal to 1.50 kN/m2

and 2.00 kN/m2 was assigned to the upper �oor (roof), while dead and a live

load equal to 3.50 kN/m2 and 2.00 kN/m2 was assumed for the intermedi-

ate �oor. The angle brackets connections were designed to behave elastically

according to the capacity design approach presented in [9].

Table 6: Geometrical properties of the analysed buildings.

Area Perimeter W dir X W dir Y Length X Length Y
[m2] [m] [m] [m] [m] [m]

Building 1 394 81 19 21 58.9 72.2
Building 2 275 66 17 15 49.3 40.3
Building 3 493 113 24 26 79.6 87.3

W dir X: number of shear-wall in X direction, W dir Y: number of shear-wall
in Y direction

A total of 768 analyses were performed and the results are brie�y reported

herein. Table 7 shows the global building ductility to vary of the hold-down

ductility and the number of storeys. It is immediately apparent that, as

observed in the section 5.1, the global ductility decreases as the number of

storeys increases.

The OSR values were determined for each case analysed and they are
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Figure 11: Building plans.

Table 7: Lowest and mean values for the building ductility.

Storey µHD = 1.50 µHD = 2.00 µHD = 2.50 µHD = 3.00

L.V. M.V. L.V. M.V. L.V. M.V. L.V. M.V.

2 1.75 1.98 1.87 2.17 2.10 2.39 2.25 2.61
3 1.78 2.04 1.85 2.22 1.94 2.38 2.05 2.36
4 1.46 1.99 1.59 2.12 1.59 2.24 1.59 2.05
5 1.30 1.88 1.38 1.98 1.40 2.09 1.40 1.78
6 1.35 1.83 1.39 1.90 1.46 1.98 1.52 1.69
7 1.40 1.81 1.44 1.84 1.50 1.90 1.57 1.72
8 1.46 1.78 1.49 1.82 1.54 1.84 1.61 1.77

L.V. lowest value, M.V. mean value

reported in Table 8. It should be noted that the value of OSR do not

depend on the hold-down ductility, but they are related to the number of
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storeys. The values of OSR show an opposite behaviour respect to the global

ductility, in fact, generally they increase with the number of storeys.

Table 8: Value of over-strength factor qR.

qR

Lowest value 1.06
Mean value 1.16
Highest value 1.35

6 Evaluation of the behaviour factor q

All NLS analyses carried out on multi-storey buildings were used to de�ne a

set of values of behaviour factor to be adopted in the seismic design of CLT

structures. The contributions related to the ductility capacity (qD) and

to the over-strength ratio ORS (qR) were determinate according to the N2

and N&H methods described in section 2.2. Table 9 shows the values of the

ductility capacity (qD) obtained by the two procedures mentioned. It should

be noted that the values of the ductility capacity qD are closely related to the

values of the ductility of the system, therefore it is not surprising that they

exhibit similar behaviour. In fact, for both methods, the qD values decrease

as the number of storeys increases. It is also possible to notice that in CLT

buildings the period of the equivalent SDOF system (T ∗) is higher than the

transition period (TC) and this leads to consider only the second formulation

in Eq.(5). This means that the value of ductility capacity coincides with the

system ductility.

Table 10 shows the values of behaviour factor q obtained from Eq.(5) ac-

cording to the N2 method proposed in [17] (i.e. assuming qS = 1). However,
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this formulation does not take into account the over-strength contribution

due to all other sources (i.e. design over-strength factor). For this reason, in

Table 11 are reported the values of behaviour factor q evaluated by imposing

a factor qS = 1, 5.

Table 9: Values of ductility factor qD for N&H and N2 methods.

G.T. µHD = 1.50 µHD = 2.00 µHD = 2.50 µHD = 3.00

N&H N2 N&H N2 N&H N2 N&H N2

A L.V. 1.26 1.30 1.32 1.38 1.34 1.40 1.34 1.40
M.V. 1.67 1.90 1.72 2.01 1.78 2.12 1.84 2.23

B L.V. 1.26 1.30 1.32 1.38 1.34 1.40 1.34 1.40
M.V. 1.67 1.90 1.72 2.01 1.78 2.12 1.84 2.23

C L.V. 1.26 1.30 1.32 1.38 1.34 1.40 1.34 1.40
M.V. 1.67 1.90 1.72 2.01 1.78 2.12 1.84 2.23

D L.V. 1.26 1.30 1.32 1.38 1.34 1.40 1.34 1.40
M.V. 1.67 1.90 1.72 2.01 1.78 2.12 1.84 2.23

E L.V. 1.26 1.30 1.32 1.38 1.34 1.40 1.34 1.40
M.V. 1.67 1.90 1.72 2.01 1.78 2.12 1.84 2.23

G.T. Ground Type, L.V. lowest value, M.V. mean value

Table 10: Values of behaviour factor q for di�erent hold-down ductility, according to

Eq.(1).

µHD = 1.50 µHD = 2.00 µHD = 2.50 µHD = 3.00

N&H N2 N&H N2 N&H N2 N&H N2

L.V. 1.40 1.44 1.52 1.59 1.54 1.61 1.54 1.61
M.V. 1.83 2.09 1.99 2.31 2.12 2.51 2.23 2.70

Knowing that the hold-down connections on the market present a ductil-

ity in the range of 1 to 2.5, an average lower value equal to 2.32 and a mean

value equal to 3.46 can be obtained. For this reason, a value of q = 2.50 is

suggested for the CLT buildings when the energy dissipation is ensured by

the yielding of the hold-down connection.

CHAPTER 3. DUCTILITY EVALUATION BY MEANS NON-LINEAR STATIC ANALYSIS

123



Table 11: Values of behaviour factor q considering the additional over-strength contribu-

tion qS = 1.5.

µHD = 1.50 µHD = 2.00 µHD = 2.50 µHD = 3.00

N&H N2 N&H N2 N&H N2 N&H N2

L.V. 2.10 2.16 2.29 2.38 2.31 2.41 2.31 2.41
M.V. 2.74 3.13 2.98 3.47 3.18 3.77 3.35 4.06

7 Conclusions

This paper presents the results of the non-linear static analyses of Cross-

Laminated Timber buildings. The main objective of the research was to

investigate the behaviour of multi-storey CLT buildings in order to evaluate

how the building ductility is a�ected by the base-components that de�ne

it and propose a new set of values for the behaviour factor q to be use in

the common seismic design. A parametric approach was used to analyse a

large number of case-study. The entire connections were modelled by non-

linear link with an ideal elastic-perfectly plastic behaviour, while the CLT

panel was modelled as elastic behaviour. In the multi-storey buildings, to

ensure no permanent horizontal deformation after seismic event, the angle-

brackets were design with an over-strength respect to hold-down connections

according to the capacity design approach.

From the non-linear analysis of the coupled walls it was noted that the

behaviour of the system is closely related to the behaviour of the components

that reach the yield point �rst. In the same section the results of one-storey

building were presented. The analysis shows how the building ductility is

dependent on the ductility of the mechanical connection used in the struc-

ture. It was also noted that generally the angle-brackets are designed in

a su�cient number to absorb the all shear-force due to the seismic action,
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remaining in the elastic �eld.

In the second part of this paper the non-linear analyses of multi-storey

shear-walls and buildings were presented. Regarding the multi-storey shear-

walls it was observed that the building ductility decrease as number of

storeys increases due to the fact that the failure mechanisms involves gen-

erally the �rsts storey, while the lasts ones remain in the elastic range. On

completion of the study, the analyses were extended to full-scale buildings

in order to obtain the necessary values to evaluate the behaviour factor q of

the structures.

The behaviour factor was evaluated by mean of two methods available

in literature. The obtained values vary around q = 2.50, therefore for this

reason the authors suggest using this value for CLT buildings with mono-

lithic walls. To con�rm the obtained result Incremental Dynamic non-linear

analysis (IDA) will be carried out in the next future on a representative

case-study.
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Chapter 4

Seismic low-cycle fatigue

strength of timber connections

4.1 Introduction

The analysis and the design of Cross Laminated (CLT) or Light Frame

(LFT) Timber buildings require the knowledge of the seismic mechanical

behaviour of timber connections.

How reported in Section 3, the ductility of connections is one of pa-

rameters that influence the global ductility of the structure. As noted,

the greater the ductility value of the connections used in the building, the

greater the ability of the structure to deform in the plastic field and with it

the dissipative capacity. In fact, in timber structures, the seismic energy

dissipation is ensured by the yielding in bending of mechanical (steel) con-

nection devices, due to the brittle nature of wood material which behave
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elastically. As a result, mechanical connections have to be designed in

order to show adequate low-cyclic fatigue strength, developing plastic de-

formations with medium-to-high amplitude when subjected to cyclic loads.

The plastic-deformation of a connection is strictly related to the seismic

energy dissipation and is generally called ductility. The ductility capacity µ

of timber connection is defined as the ratio between displacement at the

ultimate condition vu and displacement at the yield condition vy, Eq.(4.1).

These two slip contributions are determined by means of a quasi-static cy-

cle test carried out through a displacement controlled loading procedure

that involves displacement cycles grouped at incrementally increasing dis-

placement levels as function of the monotonic yielding displacement vy,m,

(4.1) µ =
vu
vy

The concept of ductility is recognized by the scientific community, how-

ever the method to perform the cyclic test and to define the yield defor-

mation is not clear. In fact, each Standard document provides its own

definition in carrying out cyclic tests and in processing data, obtaining a

considerable variation of ductility capacity values.

In order to guarantee high levels of energy dissipation, connections

must be capable to maintain a constant level of load under repetition of

medium-to-high amplitude plastic deformations. In European Standard

for cyclic testing of joints in timber structures (EN12512), this capacity is

usually determined by measuring the impairment ∆F in the load between

the Envelope Load-Slip Curves (ELSCs), see Figure 4.1, related to the 1st

and 3rd cycle when attaining a given slip amplitude v.

134



CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

Figure 4.1: Envelope Load-Slip Curves (ELSCs) in quasi-static cyclic hysteresis loops

of dowel-type fastener connections.

It should be noted that to ensure a large amount of energy dissipation

high ductility values associated with low strength degradation must to be

reach. For this reason, the low-cycle fatigue strength is a key-parameter

in the definition of seismic behaviour of timber connections. However,

the current cycle test Standards do not take into account the influence of

strength degradation in the determination of ultimate displacement used

to evaluate the ductility capacity. In fact, the ductility and the strength

degradation are considered as independent parameters, without a spe-

cific reference to what is requested inside European Seismic Standard

(Eurocode 8).

In this section a new proposal of test procedure for timber connec-

tions is presented. The innovative aspect is that this novel methodology

defines an interaction between the strength degradation and the ductility
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capacity. To support this proposal, results obtained from four experimental

campaigns on different types of connection are discussed and analysed.

4.2 Evaluation of ductility capacity and strength

degradation

The seismic demand in terms of low-cycle fatigue strength for dissipative

connection is mentioned in the 8th chapter of Eurocode 8 that report:“the

dissipative zones shall be able to deform plastically for at least three fully

reversed cycles at a static ductility ratio of 4 for ductility class Medium

(DCM) structures and at a static ductility ratio of 6 for ductility class High

structures (DCH), without more than a 20% reduction of their resistance”.

If the ductility requirement is clear (4 or 6 depending on the ductility class

of the structure), it is not the same for the request related to the 20%

“reduction of their resistance” for which two different interpretation can

be given. The first one can be intended as the lost strength along the

softening branch of the 1st ELSC curve. This interpretation is consistent

with the procedure used to obtain the ultimate displacement to a value of

load equal to the 80% of the maximum force; however, in this case the

impairment of strength ∆F would not be taken into account. The second

interpretation can be intended as the impairment of strength between the

1st and the 3rd cycle at a value of slip corresponding to the requested duc-

tility capacity. This last explanation would be consistent with the “short”

procedure presented in the current version of EN12512 where only three

cycles at the same amplitude of displacement are performed to calculate
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the impairment of strength ∆F .

In the current version of EN12512 no reference to the seismic demand

in terms of low-cycle fatigue strength of Eurocode 8 is reported.

Different methods can be used to determine mechanical properties

from cyclic testing. However in this study the method reported in the

EN 12512, Kobayashi and Yasumura (K&Y) and the ASTM E2126 are

adopted to evaluate the ductility capacity and the strength degradation.

All of these three approaches define the ultimate condition vu as: i)

the failure of the specimen or ii) the displacement related to the 80% of

maximum force in the softening branch. For the EN12512, there is an ad-

ditional ultimate condition that is the reaching of a displacement equal to

30 mm. At the contrary three different methods are proposed to determine

the yield displacementvy.

In the EN12512 the yield displacement can be obtained by two differ-

ent procedures depending on whether the 1st ELSC has or does not have

two well-defined, see Figure 4.2

K&Y and ASTM E2126 apply the Equivalent Energy Elastic.Plastic

(EEEP) method to derive the yield displacement vy and the ductility µ. The

EEEP curve is obtained equating the area under the 1st ELSC from zero

to the ultimate displacement and the area limited by two straight lines: the

inclined line stand for the EEEP stiffness and the horizontal line stand for

the EEEP load FEEEP .

In Figure 4.3 and Figure 4.4 are respectively reported methods to de-

termine the EEEP curve (and so the yield displacement) for K&Y and

ASTM E2126 procedures.
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(a) (b)

Figure 4.2: Determination of the yield point and ductility according to EN 12512:(a)

Method A and (b) Method B.

(a) (b)

Figure 4.3: Determination of the yield point and ductility according to K&Y.

To take into account the strength degradation in the evaluation of duc-

tility capacity of timber connections a new methodology is proposed. In

detail, an additional condition based on strength degradation is consid-

ered in the definition of the ultimate displacement. The proposal is divided

into following steps:

Step 1 A monotonic test is carried out on the specimen. In this phase
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Figure 4.4: Determination of the yield point and ductility according to ASTM E2126.

the yielding displacement is calculated according only to the method B

of EN12512. Evaluation of the nominal strength FN as the maximum

value of load for value of the displacement lower than 15 mm according to

EN26891.

Step 2 A cyclic test is carried out in order to determine the yield vy and

the ultimate vu displacement according to one of procedures presented

above.

Step 3 The degradation ultimate displacement vu,deg is introduced to

take into account the impairment of strength between the 1st and 3rd

ELSCs (see Figure 4.5).

(4.2) vu,deg = min [vu; v(ηdeg = ηdeg,lim)]

where the ηdeg is the impairment of strength and ηdeg,lim is a certain value

of the impairment of strength factor (ηdeg,lim ∈ [0, 1])

Step 4 Check that the value of the strength of the 1st ELSC evaluated

at the displacement equal to vu,deg is greater than 80% of the nominal

strength FN of the connection. In this regards, a limit value is introduced
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(a) (b)

Figure 4.5: Determination of the degradation ultimate displacement.

as reported in Eq.(4.3) and in Figure 4.6.

(4.3) f̃deg(vu,deg) =
F1(vu,deg)

FN

≥ f̃deg,lim

(a) (b) (c)

Figure 4.6: Verification of the cyclic strength related to the 1st ELSC; Eq.(4.3) satisfied

at the value of vu,deg, (a); Eq.(4.3) satisfied at the value of displacement lower than the

value of vu,deg,(b); Eq.(4.3) not satisfied, (c).

Step 5 Evaluate the ductility capacity Eq.(4.4) as the ratio between the

degradation ultimate displacement vu,deg and the yield displacement vy

(4.4) µdeg =
vu,deg
vy
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4.3 Experimental tests

An experimental campaign was carried out specifically for this study at the

Institute for BioEconomy - IBE of the National Research Council of Italy

(CNR)

The experimental campaign was performed on three categories of

connections: timber-to-timber connections with screws, timber-to-timber

connections with dowels and steel-to-timber connections using hold-down

elements. For all three categories, timber elements were made using 3-

layer CLT panels, with a thickness of 100 mm (33V-34H-33V). Geometric

characteristics of specimens for each configuration are shown in Table

4.1.

Figure 4.7: Test set-up for screws, dowels and hold-down.

Double-shear plane tests were carried out using fastener lengths of

300 mm for screws and 280 mm for dowels. Three different diameters,

respectively equal to 6, 8 and 10 mm, were used for screw tests while a

diameter of 12 mm was adopted for dowel tests.

Tests on hold-downs were characterized by a symmetric double layout.

Hold-downs with thickness of steel plate equal to 3 mm, were connected
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Table 4.1: Geometric and mechanical Properties of the specimens adopted in the ex-

perimental campaign.

Test Fasteners Element 1 Element 2

VL6_1
VL6_2

VL - 6 x 300 mm
-n.5 - sp: 160 mm

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

VL8_1
VL8_2

VL - 8 x 300 mm
-n.5 - sp: 160 mm

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

VL10_1 VL - 10 x 300 mm
-n.5 - sp: 160 mm

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

SP_1 SP - 12 x 280 mm
-n.5 - sp: 160 mm

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

Test Fasteners Hold-down Timber element

HD_AN_1 AN - 4 x 60 mm -
n.30 - sp: 20 mm

2 Hold-down -
S275 - t: 3 mm -
440x60x63 mm

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

HD_AN_2 AN - 4 x 60 mm -
n.20 - sp: 20 mm

2 Hold-down -
S275 - t: 3 mm -
440x60x63 mm

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

HD_AN_3 AN - 4 x 60 mm -
n.45 - sp: 20 mm

2 Hold-down -
S275 - t: 3 mm -
540x60x63 mm

CLT - t: 100 mm-
α = 0 - in = 90-
ρ = 420 kg/m3

to the CLT panel by means of ring nails 4x60 mm. Hold-down tests were

performed by varying the number of nails (i.e. 20, 30 and 45).

4.3.1 Test set-up

The test set-up used during the experimental campaign (see Figure 4.8)

was conceived in order to be able to apply a monotonic or cyclical action
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to the specimens. A brief description of how the set-up works and com-

ponents with which it was assembled is proposed below. The load was

applied using the material testing machine INSTRON LPM002 equipped

with a ± 250 kN load cell. To ensure the support of the specimen, two

UPN 240 steel beams were added to the standard configuration. CLT

panels were fixed to the testing machine by the use of 4 external vertical

steel bars M24 and with transversal steel profile placed on the top of the

two wood elements. Through this set-up, the internal element was free to

move in the vertical direction.

(a) (b)

Figure 4.8: Test set-up: (a) for screws and dowels, (b) for hold-downs.

4.3.2 Measuring instrument

Load cell

To measure the load applied during tests, the load cell supplied with test-
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ing machine was used. The load cell is installed on the mobile element of

machine as shown in Figure 4.9.

Figure 4.9: Load cell installed on the testing machine.

Displacement transducer

Transducers HBM WA-T 100 were used to monitor the relative displace-

ment. In the test set-up, these instruments are identified with the term

"LVDT" (Linear Variable Differential Transformer). In Table 4.2 are re-

ported the technical specifications.

Figure 4.10: Displacement transducer.
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Table 4.2: Displacement transducer specifications.

Nominal displacement [mm] 100
Nominal sensitivity [mV/V] 80
Characteristic tolerance % ±1
Linearity deviation % ≤ ±2 to ≤ ±1
Nominal temperature range [°C] −20÷+80
Carrier frequency [kHz] 4.8± 1
Degree of protection IP67

4.3.3 Test Protocol and Data process

The test protocol and the data process are in accordance with the pro-

posal of revision of the EN12512 “Timber structures – Test methods –

Cycling testing of timber connections and assemblages for seismic de-

sign” presented in this section. The definition of mechanical parameters

is in accordance with the terminology included in the draft version of the

revision document of the European Standard EN 1998-1.

The test procedure is divided in 2 phases:

Phase 1: Monotonic test

A monotonic test was carried out according to EN 26891 and EN584. The

ultimate displacement was defined as the minimum value between the

displacements corresponding to:

a) Failure;

b) the displacement related to the 80 % of the maximum load Fmax in

the softening branch;

c) displacement equal to 30 mm;
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According to the revision document of EN12512 the equivalent energy

elastic-plastic (EEEP) approach was used to determine the monotonic

yielding displacement vy,m to be use as reference value in the relevant

cyclic test (see Figure 4.11).

Figure 4.11: Data of monotonic test.

For some cyclic tests, the monotonic yielding displacement vy,m, was

calculated from the EEEP curve, see Figure 4.12, replacing the condi-

tion c) “30 mm” with the condition c) “maximum displacement achieved in

monotonic test”. The ultimate displacement was defined as the minimum

value between displacements corresponding to:

a) Failure;

b) the displacement related to the 80% of the maximum load Fmax in

the softening branch;

c) maximum displacement achieved in monotonic test;

It should be noted that for specimens without either failure or impair-

ment of strength, the choice of ultimate displacement can have an influ-
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Figure 4.12: Data of monotonic test.

ence of the calculation of the monotonic yielding displacement vy,m and

consequently on the cycle test protocol.

Phase 2: Cyclic test

The displacement-controlled loading procedure that involved displacement

cycles grouped in phases at incrementally increasing displacement lev-

els was defined as function of the monotonic yielding displacement vy,m

(±10%) from phase 1. The loading schedule consists of two displacement

patterns. The first displacement pattern consists of two single fully re-

versed cycles of amplitude of 0.2 and 0.4 times of the monotonic yielding

displacement vy,m (±10%) and three steps, each containing three fully re-

versed cycles of equal amplitude at displacements 0.6, 0.8 and 1.0 times

of the yielding displacement vy,m (±10%). The second displacement pat-

tern consists of steps, each containing three fully reversed cycles of equal

amplitude at displacements 1.5, 2,. . . , j-1, j times of the yielding displace-

ment vy,m (±10%). Displacement rates of pattern 1 and pattern 2 are

defined in Table 4.3.
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Table 4.3: Cyclic test protocol.

Pattern Step Number of cycles Amplitude

1 1 1 0.2 vy,m
2 1 0.4 vy,m
3 1 0.6 vy,m
4 3 0.8 vy,m
5 3 1.0 vy,m

2 6 3 1.5 vy,m
7 3 2.0 vy,m
8 3 3.0 vy,m
9 3 4.0 vy,m
10 3 5.0 vy,m
11 3 6.0 vy,m

Figure 4.13: Cyclic test protocol.

For each test the 1st, 2nd and 3rd ELSC curves were determined. After

that the impairment of strength (see Figure 4.14) was calculated as the

ratio between the load value to 3rd cycle F3(v) and the load related to the

1st cycle F1(v) at the same displacement, see Eq.(4.5).

(4.5) ηdeg(v) =
F3(v)

F1(v)
≤ 1

The ultimate displacement vu was obtained in accordance to the cur-

rent Standard criteria. After calculating the degradation ultimate displace-
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Figure 4.14: Impairment of strength vs displacement.

ment vu,deg as reported in Eq.(4.2) and verifying that the ratio f̃deg was

greater than the imposed limit value f̃deg,lim as reported in Eq.(4.3) the

values of ductility were determined with the Eq.(4.4) (see Figure 4.15).

(a) (b)

Figure 4.15: Yield and Ultimate displacement on the elastic-plastic curves determined

according to: (a) EN12512 and (b) K&Y/ASTM E2126.
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4.3.4 Test results

Test results are reported in the Appendix B. Tests were analysed accord-

ing to the revision document of the EN12512 “Timber structures – Test

methods – Cycling testing of timber connections and assemblages for

seismic design” under discussion within CEN/TC124/WG1 and CEN/TC250/SC5/WG8.

Results of each test has been collected into a technical data sheet report-

ing the following information:

• the test procedure used and a statement of any deviations and the

loading rate;

• individual test results and any relevant information about the modes

of failure;

• monotonic and cycle load-displacement curves, including the LECs

as well as the EEEP curves;

• all mechanical parameters calculated according to section 2 (νeq,c ,

vu, ηdeg) and 3 (Kc, Fy,c, µdeg).
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4.4 Appended Paper III
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Abstract

In this paper the seismic low-cyclic fatigue strength for di�erent

typologies of dissipative timber connections is analysed by means of a

novel methodology, which de�nes an interaction between the strength

degradation and the ductility capacity. The results of more than 40

cyclic tests on panel-to-timber, timber-to-timber, steel-to-timber con-

nections and mechanical anchors are reported and discussed, by de�n-

ing an approximated linear relationship between the slip amplitude
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and the impairment of strength from the 1st to 3rd cycle. A proposal

for considering the strength degradation as an additional condition in

the determination of ultimate slip of dissipative connections subjected

to low-cyclic load testing is presented. The seismic low-cycle fatigue

strength in terms of ductility capacity and strength degradation is

compared for all the tested connection. Four di�erent categories of

connections in terms of low-cycle fatigue strength are proposed.

Keyword: Seismic design, Impairment of strength, Strength degradation,

Dissipative connection, Cyclic tests.

1 Introduction

In recent years, timber structural systems have been increasingly becom-

ing a viable alternative to other structural materials in seismic prone areas.

Several research studies have shown a signi�cant seismic capacity of tim-

ber structures mainly due to a high strength-to-weight ratio of engineered

wood products (EWD) combined with a signi�cant energy dissipation and

displacement capacity related to the non-linear behaviour of mechanical con-

nections. Experimental tests on full-scale structures and advanced numerical

analyses have been carried out to investigate the seismic behaviour of tra-

ditional light-frame timber structures [14, 9, 48] and more recent structural

systems such as Cross-Laminated Timber [10, 38, 40, 50], giving a strong

input for the revision process and the improvement of Standard documents

related to the seismic design of timber structures [18].

Due to the brittle nature of wood material, the dissipation of seismic

energy together with deformation capacity in timber structures is typically
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achieved in mechanical connections through the yielding in bending of metal

(steel) dowel-type fasteners, whereas the timber members themselves are re-

garded as behaving elastically. As a result, mechanical connections have to

be designed in order to show adequate low-cyclic fatigue strength, develop-

ing plastic deformations with medium-to-high amplitude when subjected to

cyclic loads.

The ability of connections to undergo plastic deformations, commonly

de�ned as ductility, represents a fundamental requirement in seismic design

of structures. Ductility is, in fact, strictly related to connection's energy

dissipation capacity and ensures that connections satisfy the displacement or

rotation local demand for high seismic events [27, 37]. The ductility capacity

l of timber connections is usually calculated, on a conventional basis, as the

ratio between the ultimate vu and yield slip amplitude vy, see Eq.(1), which

are determined by means of quasi-static low-cyclic tests carried out through a

displacement controlled loading procedure that involves deformation cycles

grouped in phases (where the same value of deformation is achieved) at

incrementally increasing slip levels, see Figure 1.

(1) µ =
vu
vy

Although the concept of ductility appears straightforward in the �eld

of the seismic behaviour of timber connections, there has been di�culty

in reaching consensus within the scienti�c community as to a unique cyclic

testing procedure and the appropriate de�nition of yield slip. De�nitions and

determination methods of seismic parameters from test data di�er between

each Standard document, with a consequent considerable variation in the

estimation of ductility capacity of connections and assemblages [34].
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Figure 1: Envelope Load-Slip Curves (ELSCs) in quasi-static cyclic hysteresis loops of
dowel-type fastener connections.

The capacity to limit the degradation of the strength in a low-cycle test

is the ability of structural elements to maintain a constant level of load under

repetition of medium-to-high amplitude plastic deformations. In European

Standard for cyclic testing of joints in timber structures [4], this capacity is

usually determined by measuring the impairment ∆F in the load between

the Envelope Load-Slip Curves (ELSCs), see Figure 1, related to the 1st and

3rd cycle when attaining a given slip amplitude v.

A di�erent approach is used in steel structures where the strength degra-

dation of beam-to-column joints [5], subjected to low-cyclic load testing, is

de�ned as the loss of strength with reference to a nominal plastic capacity

of the joint, calculated using codi�ed calculation rules, independently on the

number of cycles, at a certain value of slip amplitude. A similar procedure

is proposed in the revision process of the European Standard [7] for the de-
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termination of the seismic ductility classes of dowel-type fasteners in timber

structures. The fastener residual bending moment corresponding to a bend-

ing angle equal to 45°, after that the fastener had been previously subjected

to three fully-reversed bending cycles, has to be higher than the 80% of the

nominal yielding moment capacity [26].

The low-cyclic fatigue strength represents a key-parameter for the seis-

mic behaviour of timber connections. High ductility associated with low

strength degradation ensures a large amount of energy dissipation without

a signi�cant loss of strength.

Despite the importance of limiting the impairment of strength in tim-

ber connections subjected to medium-to-high amplitude cyclic loads, the

strength degradation is not commonly taken into account in the determi-

nation of the connection's ultimate slip. The condition to determine the

ultimate slip is in fact usually related either by failure, a certain loss of

the maximum load along the 1st cycle Envelope Load-Slip Loops Curves

(1st ELSC) in the slip-softening branch or a certain maximum displace-

ment. Strength degradation and ductility are hence considered as separate

mechanical parameters in the analysis process of experimental results.

In this paper, the low-cyclic fatigue strength of di�erent typologies of

dissipative timber connections is analysed by means of a novel methodol-

ogy, which de�nes an interaction between the strength degradation and the

ductility capacity, o�ering two major contributions to the �eld:

i) it de�nes a relationship between the slip amplitude and the impairment

of strength from the 1st to 3rd cycle;

ii) it considers the strength degradation as an additional condition for the
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determination of ultimate slip of dissipative connections subjected to

low-cyclic load testing.

The results of 44 cyclic on panel-to-timber, timber-to-timber, steel-to-

timber connections and mechanical anchors are evaluated and discussed.

The study has been carried out within an international collaboration between

Italian National Research Council of Italy, University of Trento (Italy) and

University of Kassel (Germany). The discussion and the outcomes presented

in this paper may represent a scienti�c support and background throughout

the revision process of �timber� section of the Eurocode 8 [6] and the Euro-

pean Standard for cyclic testing of joints made with mechanical fasteners,

EN 12512 [4].

2 Background

2.1 Cyclic testing on timber connections

The hysteretic behaviour of dissipative connections has been the focus of

several research projects. Ductility, energy dissipation as well as strength

degradation have been investigated for di�erent types of timber-, panel-

and steel-to-timber connections. A short summary of the state-of-the-art

regarding the cyclic experimental tests on timber connections adopted as

dissipative elements in Light-Frame Timber (LFT) and Cross-Laminated

Timber (CLT) structures is reported hereafter.

The cyclic behaviour of LFT structures has largely explored in North

America in last 50 years: Peterson [36] and Van de Lindt [47] gave a com-

prehensive overview in this �eld. With the aim to study the seismic per-
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formance of LFT structures, several tests were conducted by using di�erent

protocols for quasi-static cyclic testing on wood-framed walls. Stewart [45],

Dolan and Madsen [13], Dean [12] have emphasized the importance of in-

vestigating the cyclic response of sheathing-to-framing nailed connections.

Within the CUREE-Caltech project in USA, Fonseca et al. [19] carried out

several tests to establish a large database for sheathing-to-wood connections

which parameters necessary for modelling purposes can be extracted from.

The cyclic behaviour of steel plate-to-foundation anchorage connections was

investigated by Mahaney et al. [33]. Additional cyclic tests were performed

on Oriented Strand Board (OSB)- and Plywood-to-solid wood nailed con-

nections by Fischer et al. [15], according to the Curee-Caltech cyclic loading

protocol developed by Krawinkler et al. [30]. The e�ects of cyclic load-

ing protocols on the structural performance of LFT shear walls with OSB

panels have been shown in He et al. [23]. Karakebeyli and Ceccotti [28]

presented the results of quasi-static reversed cyclic tests on nailed joints for

wood framed structures with di�erent load testing protocols.

In Japan, Yasamura and Kawai [49] presented the result of cyclic tests

on OSB, Gypsum and Plywood Sheathing-to-Framing connections whereas

Kobayashi and Yasumura [29] evaluated cyclic response of plywood sheathed

shear walls with screwed joints. More recently, in Italy, the ductility and

strength degradation on OSB and Gypsum Fibre Boards (GFB) sheathing-

to-framing connections under cyclic tests were investigated by Sartori and

Tomasi [41], whereas Germano et al. [22] reported the results related to

cyclic tests on Particle Board sheathing-to-framing connections. Within the

OptimberQuake and OptimberquakeCheck projects, in Germany, Seim et

al. [44] carried out a comparative study of cyclic behaviour of OSB vs GFB
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sheathing-to-framing connections and metal anchoring on CLT in terms of

ductility, energy dissipation and load bearing capacity.

A large overview on testing connections to determine the seismic perfor-

mance of CLT buildings is reported in Pei et al. [35] and Izzi et al. [25].

Gavric et al. [20] presented the results in terms of ductility and impair-

ment of strength of hold-down and angle bracket connectors subjected to

cyclic load tests within the SOFIE project. Similar results were presented

by Flatscher et al. [16], in a test campaign within the SERIES project, and

by Tomasi and Smith [46]. A deep investigation on the seismic performance

of connections between CLT shear-wall panels and the foundation was also

presented by Schneider et al. [42]. More recently, the axial-shear interaction

on CLT hold-downs and angle brackets were investigated by Pozza et al.

[39], D'Arenzo et al. [11] and Liu and Lam [31, 32].

Concerning with the panel-to-panel connections, Gavric et al. [21] showed

the good results in terms of ductility and energy dissipation on half-lapped

and splice joints with partially threaded screws. Hossain et al. [24] con-

ducted similar tests on panel-to-panel joints with double-angled fully threaded

screws showing a higher sti�ness and higher strength than those obtained

with partially threaded screws.

Despite the large amount of experimental tests carried out on several

di�erent typologies of timber connections, the proposal of considering a re-

lationship between the strength degradation and ductility in the determina-

tion of low-cycle fatigue strength has not been presented yet. No speci�c

provision or limitation regarding the impairment of strength have been pro-

posed in previous works. For this reason, as reported in the next section,

in addition to the fact a not-unique interpretation can be given to demand

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

160



in terms of low-cycle fatigue strength of timber connections in the current

version of Eurocode 8, this paper presents a new proposal for the calculation

of the low-cycle fatigue capacity.

2.2 Determination of mechanical properties from cyclic

testing

Di�erent methods for the determination of mechanical parameters (i.e. strength

capacity, sti�ness, ductility, etc.) from cyclic testing data are proposed in

relevant Standard Documents. Several studies have highlighted the impor-

tance of achieving a general consensus within the research community to

de�ne a unique cyclic-test procedure and the appropriate de�nition of yield

and ultimate slips in order to avoid inconsistencies due to such a high vari-

ability in the de�nition of the ductility.

He et al. [23] investigated the in�uence of cyclic testing protocols on

performance of wood-based shear walls, showing the e�ects of cyclic load

protocols on the structural performance of LFT shear walls built with non-

standard large dimension OSB panels. A comprehensive comparison between

the di�erent de�nitions of ductility has been presented by Munoz et al. [34]

where are analysed and discussed the methods reported in: i) Karacabely

and Ceccotti [28], ii) the European Standard EN12512 [4], iii) Common-

wealth Scienti�c and Industrial Research Organisation [43], iv) Yasamura

and Kawai [49], v) the National Design Speci�cation for wood construction

[3] and vi) the equivalent energy elastic-plastic (EEEP) approach proposed

by Foliente [17].
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2.2.1 Ultimate and yield slip according to EN12512, Kobayashi

and Yasumura and ASTM E2126

Despite this paper does not aim to compare di�erent approaches in the de-

termination of the mechanical parameters from cyclic test data, the methods

reported in the EN12512 [4], Kobayashi and Yasumura � K&Y [29] and the

ASTM E2126 [8] are adopted to determine the strength degradation and

ductility capacity of tested connections.

A good agreement between these three procedures has been achieved

by the de�nition of the ultimate slip vu. The ultimate condition is in fact

determined by the slip corresponding to the failure of the specimen, by

a load equal to the 80% of the maximum load after the achievement of

the maximum load. In the de�nition of the yield slip vy, conversely, three

di�erent methods are proposed.

In EN 12512 [4] the yield slip vy can be calculated according to two

di�erent procedures. When the 1st ELSC presents two well de�ned linear

parts, the yield slip vy is determined by the intersection between the two

lines (Method A). When two well de�ned linear parts are not observed, vy is

determined by the intersection of two additional lines (Method B): the �rst

line (denoted as elastic line), with slope K (sti�ness), is determined as that

drawn through the point on curve corresponding to 10% of the maximum

load Fmax and the point on the curve corresponding to 40% of Fmax. The

second line (denoted as plastic line) is the tangent to the backbone curve

having an inclination of 1/6 of the �rst line, see Figure 2. The ductility

µ is calculated as the ratio between the ultimate vu and the yield vy slip,

according to Eq.(1).

ASTM E2126 [8] and K&Y [29] apply the Equivalent Energy Elastic-
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Figure 2: Determination of yield point (Method b) and ductility according to EN 12512
[4]

Plastic (EEEP) method to determine the yield slip vy and the ductility µ.

The EEEP curve is determined by equating the area (A) under the 1st

ELSC up to the ultimate slip vu and the area limited by the two straight

lines: the inclined line representing the EEEP sti�ness and the horizontal

line representing the EEEP load FEEEP . The ductility is then calculated

as the ratio between the ultimate slip vu and the yield slip vy, which is

obtained by the intersection between the inclined and the horizontal EEEP

lines. In ASTM E2126 [8], the EEEP inclined line is obtained by connecting

the origin to the point on the 1st ELSC corresponding to the 40% of the

maximum load Fmax, see Figure 3.

In K&Y [29] , the inclined line of the EEEP curve passes through the

origin and a point on the backbone curve at the slip value v∗y corresponding

to the load P ∗
y determined by the intersection of two other additional straight

lines. The �rst of the two lines connects the points between 10% and 40%

of the maximum load max whereas the second line is determined as the
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Figure 3: Determination of yield point (Method b) and ductility according to ASTM
E21216 [8]

tangent to the backbone curve and parallel to the line connecting two points

corresponding to 40% and 90% of the maximum load Fmax, see Figure 4.

Figure 4: Determination of yield point (Method b) and ductility according to K&Y [29]
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2.3 Demand in terms of ductility capacity and strength

degradation for dissipative connections according

to Eurocode 8

The seismic demand in terms of low-cycle fatigue strength for dissipative

connections in the current version of Eurocode 8 [6] is reported as: �the

dissipative zones shall be able to deform plastically for at least three fully

reversed cycles at a static ductility ratio of 4 for ductility class Medium

(DCM) structures and at a static ductility ratio of 6 for ductility class High

structures (DCH), without more than a 20% reduction of their resistance�.

According to that provision, the dissipative connections need to be designed

to develop plastic deformations with a ductility capacity equal either to 4

or 6 depending on structure ductility class. Two di�erent interpretations,

however, can be given to the request related to the 20% �reduction of their

resistance�. It is not clear, in fact, if the reduction of resistance is referred

to either the loss of strength along the softening branch of the 1st ELSC

curve or to the impairment of strength between the 1st and the 3rd cycle at

a value of slip corresponding to the requested ductility capacity. The former

interpretation would be consistent with the procedure used for determination

of the ultimate slip, corresponding to a value of load equal to the 80%

of the peak load; however, in this case the impairment of strength ∆F

between the 1st and 3rd cycle would not be taken into account. The latter

interpretation would be consistent with the �short� loading procedure of

EN12152 [4] where only three cycles at the same value of slip (corresponding

to a pre-determined ductility) are performed to calculate the impairment of

strength ∆F . However, no direct reference to the seismic demand in terms
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of low-cycle fatigue strength of Eurocode 8 is reported in EN12512.

In authors' opinion, the �short procedure� of EN12512 seems to re�ect

the provision of Eurocode 8 and therefore the �reduction of resistance� could

be interpreted as the impairment of strength between the 1st and 3rd cycle.

The same interpretation was assumed by Germano et al. [22] in the analyses

of results from cycle-load tests on sheathing-to-framing connections: a limit

equal to 20% for the impairment of strength ∆F between the 1st and 3rd

cycle at values of ductility equal to either 4 or 6 was considered to verify

the capacity of connections according to Eurocode 8. Nevertheless, it should

be stated that impairment of strength is a somehow European phenomenon

and a result of cycling testing according to European loading protocols with

three successive loading steps for each slip level. In North America, where the

focus had shifted from loading capacity to deformation capacity, testing of

bracing elements under cyclic loading is carried out according to the CUREE

protocol [30]. The CUREE protocol de�nes slightly reduced subsequent

deformations on each level of the loading sequence, consequently impairment

of strength disappears.

Since a not-unique interpretation to the provision reported in the current

version of Eurocode 8 can be assumed, this paper proposes a new method-

ology for the determination of the low-cycle fatigue strength of dissipative

connections, where ductility capacity, impairment of strength between the

1st and the 3rd cycle and the loss of strength related to a nominal value

are taken into account simultaneously. The prospect of considering the

strength degradation as an additional condition for the determination of

ultimate displacements in low-cycle tests on connections is evaluated. For

this purpose were analysed the results from three extended experimental
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campaigns, carried out at University of Trento (Italy) and University of

Kassel (Germany) within the research projects X-Rev, OptimberQuake and

OptimberquakeCheck, respectively. Additional tests were carried out specif-

ically for this study at the Institute for BioEconomy - IBE (former IVALSA)

of the National Research Council of Italy (CNR).

3 Materials and Methods

3.1 Materials and test layout

The cyclic load tests were performed on four di�erent categories of connec-

tions, commonly considered as dissipative components in timber structures,

namely panel-to-timber (P2T) connections, timber-to-timber (T2T) connec-

tions, steel-to-timber (S2T) connections and mechanical anchors (MA), i.e.

hold-down and angle brackets.

Di�erent typologies of fasteners, ring nails (RN), smooth nails (SN), sta-

ples (ST), annular-ringed shank nails (AN), self-tapping screws (SC) and

dowels (DO) were investigated. For each category of connection, the test

layout as well as the geometrical and mechanical properties of fasteners

and wood-based members (solid wood - SW, glulam timber - GLT, cross-

laminated timber - CLT), panels (oriented strand board panels � OSB, gyp-

sum �bre board - GFB) and steel plates are reported in Tables 1-to-4. Due

to the high variability of results in panel-to-timber connections, some of the

results from Sartori and Tomasi [41] were also analysed and discussed.

For P2T connections, see Table 1, the same set-up was adopted in test

at laboratories of University of Trento (TN) and Kassel (KS), by connecting

a solid wood element to two lateral panels. Each fastener was characterized
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by a single shear panel. The same test layout was used in the tests reported

in [41].

Table 1: Materials and test layout for panel-to-timber (P2T) connections

Test Fasteners Panel (P) Timber member (T) Lab. Set-up

RN_OSB_1 RN - 2.8 x 80 mm
-n: 7 - sp: 50 mm

OSB - t:15 mm -
ρ = 572kg/m3

SW - t: 160 mm-
α : 0◦ - in: 90◦-
ρ = 439kg/m3

TN

RN_OSB_2 RN - 2.8 x 60 mm
-n: 7 - sp: 50 mm

OSB - t:15 mm -
ρ = 572kg/m3

SW - t: 160 mm-
α : 0◦ - in:90◦-
ρ = 439kg/m3

S&T
[41]

RN_OSB_3 RN - 2.8 x 60 mm
-n: 4 - sp: 100
mm

OSB - t:18 mm �
ρ = 581kg/m3

SW - t: 160 mm-
α : 0◦ - in:90◦-
ρ = 439kg/m3

S&T
[41]

RN_OSB_4 RN - 2.8 x 60
mm- n: 7 - sp: 50
mm

OSB - t:18 mm -
ρ = 581kg/m3

SW - t: 160 mm-
α : 0◦ - in:90◦-
ρ = 439kg/m3

S&T
[41]

SN_OSB_1 SN � 2.8 x 65 mm
-n: 2 x 6 � sp: 40
mm

OSB - t:18 mm -
ρ = 581kg/m3

SW - t: 110 mm-
α : 0◦ - in:90◦-
ρ = 413kg/m3

KS

SN_OSB_2 SN � 3.1 x 65 mm
- n: 2 x 4 � sp: 80
mm

OSB - t:18 mm -
ρ = 581kg/m3

SW - t: 110 mm-
α : 0◦ - in:90◦-
ρ = 413kg/m3

KS

SN_OSB_3 SN � 2.8 x 65 mm
-n: 2 x 6 � sp: 40
mm

OSB - t:10 mm -
ρ = 583kg/m3

SW - t: 110 mm-
α : 0◦ - in:90◦-
ρ = 413kg/m3

KS

SN_GFB_1 SN � 2.8 x 65 mm
-n: 2 x 2 � sp: 80
mm

GFB - t:18 mm -
ρ = 1150kg/m3

SW - t: 110 mm-
α : 0◦ - in: 90◦-
ρ = 413kg/m3

KS

ST_OSB_1 ST � 1.53 x 55
mm -n: 2 x 6 �
sp: 40 mm

OSB - t:10 mm -
ρ = 583kg/m3

SW - t: 110 mm-
α : 0◦ - in:90◦-
ρ = 413kg/m3

KS

ST_OSB_2 ST � 1.53 x 35
mm -n: 2 x 6 �
sp: 40 mm

OSB - t:18 mm -
ρ = 581kg/m3

SW - t: 110 mm-
α : 0◦ - in: 90◦-
ρ = 413kg/m3

KS

ST_OSB_3 ST � 1.8 x 55 mm
-n: 2 x 6 � sp: 40
mm

OSB - t:18 mm -
ρ = 581kg/m3

SW - t: 110 mm-
α : 0◦ - in: 90◦-
ρ = 413kg/m3

KS

ST_GFB_1 ST � 1.53 x 55
mm -n: 2 x 2 �
sp: 80 mm

GFB - t:18 mm -
ρ = 1150kg/m3

SW - t: 110 mm-
α : 0◦ - in: 90◦-
ρ = 413kg/m3

KS

ST_GFB_2 ST � 1.53 x 55
mm -n: 2 x 2 �
sp: 80 mm

GFB - t:10 mm -
ρ = 1150kg/m3

SW - t: 110 mm-
α : 0◦ - in: 90◦-
ρ = 413kg/m3

KS

ST_GFB_3 ST�1.4x1.6x 55
mm � n: 4 � sp:
100 mm

GFB - t:12.5 mm
- ρ = 1150kg/m3

SW - t: 160 mm-
α : 0◦ - in: 90◦-
ρ = 439kg/m3

S&T
[41]

t: thickness of panels and timber member; sp: spacing of fasteners; α: angle between the
load direction and timber member's grain direction; in: angle between the fastener and
timber member's grain direction; ρ: density of the timber member.

Two di�erent test layouts were adopted for the experimental tests on T2T

connections. Single-shear plane glulam-to-glulam and double-shear plane

CLT-to-CLT screwed connections were tested at laboratory of University of

Trento (TN) and at the Institute for Bio-economy of the National Research

Council of Italy (CNR), respectively. A double-shear plane CLT-to-CLT

dowelled connection was tested at CNR laboratory as well, see Table 2.

For the test layout of S2T connection two GLT members were connected

to a steel plate by means of either Anker nails (AN) or screws (SC). Each
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Table 2: Materials and test layout for timber-to-timber (T2T) connections

Test Fasteners Timber member
A (T.A)

Timber member
B (T.B)

Lab. Set-up

SC_GLT_1 SC - 6 x 160 mm
-n.5 - sp: 90 mm

GLT- t: 80 mm-
α : 0◦ - in: 90◦-
ρ = 419kg/m3

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_GLT_2 SC - 6 x 160 mm
-n.5 - sp: 90 mm

GLT- t: 80 mm-
α : 0◦ - in: 90◦-
ρ = 419kg/m3

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_GLT_3 SC - 8 x 160 mm
-n.3 - sp: 140 mm

GLT - t: 80 mm-
α : 0◦ - in: 90◦-
ρ = 419kg/m3

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_GLT_4 SC - 8 x 160 mm
-n.3 - sp: 140 mm

GLT - t: 80 mm-
α : 0◦ - in: 90◦-
ρ = 419kg/m3

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_GLT_5 SC - 10 x 160 mm
-n.3 - sp: 140 mm

GLT - t: 80 mm-
α : 0◦ - in: 90◦-
ρ = 419kg/m3

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_GLT_6 SC - 10 x 160 mm
-n.3 - sp: 140 mm

GLT - t: 80 mm-
α : 0◦ - in: 90◦-
ρ = 419kg/m3

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_CLT_1 SC - 6 x 300 mm
-n.5 - sp: 160 mm

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CNR

SC_CLT_2 SC - 8 x 300 mm
-n.5 - sp: 160 mm

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

TN

SC_CLT_3 SC - 10 x 300 mm
-n.5 - sp: 160 mm

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

TN

D_CLT_1 DO - 12 x 280
mm -n.5 - sp: 160
mm

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

TN

t: thickness of timber members; sp: spacing of fasteners; α: angle between the load direction
and timber member's grain direction; in: angle between the fastener and timber member's
grain direction; ρ: density of the timber member.

fastener was characterized by a single shear panel as shown in Table 3.

The tests on hold-downs were characterized by three di�erent layouts. At

TN and KS laboratories, a non-symmetric single hold-down test layout was

adopted whereas for the test at CNR laboratory a symmetric double hold-

down layout was chosen, see Table 4. At KS laboratory, an OSB and GFB

panel was interlayered between the hold-down and the solid-wood member

in the tests HD_OSB_1 and HD_GFB_01 respectively. The tests on angle

brackets were carried out by connecting two CLT panels in AB_2 and AB_3,

while in AB_1 the angle bracket was used to connect a steel beam to a CLT

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

169



Table 3: Materials and test layout for steel-to-timber (S2T) connections

Test Fasteners Steel plate (S) Timber member
(T)

Lab. Set-up

AN_S_1 AN - 4 x 60 mm
-n: 8 - sp: 50 mm

S275 - t:3 mm -
b: 80 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

AN_S_2 AN - 4 x 60 mm
-n: 8 - sp: 50 mm

S275 - t:3 mm -
b: 80 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

AN_S_3 AN - 4 x 60 mm
-n: 8 - sp: 50 mm

S275 - t:6 mm -
b: 80 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_S_1 SC - 5 x 60 mm -
n: 8 - sp: 50 mm

S275 - t:3 mm -
b: 80 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_S_2 SC - 5 x 60 mm -
n: 8 - sp: 50 mm

S275 - t:3 mm -
b: 80 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

SC_S_3 SC - 5 x 60 mm -
n: 8 - sp: 50 mm

S275 - t:6 mm -
b: 80 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

b: width of the steel plate; t: thickness of steel plate and timber member; sp: spacing
of fasteners; α: angle between the load direction and timber member's grain direction; in:
angle between the fastener and timber member's grain direction; ρ: density of the timber
member.

panel.

3.2 Cyclic loading protocols

Three di�erent displacement-controlled cyclic loading procedures, which in-

volves displacement cycles grouped in phases at incrementally increasing dis-

placement levels, were adopted to investigate the in�uence of test protocols

on the ductility capacity and the low-cyclic fatigue strength of connections.

The load protocols reported in EN12512 [4] and ISO 16670 [2] were adopted

at University of Trento (TN) and University of Kassel (KS), respectively. In

addition, the load protocols for hold-downs in Kassel took into account the

compression part of the studs. A new cyclic load protocol was used in the

test campaign carried out at the National Research Council of Italy (CNR)

in order to increase the number of steps of the current version of EN12512

[4] after the yielding point, with a higher number of steps in the hysteresis
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Table 4: Materials and test layout for mechanical anchors (MA)

Test Fasteners Mechanical
anchor (M.A.)

Timber member
(T) and Panel
(P)

Lab. Set-up

HD_SC_1 SC � 5x80 mm �
n: 10 � sp: 20
mm

Hold-down -
S350 - t: 3 mm
559x62x64 mm

CLT - t: 120
mm- α : 0◦ -
in: 90◦- ρ =

426kg/m3

KS

HD_AN_1 AN - 4x60 mm �
n: 19 � sp: 20
mm

Hold-down S350
- t: 3 mm -
559x62x64 mm

CLT - t: 120
mm- α : 0◦ -
in: 90◦- ρ =

426kg/m3

KS

HD_AN_2 AN - 4 x 60 mm
-n: 20 - sp: 20
mm

Hold-down -
S275 - t: 3 mm -
340x60x63 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

HD_AN_3 AN - 4 x 60 mm
-n: 20 - sp: 20
mm

Hold-down -
S275 - t: 3 mm -
340x60x63 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

HD_AN_4 AN - 4 x 60 mm
-n: 52 - sp: 20
mm

Hold-down -
S275 - t: 3 mm -
620x60x63 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

HD_AN_5 AN - 4 x 60 mm
-n: 30 - sp: 20
mm

Hold-down -
S275 - t: 3 mm -
620x60x63 mm

GLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

419kg/m3

TN

HD_AN_6 AN - 4 x 60 mm
-n: 30 - sp: 20
mm

2 Hold-down -
S275 - t: 3 mm -
440x60x63 mm

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CNR

HD_AN_7 AN - 4 x 60 mm
-n: 20 - sp: 20
mm

2 Hold-down -
S275 - t: 3 mm -
440x60x63 mm

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CNR

HD_AN_8 AN - 4 x 60 mm
-n: 45 - sp: 20
mm

2 Hold-down -
S275 - t: 3 mm -
540x60x63 mm

CLT - t: 100
mm- α : 0◦ -
in: 90◦- ρ =

420kg/m3

CNR

HD_OSB_1 AN - 4 x 60 mm
-n: 17 - sp: 20
mm

Hold-down -
S235 - t: 2.8 mm
- 559x61x70 mm

SW - t: 120 mm-
α : 0◦ - in: 90◦-
ρ = 413kg/m3

OSB - t:18 mm
ρ = 581kg/m3

KS

HD_GFB_1 AN - 4 x 60 mm
-n: 17 - sp: 20
mm

Hold-down -
S235 - t: 2.8 mm
- 559x61x70 mm

SW - t: 120 mm-
α : 0◦ - in: 90◦-
ρ = 413kg/m3

GFB - t:18 mm
ρ = 1150kg/m3

KS

AB_1 AN - 4 x 60 mm
-n: 30 - sp: 20
mm

Angle Bracket -
S275 - t: 3 mm -
200x103x71mm

1 CLT panel -
t: 100 mm- α :
0◦/90◦ - in: 90◦-
ρ = 476kg/m3 /
1 steel beam

TN

AB_2 AN - 4 x 60 mm -
n: 30+30 - sp: 20
mm

Angle Bracket -
S275 - t: 3 mm -
200x71x71mm

2 CLT panels -
t: 100 mm- α :
0◦/90◦ - in: 90◦-
ρ = 476kg/m3

TN

AB_3 AN - 4 x 60 mm -
n: 30+30 - sp: 20
mm

Angle Bracket -
S275 - t: 3 mm -
200x71x71mm

2 CLT panels -
t: 100 mm- α :
0◦/90◦ - in: 90◦-
ρ = 476kg/m3

TN

t: thickness of panels and timber member; sp: spacing of fasteners; α: angle between the
load direction and timber member's grain direction; in: angle between the fastener and
timber member's grain direction; ρ: density of the timber member.

loop on the load-displacement curves and hence a higher accuracy in the

analysis process of results.

If the amplitudes of the reversed cycles in ISO 16670 [2] protocol are a

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

171



function of the ultimate slip obtained from a previous monotonic test vu,m, in

the EN12512 [4] and CNR protocol the amplitudes of the cycles are de�ned

on the base of the yield slip vy,m determined from a previous monotonic test.

The steps and the amplitude of cyclic slips of the three test protocols are

reported in Table 5.

Table 5: Amplitude levels of load cycles in terms of the yielding vy,m and ultimate vu,m
displacement.

Lab. Standard Steps 1 2 3 4 5 6 7 8 . . . n

KS ISO 16670 No. of cycles 1 1 1 1 1 3 3 3 . . . 3
Amplitude[vu,m] 0.0125 0.025 0.05 0.075 0.1 0.2 0.4 0.6 . . . (+0.2)

TN EN12512 No. of cycles 1 1 3 3 3 3 3 3 . . . 3
Amplitude[vy,m] 0.25 0.50 0.75 1.0 2.0 4.0 6.0 8.0 . . . (+2.0)

CNR CNR protocol No. of cycles 1 1 3 3 3 3 3 3 . . . 3
Amplitude[vy,m] 0.2 0.4 0.6 0.8 1.0 1.5 2.0 3.0 . . . (+1.0)

3.3 Processing of test data

The methods for the processing of the test data are described in this sec-

tion. An analytical relationship between the impairment of strength and the

slip amplitude was established, �rstly; a proposal to take into account the

strength degradation in the determination of ultimate slip for the calculation

of the ductility capacity is then presented.

The �rst quadrant of the cycle load-vs-slip curves has been chosen in the

processing of test data and in the analysis of results. As an alternative, the

same procedure could have been applied to the third quadrant with exception

of not fully-reversed load protocols (i.e. hold-down). The most conservative

results in the determination of ductility and strength degradation between

the curves of the �rst and the third quadrant could have been adopted in

the determination of the low-cycle fatigue strength of connections.
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3.3.1 The impairment of strength factor ηdeg between the 1st and

3rd cycle

The impairment of strength between the 1st and 3rd cycle is de�ned as the

reduction of the load ∆F when attaining a given slip from the �rst to the

third cycle of the same amplitude v [4]. It can be calculated as reported

in eq. 2 as the di�erence between the loads related the 1st and the 3rd

Envelope Load-Slip Curves at the same value of amplitude v, see Figure 5.

(2) ∆F (v) = F1 (v) − F3(v) ≥ 0

Figure 5: Impairment of strength ∆F (v) between the 1st and 3rd Envelope Load-Slip
Curves.

The impairment of strength factor ηdeg (v) is introduced in this study

as the ratio between the load value related to 3rd cycle F3(v) and the load

related to the 1st cycle F3(v) at the same slip amplitude v, see Eq.(3).

(3) ηdeg (v) =
F3(v)

F1(v)
= 1 − ∆F (v)

F1(v)
≤ 1
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In order to compare di�erent typologies of connections a dimensionless

amplitude of slip ṽ is de�ned in Eq.(4) as:

(4) ṽ =
v

vy

where vy is the yield slip amplitude determined by the procedure reported

in EN12512 [4].

The curves ηdeg vs ṽ have been plotted for all the tested connections. All

the curves showed an inverse relationship between ηdeg and ṽ which, in most

cases, can be approximated by a linear interpolation, see Figure 6, for the

values of ηdeg lower than 1. An analytical linear expression between ηdeg and

ṽ can hence be determined in the form reported in Eq.(5), for values of slip

amplitude lower than the dimensionless ultimate slip ṽu

(5) ηdeg (ṽ) = a · (ṽ − 1) + ηdeg,ṽ=1 ≤ 1withṽ ≤ ṽu =
vu
vy

The coe�cient a is the slope of the linear interpolating curve and repre-

sents the in�uence of the slip amplitude on the impairment of strength. The

parameter ηdeg,ṽ=1 is the value of the impairment of strength factor related

to a unitary value of the dimensionless slip, namely when v = vy.

3.4 Strength degradation as an additional condition for

the determination of ductility

In this section a novel methodology to take into account the strength degra-

dation in the determination of ultimate condition of timber connections is

presented.
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Figure 6: Impairment of strength factor vs dimensionless slip amplitude.

Step 1

The yield and the ultimate slip vy and vu are calculated for each test ac-

cording to the procedures of EN12512 [4], K&Y [29] and ASTM E2126 [8]

and discussed in Section 2.2.

Step 2

In order to take into account for the impairment of strength between the

1st and 3rd ELSC in the evaluation of the ultimate condition, the degra-

dation ultimate slip vu,deg is introduced. vu,deg is calculated, see Eq.(6), as

the minimum value between the ultimate slip vu and the value of displace-

ment related to a certain limit value of the impairment of strength factor,

ηdeg,limε [0; 1].

(6) vu,deg = min [vu; v (ηdeg = ηdeg,lim)]

For connections with a signi�cant impairment of strength, v (ηdeg = ηdeg,lim)

will be lower than vu, and as a result vu,deg = v (ηdeg = ηdeg,lim) < vu, see
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Figure 7a. For connections with low impairment of strength, vu will be lower

than v (ηdeg = ηdeg,lim), and therefore vu,deg = vu < v (ηdeg = ηdeg,lim), Figure

7b.

Figure 7: Determination of the degradation ultimate slip vu,deg

Step 3

In order to ensure that the connection exhibits for all the values of amplitudes

up to vu,deg a cyclic strength capacity not signi�cantly lower than the nominal

strength FN , a lowest limit value for the 1st cycle load F1(v) is introduced.

Similarly to the method reported in ANSI/AISC 341-10 [5] for steel

beam-to-column joints, this study proposes that vu,deg and the nominal

strength FN is equal or higher than a certain limit value f̃deg,lim as reported

in Eq.(7) and shown in Figure 8a. In this paper, the nominal strength FN

has been determined as the maximum value of load obtained from previ-

ous monotonic tests for values of the slip lower than 15 mm according to

EN26891 [1].

(7) f̃deg (vu,deg) =
F1 (vu,deg)

FN
≥ f̃deg,lim

When Eq.(7) is not satis�ed, the degradation ultimate displacement vdeg

is reduced to a lower value of slip able to satisfy Eq.(7), see Figure 7b. If
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Eq.(7) is not satis�ed for any other value of slip, as in the case of Figure 7c,

the connection should not be used for dissipative connections.

Figure 8: Veri�cation of the cyclic strength related to the 1st ELSC; Eq.(7) satis�ed at the
value of vu,deg calculated from Eq.(6), a); Eq.(7) satis�ed at the value of slip amplitude
lower than the value of vu,deg calculated from Eq.(6), b); Eq.(7) not satis�ed for any value
of slip amplitude c).

Step 4

Finally, the ductility capacity has been calculated according to Eq.(8) as

the ratio between the degradation ultimate slip vu,deg and the yield slip vy

determined from procedures reported in Section 2.2 and shown in Figure 9.

(8) µdeg =
vu,deg
vy

4 Results and Discussion

4.1 Determination of the impairment of strength factor

ηdeg

According to the procedure reported in Section 3.3.1 the impairment of

strength factor ηdeg has been determined for all the tested connections as a

function of the dimensionless slip amplitude ṽ from Eq.(3). The coe�cients
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Figure 9: Yield slip and degradation ultimate slip on the elastic-plastic curves determined
according to EN12512 [4] (a) and ASTM E2126 [8]/ K&Y [29] (b).

a, ηdeg,ṽ=1 and ṽu are reported for all the tests in Tables 6-to-9. The failure

mode for each test was added into the tables. In Figure 10 and Figure 11 the

test set-up and the results for tests SC_CLT_1, SC_CLT_2, HD_AN_1

and HD_AN_8 are shown.

Figure 10: Cyclic tests SC_CLT_1 and SC_CLT_2, a), HD_AN_1, b), and
HD_AN_8, c)

The ηdeg-ṽ linear curves are reported in Figure 12 for P2T connections.

Ring nails (RN) showed a higher impairment of strength than smooth nails

when OSB panels were used: a mean value of the coe�cient a (10−2)

equal to -6.70 and -3.38 was obtained from the tests RN_OSB_1-to-4 and

SN_OSB_1-to-3, respectively. A large scattering of the interpolating linear
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Figure 11: Cyclic tests on screwed connection, tests SC_CLT_1, SC_CLT_2,
HD_AN_1, and HD_AN_8.

curves was observed for stapled connections, see Figures 12c and 12d. The

lowest value of the coe�cient a (10−2) was equal to -11.63 and -12.84 for the

tests ST_OSB_3 and ST_GFB_3, respectively, whereas the highest value
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was equal to -0.57 and -1.57 for the tests ST_OSB_2 and ST_GFB_2.

An average value of the coe�cient ηdeg,ṽ=1 equal to 0.96 was obtained for

RN P2T connections, showing a negligible impairment of strength for values

of slip amplitude lower than the yield displacement. An average value of the

coe�cient ηdeg,ṽ=1 equal to 0.86 was conversely calculated for staples with

GFB panel.

For P2T connections the failure mode was di�erent depending on the

fastener type and sheathing material. Ring nails and smooth nails showed

plastic hinges in all cases. Staples showed either fatigue failure or plastic

hinges. According to the failure modes, the P2T connections with nails, in

average, showed values of the ultimate dimensionless slip ṽu 50% higher than

P2T stapled connections.

For tests SN_OSB_1, SN_OSB_2, SN_GFB_1 a coe�cient ηdeg,ṽ=1

higher than 1 was obtained. It is noteworthy to mention that the values

of the coe�cient ηdeg,ṽ=1 higher than 1 do not have a physical meaning

since the impairment of strength is to be lower or equal than 1 according to

Eq.(5). The values of the coe�cient ηdeg,ṽ=1 are used to de�ne the analytical

relationship between the impairment of strength factor and the dimensionless

slip amplitude.

The low-cycle behaviour of T2T connections, see Tables 7 and Figure

13, showed a large dependency on the diameter of screws, con�rming the

results reported in Izzi & Polastri [26]. In case of 6 mm screws, a signi�cant

impairment of strength was detected for low amplitude plastic deformations

with values of the coe�cient a (10−2) equal to -13.63, -14.40 and -7.55 for

tests SC_GLT_1, SC_GLT_2 and SC_CLT_1 and an ultimate dimen-

sionless slip amplitude ṽu lower than 4.11 for the tests SC_GLT_1 and
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Table 6: Coe�cient for the linear relationship between the impairment of strength factor
ηdeg and the dimensionless slip amplitude ṽu for P2T connections.

P2T Connection a 10−2 ηdeg,ṽ = 1 ṽu failure mode

RN_OSB_1 -8.14 0.9672 8.57 Plastic hinges in the nails
RN_OSB_2 -6.49 0.9511 7.26 Plastic hinges in the nails
RN_OSB_3 -6.12 0.9774 13.79 Plastic hinges in the nails
RN_OSB_4 -6.05 0.9470 6.66 Plastic hinges in the nails
SN_OSB_1 -3.27 10.495 12.72 Plastic hinges in the nails
SN_OSB_2 -4.19 11.298 16.50 Plastic hinge and pull out of the nails
SN_OSB_3 -2.67 0.9751 21.19 Plastic hinges in the nails
SN_GFB_1 -7.06 1.0880 11.07 Plastic hinge and pull out of the nails
ST_OSB_1 -5.93 0.9436 7.19 Plastic hinges in the staples
ST_OSB_2 -0.57 0.9550 12.82 Fatigue failure of staples
ST_OSB_3 -11.63 0.8347 5.89 Fatigue failure of staples

ST_GFB_1 -6.83 0.8095 6.08 Fatigue failure of staples
ST_GFB_2 -1.57 0.8939 11.72 Pull out of staples and crack in GFB
ST_GFB_3 -12.84 0.9193 6.36 -

SC_GLT_2. A good cycle fatigue strength was, conversely, observed for 10

mm screws with values of the coe�cient a (10−2) equal to -3.09, -2.10 and

-0.35 for the test SC_GLT_5, SC_GLT_6 and SC_CLT_3 and values of

ṽu higher than 6.79. An average value of ηdeg,ṽ=1 equal to 0.96 was calculated

for all screwed T2T connections. A negligible strength degradation was ob-

served for the dowelled connection, i.e. D_CLT_1, with a quasi-constant

value of ηdeg approximately equal to 0.95 for any value of dimensionless slip

amplitude.

Table 7: Coe�cient for the linear relationship between the impairment of strength factor
ηdeg and the dimensionless slip amplitude ṽu for T2T connections.

T2T Connection a 10−2 ηdeg,ṽ = 1 ṽu failure mode

SC_GLT_1 -13.63 0.9342 4.11 Fatigue failure of screws
SC_GLT_2 -14.40 0.8979 3.22 Fatigue failure of screws
SC_GLT_3 -6.91 0.9295 4.65 Fatigue failure of screws
SC_GLT_4 -5.07 0.9567 9.05 Plastic hinges in screws
SC_GLT_5 -3.09 0.9315 7.04 Plastic hinges in screws
SC_GLT_6 -2.10 0.9032 6.79 Plastic hinges in screws
SC_CLT_1 -7.55 0.9102 7.74 Fatigue failure of screws
SC_CLT_2 -3.93 0.9671 9.89 Plastic hinges in screws
SC_CLT_3 -0.35 0.9088 11.30 Plastic hinges in screws
D_CLT_1 -0.03 0.9425 14.03 Plastic hinges in dowels

The failure mode of T2T connections showed a strong dependency on
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Figure 12: Impairment of strength factor vs dimensionless slip curves for the P2T con-
nections; a) ring nailed OSB panel-to-timber connection; b) smooth nailed OSB/GFB
panel-to-timber connection; c) stapled OSB panel-to-timber connection; d) stapled GFB
panel-to-timber connection

the fastener diameter. Increasing the diameter from 6mm to 10mm, the

T2T connections with GLT move from failure modes due to cyclic fatigue to

failure modes which involve high rotations of plastic hinges in the fasteners.

The same behaviour was observed for T2T connections with CLT members.

In accordance to the observed failure modes, the dimensionless ultimate slip

for T2T connections increased changing the failure mode from fatigue failure

to plastic hinges failure and with increasing the fastener diameter.

The impairment of strength factor was higher than 0.8, see Figure 14, for
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Figure 13: Impairment of strength factor vs dimensionless slip curves for the T2T con-
nections; a) screwed glulam-to-glulam connection; b) screwed and dowelled CLT-to-CLT
connection.

any value of the dimensionless slip amplitude for tests on S2T connections;

values of the coe�cient a (10−2) from -3.18 to -2.61 for AN connections and

from -4.82 and -2.08 for SC connections have been calculated. The linear

curves of impairment of strength factor are limited in a small region showing

a low scattering of results. However, values of of ṽu not higher than 4.01 and

2.69 were achieved for nailed and screwed connection, respectively, showing

a limited capacity to undergo medium-to-high plastic deformation.

Table 8: Coe�cient for the linear relationship between the impairment of strength factor
ηdeg and the dimensionless slip amplitude ṽu for S2T connections.

S2T Connection a 10−2 ηdeg,ṽ = 1 ṽu failure mode

AN_S_3 -2.61 0.9119 3.90 tear-o� failure of the head
AN_S_1 -3.18 0.9359 3.67 tear-o� failure of the head
AN_S_2 -2.45 0.9239 4.01 tear-o� failure of the head
SC_S_3 -4.82 0.9230 2.08 tear-o� failure of the head
SC_S_1 -3.10 0.9272 2.69 tear-o� failure of the head
SC_S_2 -2.08 0.9098 1.68 tear-o� failure of the head

For S2T connections the failure mode was due to the head failure in all

cases. Despite this similitude in the failure modes, S2T connections with

annular ringed nails reached values of the ultimate dimensionless slip ṽu
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Figure 14: Impairment of strength factor vs dimensionless slip curves for the S2T con-
nections; Anker nailed connection a); screwed connection, b).

averagely 80% higher than S2T connections with screws.

A signi�cant scattering of results was observed for hold downs tests,

HD_AN_01-to-08, as shown in Figure 15. For the tests HD_AN_1 and

HD_AN_5, characterized by values of ṽu lower than 2, values of ηdeg higher

than 0.85 were obtained; the failure of the connection was achieved for low

amplitude plastic deformations; a negligible impairment of strength was for

this reason observed. A value of the coe�cient a (10−2) equal to -4.01 and

-4.83 was obtained, respectively. For tests HD_AN_6 and HD_AN_8,

the hold-down were able to achieve a value of ṽu equal to 2.43 and 3.31; a

higher strength degradation than the tests HD_AN_1 and HD_AN_5 was

observed, with a value of a (10−2) equal to -13.1 for the test HD_AN_6.

A low-cycle fatigue strength and low capacity to undergo plastic defor-

mation was observed for all the three angle brackets' tests with values of the

coe�cient a (10−2) up to -24.39 and values of ṽu not higher than 2.03.

MA connections showed di�erent failure modes. Hold-downs with an

overstrength in the metal steel plate showed a failure mode in the fasteners
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Table 9: Coe�cient for the linear relationship between the impairment of strength factor
ηdeg and the dimensionless slip amplitude ṽu for MA connections.

MA Connection a 10−2 ηdeg,ṽ = 1 ṽu failure mode

HD_SC_1 -0.19 0.9297 2.36 tear-o� failure of the head
HD_AN_1 -4.01 0.9245 1.86 Plastic hinges and pull out of nails
HD_AN_2 -12.60 0.9406 3.98 Plastic hinges
HD_AN_3 -7.97 0.9423 3.00 Plastic hinges
HD_AN_4 -4.93 0.9720 1.71 Steel plate tensile load failure
HD_AN_5 -4.83 0.9781 1.75 Steel plate tensile load failure
HD_AN_6 -13.10 0.8788 2.43 Steel plate tensile load failure
HD_AN_7 -9.32 0.9153 1.64 Steel plate tensile load failure
HD_AN_8 -8.13 0.9298 3.35 Steel plate tensile load failure
HD_OSB_1 -4.17 0.9571 3.72 Plastic hinges and pull out of nails
HD_GFB_1 -5.31 0.9216 4.01 Plastic hinges and pull out of nails, tear out of GFB
AB_1 -12.75 0.8362 1.13 Failure of bolts used to anchor the AB
AB_2 -20.24 0.8785 2.03 Plastic hinges and pull out of nails
AB_3 -24.39 0.8410 1.67 Plastic hinges and pull out of nails

Figure 15: Impairment of strength factor vs dimensionless slip curves for the MA connec-
tions; a) hold-downs; b) angle brackets.

with plastic hinges. On the contrary, fully nailed hold-downs showed a

brittle steel plate failure. Hold-downs with an interlayer showed a failure

mode with plastic hinges in the fasteners. MA with angle brackets showed

di�erent failure modes depending on the support element. Angle brackets

with timber supporting, AB_2 and AB_3, element showed failure modes

with plastic hinges in the nails. Angle bracket with steel supporting element,

AB_1, showed a failure of the bolts used to anchor the angle bracket to the

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

185



steel beam.

MA connections which exhibited failure with plastic hinges in the fas-

teners (HD_AN_1 to 3) reached averagely values of ṽu about 35% higher

than MA connections with failure in the steel plate (HD_AN_4 to 8).

4.2 Ductility capacity and strength degradation

Di�erent limit values of the impairment of strength factor ηdeg,lim between

0.5 and 0.9 were selected to take into account the in�uence of strength degra-

dation on ductility capacity µdeg according to Eq.(6) and (8). The additional

case which the strength degradation was not considered in the calculation

of vu,deg was chosen as well, setting ηdeg,lim equal to zero, i.e. without (w/o)

ηdeg,lim. The procedures reported EN 12512 [4], ASTM E2126 [8] and K&Y

[29] were adopted to determine the yield displacement vy in Eq.(8). A limit

value of f̃deg,lim equal to 0.8 was �xed for the condition expressed by Eq.(7).

In Tables 10 to 13 the values of µdeg and f̃deg are reported for all four cat-

egories of connections for the cases without (w/o) considering ηdeg,lim and

ηdeg,lim = 0.7 and ηdeg,lim = 0.8 (this value corresponds to the authors' in-

terpretation of considering a limit the value of impairment of strength equal

to 20% in the current version of the Eurocode 8 [6] ).

When the condition of Eq.(7) was satis�ed by reducing the value of the

degradation ultimate slip vu,deg the symbol (*) was adopted in Tables 10 to

13, see Figure 8b. The symbol (**) was used for tests which Eq.(7) was not

satis�ed for, at any value of vu,deg, see, Figure 8c.

For P2T connections, a signi�cant in�uence of strength degradation in

the determination of the ductility capacity was observed. For all tests, in

fact, with exception of ST_OSB_2, the values of ductility capacity calcu-
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Table 10: Ductility µdeg and f̃deg factor for P2T connections.

P2T
connection

µdeg fdeg

EN 12512 ASTM E2126 K&Y

ηdeg,lim = ηdeg,lim = ηdeg,lim = ηdeg,lim =
w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.8

RN_OSB_1 8.57 5.94 4.29** 5.87 4.07 2.94** 4.14 2.87 2.07** 0.95 0.75
RN_OSB_2 7.26 5.46 4.94 5.42 4.08 3.69 4.01 3.01 2.73 0.89 0.86
RN_OSB_3 10.68* 5.87 4.61 6.95* 3.82 3.00 4.64* 2.55 2.00 0.80 0.83
RN_OSB_4 6.66 5.24 4.08 5.12 4.03 3.14 4.08 3.21 2.50 1.05 1.02
SN_OSB_1 12.72 8.76 6.20 8.71 6.00 4.24 6.96 4.79 3.39 0.90 1.04
SN_OSB_2 16.50 11.26 9.15 9.30 6.35 5.16 5.34 3.65 2.96 1.27 1.12
SN_OSB_3 17.49** 17.49 11.81 12.43** 12.43 8.40 9.85** 9.85 6.65 0.74 0.90
SN_GFB_1 11.07 6.44 5.31 8.06 4.69 3.87 6.44 3.75 3.09 0.90 1.03
ST_OSB_1 7.19* 5.04 3.30 6.19* 4.34 2.84 4.03* 2.83 1.85 0.80 0.94
ST_OSB_2 12.82** 12.82** 12.82** 9.42** 9.42** 9.42** 9.23** 9.23** 9.23** 0.54 0.54
ST_OSB_3 4.96* 1.92** 1.52** 4.29* 1.66** 1.31** 4.07* 1.58** 1.25** 0.80 0.61
ST_GFB_1 4.42* 1.72 1.41** 4.68* 1.82 1.49** 4.66* 1.81 1.48** 0.80 0.72
ST_GFB_2 11.72** 11.72** 4.76** 8.36** 8.36** 3.39** 6.86** 6.86** 2.78** 0.53 0.62
ST_GFB_3 4.34* 2.98** 1.75** 3.80* 2.61** 1.53** 2.56* 1.76** 1.03** 0.80 0.59

(*) condition of Eq.(7) satis�ed by reducing the value of the degradation ultimate slip vu,deg
(**) condition of Eq.(7) not satis�ed

lated considering a limit value of the impairment of strength equal to 0.8

are signi�cantly lower than the case which the strength degradation is not

taken into account for, see Table 10. In Figure 16 the values µdeg for the

tests RN_OSB_4, SN_OSB_1, ST_GFB_2 and ST_OSB_1 are plotted

as function of ηdeg,lim. Ring nails and smooth nailed OSB-to-wood connec-

tions exhibit a mean value of ductility equal to 4.48 and 8.12, respectively,

for ηdeg,lim = 0.8 and the EN12512 [4] procedure. Values of ductility not

higher than 3.30 are shown by using the same procedure for stapled connec-

tion with exception of tests ST_OSB_2 and ST_GFB_2 which, however,

the condition of Eq.(7) has not been satis�ed for. The highest values of duc-

tility are achieved in most cases with the EN12512 [4] procedure whereas

the lowest values are obtained for the procedure reported in K&Y [29].

For T2T screwed connection, a signi�cant di�erence in terms of ductility

capacity and strength degradation was observed dependently on the screws'
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Figure 16: µdeg vs ηdeg,lim curves for tests RN_OSB_4, SN_OSB_1, ST_GFB_2 and

ST_OSB_1 (f̃deg,lim = 0.8)

diameter. 6 mm diameter screws in tests SC_GLT_1-2 and SC_CLT_1,

showed a signi�cant in�uence of the strength degradation in the calculation

of the ductility. A large di�erence between the values of µdeg evaluated

without considering the ηdeg,lim and the case where a limit value of ηdeg,lim

equal to 0.8 was observed for all the three di�erent Standard procedures.

In SC_GLT_1 the value of µdeg drops from 3.90 to 2.31, see Figure 13, for

values of ηdeg,lim equal to 0.5 to 0.8, according to EN 12512 [4]. 10 mm screws

in tests, SC_GLT_5-6 and SC_CLT_3, showed large values of ductility, not
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Table 11: Ductility µdeg and f̃deg factor for T2T connections.

T2T
connection

µdeg fdeg

EN 12512 ASTM E2126 K&Y

ηdeg,lim = ηdeg,lim = ηdeg,lim = ηdeg,lim =
w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.8

SC_GLT_1 4.11 2.79 2.31 3.76 2.55 2.11 3.25 2.21 1.83 1.02 0.95
SC_GLT_2 3.22 2.32 1.83 3.06 2.21 1.73 2.36 1.70 1.34 1.16 0.93
SC_GLT_3 4.64 4.47 2.82 3.98 3.83 2.42 3.10 2.98 1.88 1.15 1.01
SC_GLT_4 9.05 6.33 4.40 6.11 4.27 2.97 4.81 3.37 2.34 1.33 1.13
SC_GLT_5 7.04 7.03 5.51 5.70 5.68 4.45 3.73 3.72 2.91 0.97 0.94
SC_GLT_6 6.79 6.79 6.79 6.05 6.05 6.05 3.95 3.95 3.95 0.93 0.93
SC_CLT_1 7.74 3.82 2.23 5.89 2.91 1.70 4.69 2.32 1.00 1.00 0.79
SC_CLT_2 9.89 7.32 5.91 7.03 5.19 4.19 4.76 3.53 2.84 0.91 1.06
SC_CLT_3 11.30 11.30 9.59 9.21 9.21 7.81 6.35 6.35 5.39 0.87 1.03
D_CLT_1 14.03 14.03 14.03 14.04 14.04 14.04 12.56 12.56 12.56 1.02 1.02

(*) condition of Eq.(7) satis�ed by reducing the value of the degradation ultimate slip vu,deg
(**) condition of Eq.(7) not satis�ed

lower than 5.51 for EN12512 [4] procedure, with a limited in�uence of the

strength degradation. As shown in Figure 17 for the test SC_GLT_6, a

quasi-constant value of µdeg was achieved for values of ηdeg,lim lower than

0.80.

From the the test on dowelled T2T connection, D_CLT_1, costant val-

ues of µdeg were obtained for ηdeg,lim between 0.5 and 0.9. The tests showed

a negligible impairment of strength between the 1st and the 3rd cycle for

high-amplitude plastic deformation with values of ductility higher than 12.56

as shown in Figure 17.

With exception of test AN_S_3, S2T connections showed a negligible

in�uence of the impairment of strength factor on the assessment of the duc-

tility capacity, see Figure 18. Values of µdeg not higher than 4.01 and 2.67

were determined for Anker nailed and screwed connections, respectively, ac-

cording to the procedure of EN12512 [4] and with ηdeg,lim = 0.8. In all tests,

the condition reported in Eq.(7) was satis�ed without any reduction of the

degradation ultimate displacement.
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Figure 17: µdeg vs ηdeg,lim curves for tests SC_GLT_1, SC_GLT_6, SC_CLT_2 and

D_CLT_1 (f̃deg,lim = 0.8)

A negligible in�uence of the strength degradation in the calculation of

µdeg was observed for hold-downs, see Figure 19. However, di�erently from

T2T and S2T connections, values of µdeg lower than 2.70, 2.65 and 2.20

were calculated for EN12512 [4], ASTM E2126 [8] and K&Y [29] proce-

dures, respectively, as reported in Table 13. Since Hold-downs are not able

to undergo medium-to-high amplitude plastic deformations, the degrada-

tion ultimate displacement vu,deg is triggered by the failure of the connection

rather than the impairment of strength. For angle-brackets, values of duc-
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Table 12: Ductility µdeg and f̃deg factor for S2T connections.

S2T
connection

µdeg fdeg

EN 12512 ASTM E2126 K&Y

ηdeg,lim = ηdeg,lim = ηdeg,lim = ηdeg,lim =
w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.8

AN_S_1 3.67 3.67 3.67 3.56 3.56 3.56 2.91 2.91 2.91 1.01 1.01
AN_S_2 4.01 4.01 4.01 4.20 4.20 4.20 3.74 3.74 3.74 0.87 0.87
AN_S_3 3.90 3.90 1.44 4.22 4.22 1.56 3.73 3.73 1.38 - -
SC_S_1 2.67 2.67 2.67 2.81 2.81 2.81 2.35 2.35 2.35 1.04 1.04
SC_S_2 1.68 1.68 1.68 2.10 2.10 2.10 1.73 1.73 1.73 0.96 0.96
SC_S_3 2.08 2.08 2.08 2.41 2.41 2.41 2.04 2.04 2.04 - -

(*) condition of Eq.(7) satis�ed by reducing the value of the degradation ultimate slip vu,deg
(**) condition of Eq.(7) not satis�ed

Figure 18: µdeg vs ηdeg,lim curves for tests AN_S_1 and SC_S_3 (f̃deg,lim = 0.8)

tility lower than 1.5 for all the three analysis methods were detected in case

of ηdeg,lim = 0.8; moreover, in two tests the condition of Eq.(7) was not

satis�ed.

4.3 Discussion

In relation to the results reported in Sections 4.1 and 4.2, the following

conclusions can be drawn.
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Table 13: Ductility µdeg and f̃deg factor for MA connections.

MA
connection

µdeg fdeg

EN 12512 ASTM E2126 K&Y

ηdeg,lim = ηdeg,lim = ηdeg,lim = ηdeg,lim =
w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.7 0.8 w/o 0.8

HD_SC_1 2.36 2.36 2.36 2.65 2.65 2.65 2.19 2.19 2.19 0.90 0.92
HD_AN_1 1.86 1.86 1.86 1.97 1.97 1.97 1.81 1.81 1.81 0.85 1.13
HD_AN_2 3.98 3.04 2.69 3.68 2.78 2.46 3.12 2.39 2.12 0.97 1.19
HD_AN_3 3.00 3.00 2.10 2.95 2.95 2.06 2.72 2.72 1.91 0.84 1.01
HD_AN_4 1.71 1.71 1.71 1.74 1.74 1.74 1.59 1.59 1.59 0.84 0.84
HD_AN_5 1.76 1.76 1.76 1.75 1.75 1.75 1.62 1.62 1.62 0.86 0.86
HD_AN_6 2.41 2.03 1.77 2.50 2.09 1.82 2.25 1.88 1.63 0.86 1.03
HD_AN_7 1.64 1.64 1.64 1.74 1.74 1.74 1.53 1.53 1.53 1.02 1.02
HD_AN_8 3.35 2.81 2.46 3.36 2.84 2.48 2.66 2.23 1.95 0.94 1.10
HD_OSB_1 3.72 3.72 3.72 3.78 3.78 3.78 3.09 3.09 3.09 0.85 1.09
HD_GFB_1 4.01 4.01 3.20 3.90 3.90 3.11 3.31 3.31 2.64 0.70 0.97
AB_1 1.13 1.13 1.13 1.39 1.39 1.39 1.29 1.29 1.29 1.22 1.22
AB_2 2.03 1.90 1.36** 2.17 2.03 1.45** 1.86 1.74 1.24** 0.90 0.73
AB_3 1.67 1.57 1.15** 1.79 1.69 1.23** 1.66 1.56* 1.14** 0.85 0.69

(*) condition of Eq.(7) satis�ed by reducing the value of the degradation ultimate slip vu,deg
(**) condition of Eq.(7) not satis�ed

� The impairment of strength factor ηdeg vs dimensionless slip ampli-

tude ṽ curves is an e�cient tool to evaluate the low-cycle strength of

dissipative connections, establishing a relationship between strength

degradation and amplitude deformations. A negligible dependency of

ηdeg from ṽ, analytically described by values of the coe�cient a close to

zero, ηdeg,ṽ=1 close to 1 and high values of ṽu, characterizes connections

with a good low-cycle fatigue strength such as dowelled connections or

10 mm screwed T2T connections. Connections with a poor low-cycle

fatigue strength conversely show low values of ηdeg and ṽu.

� For a dimensionless slip amplitude close to 1, the impairment of strength

ηdeg,ṽ=1 is not lower than 0.9 for most tested connections. As expected,

signi�cant values of the impairment of strength are obtained only for

medium-to-high plastic deformations.
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Figure 19: µdeg vs ηdeg,lim curves for tests HD_AN_1 and HD_AN_3 (f̃deg,lim = 0.8)

� The timber connections exhibited di�erent levels of capacity in terms

of ductility and strength degradation. Smooth nailed, 10 mm diame-

ter screwed and dowelled connections are able, in most cases, to un-

dergo medium-to-high-amplitude plastic deformations with a limited

impairment of strength between the 1st and 3rd cycle. Some stapled

connections and most of 8 mm screwed connections showed medium-

to-high levels of ductility with a non-negligible impairment of strength

whereas 6 mm screws and mechanical anchors were not able to undergo

medium-to-high plastic deformations.

� In relation to the values of ductility capacity achieved for di�erent limit

values of the impairment of strength factor, four di�erent categories

for the tested connections are proposed, see Table 14. The �rst cate-

gory (i) includes the connections able to achieve values of µdeg equal

or higher than 6 for a value of ηdeg,lim equal to or higher than 0.8,

µdeg(ηdeg,lim = 0.8) ≥ 6. In the second category (ii) the connections

are included able to achieve values of µdeg equal or higher than 4 for
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Table 14: Categories of connections in terms of ductility capacity and cycle fatigue
strength, ηdeg,lim = 0.8.

Connection Category

(i) (ii) (iii) (iv)

µdeg
(
ηdeg,lim = 0.8

)
µdeg

(
w/o ηdeg,lim

)

≥ 6 ≥ 4 ≥ 4 < 4

P2T SN_OSB_1,2,3; RN_OSB_2,3,4 ST_OSB_1,3 ST_OSB_2
SN_GFB_1 ST_GFB_1,3 ST_GFB_2

T2T SC_GLT_6 SC_GLT_4,5 SC_GLT_1,3 SC_GLT_2
SC_CLT_3 SC_CLT_2 SC_CLT_1
D_CLT_3

S2T - AN_S_2 - AN_S_1,3
SC_S_1,2,3

MA - - HD_GFB_1 HD_SC_1
HD_AN_1 to 8
HD_OSB-1
AB_1,2,3

a value of ηdeg,lim equal to or higher than 0.8, µdeg(ηdeg,lim = 0.8) ≥ 4.

The third category (iii) includes the connections with a ductility ca-

pacity µdeg equal to or higher than 4, without taking into account any

limit value of the impairment of strength factor, µdeg(wηdeg,lim) ≥ 4.

The connections not able to achieve a ductility capacity equal or

higher than 4 for any value of the impairment of strength belong

to the fourth category (iv). If a value of ηdeg,lim equal to 0.7 was

assumed, connections SC_GLT_4,5, SC_CLT_1 and SN_GFB_1

would move from category (ii) to category (i) in Table 14. On the con-

trary, RN_OSB_2,3,4 and AN_S_2 would still belong to category

(ii) also in this case.

� The proposal of introducing the strength degradation as an additional

condition for the evaluation of ultimate slip signi�cantly reduces the

values of ductility for connections which belong to categories ii) and

iii). On the contrary, dowelled connections and 10 mm screwed con-

nections in tests D_CLT_1, SC_GLT_6, SC_CLT_3 show quasi-
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constant value of ductility independently on strength degradation. A

similar behaviour was observed for most of connections in category iv).

In this case, however, the low in�uence of strength degradation is due

to their low capacity to undergo medium-to-high plastic deformation;

the connections fail for values of slip amplitude not far from yield slip

without exhibiting, for this reason, a signi�cant degradation.

� As highlighted by Munoz et al. [33], a signi�cant di�erence in terms of

values of ductility capacity is obtained by applying di�erent methods

for the evaluation of the yield slip in case of connections which exhibit

a large post yielding behaviour. The values of ductility calculated

according to EN12512 [4] are in most cases higher than the values

obtained from K&Y [29] and ASTM E2126 [8].

5 Conclusions

In this paper, a new methodology to determine the low-cyclic fatigue strength

of di�erent typologies of dissipative timber connections is presented. 44 ex-

perimental tests with various con�gurations from four research projects were

analysed and discussed in order to evaluate the strength degradation as an

additional condition for the calculation of the ultimate slip in low-cyclic tests.

A linear relationship between the impairment of strength and the slip ampli-

tude was established for all tested connections. The ductility capacity was

calculated according to the procedure of EN12512 [4], K&Y [29] and ASTM

E2126 [8] for di�erent limit values of the impairment strength factor. Four

categories of connections in terms of ductility capacity and strength degra-

dation were proposed. Timber-to-timber connections with smooth nails, 10

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

195



mm diameter screws and 12 mm dowels were able, in most cases, to achieve

medium-to-high values of ductility without a signi�cant strength degrada-

tion. Most of 8 mm screwed timber-to-timber connections and some of

stapled panel-to-timber connections were able to undergo medium-to-high

levels of ductility only accepting high values for the impairment of strength

between the 1st and the 3rd cycle. 6 mm screwed timber-to-timber connec-

tions and mechanical anchors were not able to achieve high values of ductility

independently on the limit values adopted for the strength degradations.

Acknowledgments

This study was partially funded by a FederLegno Arredo (Italy) grant.

Some of the experimental tests were carried out within the X-Rev project,

funded by the Province of Bolzano (Italy) and Rothoblaas Company, Optim-

berQuake project (Optimization of Timber Multi-storey Buildings against

Earthquake impact) funded by the German Federal Ministry of Economy

and Energy as part of the CORNET programme of the European Commis-

sion (Grant EN 50) and OptimberquakeCheck project (Development of a

method for the reliable and simple evaluation of the earthquake resistance

of single to four-story timber buildings and simple hall structures in zones

of low and medium seismicity) funded by the German Federation of Indus-

trial Research Associations (AiF, iVTH, IGF 19260N). Special thanks go to

Marco Luchetti (FederLegno Arredo) for his support to this study.

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

196



References

[1] EN 26891:1991, Timber structures - Joints made with mechanical fas-

teners - General principles for the determination of strength and defor-

mation characteristics. Brussels, Belgium: CEN, European Committee

for Standardization. 1991.

[2] ISO 16670:2003. Timber structures � Joints made with mechanical fas-

teners - Quasi-static reversed-cyclic test method. 2003.

[3] American Forest & Paper Association- AFPA National Design Speci-

�cation NDS for Wood Construction� Commentary. American Forest

& Paper Association. Washington (DC, USA), 2005.

[4] EN 12512:2001/A1:2005, Timber structures � Test methods �cyclic test-

ing of joints made with mechanical fasteners. Brussels, Belgium: CEN.

2005.

[5] ANSI/AISC 341-10 Seismic Provisions for Structural Steel Buildings,

American institute of steel construction. 2010.

[6] EN 1998-1:2004/A1 , Eurocode 8: Design of structures for earthquake

resistance part 1: General rules, seismic actions and rules for buildings.

CEN, Brussels, Belgium., 2013.

[7] prEN 14592. Timber structures � Dowel-type fasteners � Require-

ments; CEN/TC 124. 2017.

[8] American Society Standard Method (ASTM) E2126-11 - Standard Test

Methods for Cyclic (Reversed) Load Test for Shear Resistance of Ver-

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

197



tical Elements of the Lateral Force Resisting Systems for Buildings.

2018.

[9] D. Casagrande, P. Grossi, and R. Tomasi. Shake table tests on a full-

scale timber-frame building with gypsum �bre boards. European Jour-

nal of Wood and Wood Products, 74(3):425�442, 2016.

[10] A. Ceccotti, C. Sandhaas, M. Okabe, M. Yasumura, C. Minowa, and

N. Kawai. SOFIE project�3D shaking table test on a seven-storey full-

scale cross-laminated timber building. Earthquake Engineering & Struc-

tural Dynamics, 42(13):2003�2021, 2013.

[11] G. D'Arenzo, G. Rinaldin, M. Fossetti, and M. Fragiacomo. An innova-

tive shear-tension angle bracket for Cross-Laminated Timber structures:

Experimental tests and numerical modelling. Engineering Structures,

2019.

[12] J. A. Dean. The ductility of nailed sheathing joints in timber frame

shearwalls. Department of Civil Engineering, University of Canterbury,

1988.

[13] J. Dolan and B. Madsen. Monotonic and cyclic nail connection tests.

Canadian Journal of Civil Engineering, 19(1):97�104, 1992.

[14] A. Filiatrault, I. P. Christovasilis, A. Wanitkorkul, and J. W. Van De

Lindt. Experimental seismic response of a full-scale light-frame wood

building. Journal of Structural Engineering, 136(3):246�254, 2010.

[15] D. Fischer, A. Filiatrault, B. Folz, C. M. Uang, and F. Seible. Two-story

single family house shake table test data, Final report. CUREE-Caltech

Woodframe Project, 2000.

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

198



[16] G. Flatscher, K. Bratulic, and G. Schickhofer. Experimental tests on

cross-laminated timber joints and walls. Proceedings of the Institution

of Civil Engineers - Structures and Buildings, 168(11):868�877, 2015.

[17] G. C. Foliente. Issues in seismic performance testing and evaluation

of timber structural systems. In:Proceedings of the 1996 international

timber engineering conference, 1:1.29�1.36, 1996.

[18] M. Follesa, M. Fragiacomo, D. Casagrande, R. Tomasi, M. Piazza,

D. Vassallo, D. Canetti, and S. Rossi. The new provisions for the seismic

design of timber buildings in Europe. Engineering Structures, 2018.

[19] F. Fonseca, S. Rose, and S. Campbell. Nail, Wood Screw, and Staple

Fastener Connections. 2002.

[20] I. Gavric, M. Fragiacomo, and A. Ceccotti. Cyclic behaviour of typical

metal connectors for cross-laminated (CLT) structures. Materials and

Structures, pages 1�17, 2014.

[21] I. Gavric, M. Fragiacomo, and A. Ceccotti. Cyclic behavior of typical

screwed connections for cross-laminated (CLT) structures. European

Journal of Wood and Wood Products, 73(2):179�191, 2015.

[22] F. Germano, G. Metelli, and E. Giuriani. Experimental results on the

role of sheathing-to-frame and base connections of a European timber

framed shear wall. Construction and Building Materials, 2015.

[23] M. He, F. Lam, and H. G. L. Prion. In�uence of cyclic test protocols

on performance of wood-based shear walls. Canadian Journal of Civil

Engineering, 25(3):539�550, 1998.

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

199



[24] A. Hossain, I. Danzig, and T. Tannert. Cross-Laminated Timber Shear

Connections with Double-Angled Self-Tapping Screw Assemblies. Jour-

nal of Structural Engineering (United States), 142(11):1�9, 2016.

[25] M. Izzi, D. Casagrande, S. Bezzi, D. Pasca, M. Follesa, and R. Tomasi.

Seismic behaviour of Cross-Laminated Timber structures: A state-of-

the-art review. 170:42�52, 2018.

[26] M. Izzi and A. Polastri. Low cycle ductile performance of screws used

in timber structures. Construction and Building Materials, 2019.

[27] A. Jorissen and M. Fragiacomo. General notes on ductility in timber

structures. Engineering Structures, 2011.

[28] E. Karacabeyli and A. Ceccotti. Nailed wood-frame shear walls for

seismic loads: Test results and design considerations. Structural Engi-

neering World Wide, 1998.

[29] K. Kobayashi and M. Yasumura. Evaluation of plywood sheathed shear

walls with screwed joints tested according to ISO 21581. In Proceedings

of 44th CIB-W18 meeting, pages 15�44, Alghero, Italy, 2011.

[30] H. Krawinkler, F. Parisi, L. Ibarra, A. Ayoub, and R. Medina. De-

velopment of a Testing Protocol for Woodframe Structures. CUREE -

Caltech Woodframe Project, pages 1�76, 2001.

[31] J. Liu and F. Lam. Experimental test of coupling e�ect on CLT angle

bracket connections. Engineering Structures, 2018.

[32] J. Liu and F. Lam. Experimental test of coupling e�ect on CLT hold-

down connections. Engineering Structures, 2019.

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

200



[33] J. A. Mahaney and B. E. Kehoe. Anchorage of Woodframe Buildings :

Laboratory Testing Report. 2002.

[34] W. Muñoz, M. Mohammad, A. Salenikovich, and P. Quenneville. Need

for a harmonized approach for calculations of ductility of timber assem-

blies. In Proceedings of the Meeting, volume 41, 2008.

[35] S. Pei, J. W. van de Lindt, M. Popovski, J. W. Berman, J. D. Dolan,

J. Ricles, R. Sause, H. Blomgren, and D. R. Rammer. Cross-Laminated

Timber for Seismic Regions: Progress and Challenges for Research and

Implementation. Journal of Structural Engineering, 142(4):E2514001,

2016.

[36] J. Peterson. Bibliography on lumber and wood panel diaphragms. Jour-

nal of Structural Engineering, 109(12):2838�2852, 1983.

[37] M. Piazza, A. Polastri, and R. Tomasi. Ductility of timber joints under

static and cyclic loads. Proceedings of the Institution of Civil Engineers-

Structures and Buildings, 164(2):79�90, 2011.

[38] M. Popovski and I. Gavric. Performance of a 2-Story CLT House

Subjected to Lateral Loads. Journal of Structural Engineering,

142(4):E4015006, 2015.

[39] L. Pozza, B. Ferracuti, M. Massari, and M. Savoia. Axial � Shear in-

teraction on CLT hold-down connections � Experimental investigation.

Engineering Structures, 2018.

[40] G. Rinaldin and M. Fragiacomo. Non-linear simulation of shaking-

table tests on 3- and 7-storey X-Lam timber buildings. Engineering

Structures, 2016.

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

201



[41] T. Sartori and R. Tomasi. Experimental investigation on sheathing-

to-framing connections in wood shear walls. Engineering Structures,

2013.

[42] J. Schneider, E. Karacabeyli, M. Popovski, S. F. Stiemer, and

S. Tesfamariam. Damage assessment of connections used in cross-

laminated timber subject to cyclic loads. Journal of Performance of

Constructed Facilities, 28(6):A4014008, 2013.

[43] C. C. Scienti�c and I. R. Organization). Timber evaluation of mechan-

ical joint systems: Part 3. Earthquake loading. 1996.

[44] W. Seim, M. Kramar, T. Pazlar, and T. Vogt. OSB and GFB As Sheath-

ing Materials for Timber-Framed Shear Walls: Comparative Study of

Seismic Resistance. Journal of Structural Engineering (United States),

142(4), 2016.

[45] W. Stewart. The seismic design of plywood sheathed shear walls. 1987.

[46] R. Tomasi and I. Smith. Experimental Characterization of Mono-

tonic and Cyclic Loading Responses of CLT Panel-To-Foundation An-

gle Bracket Connections. Journal of Materials in Civil Engineering,

27(6):04014189, 2015.

[47] J. W. Van De Lindt. Evolution of wood shear wall testing, modeling,

and reliability analysis: Bibliography. Practice Periodical on Structural

Design and Construction, 9(1):44�53, 2004.

[48] J. W. Van De Lindt, S. Pei, S. E. Pryor, H. Shimizu, and H. Isoda.

Experimental seismic response of a full-scale six-story light-frame wood

building. Journal of Structural Engineering, 136(10):1262�1272, 2010.

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

202



[49] M. Yasumura and N. Kawai. Estimating seismic performance of wood-

framed structures. Proceedings of 5th WCTE, 2:564�571, 1998.

[50] M. Yasumura, K. Kobayashi, M. Okabe, T. Miyake, and K. Mat-

sumoto. Full-Scale Tests and Numerical Analysis of Low-Rise CLT

Structures under Lateral Loading. Journal of Structural Engineering

(United States), 142(4):1�12, 2016.

CHAPTER 4. SEISMIC LOW-CYCLE FATIGUE STRENGTH OF TIMBER CONNECTIONS

203





Chapter 5

An innovative connection for

CLT buildings

5.1 Introduction

The construction process of timber buildings involves the assembly of

walls on site and the subsequent fixing by means of special joining de-

vices. Therefore, mechanical anchorages have a key role in providing

strength, stiffness, stability and ductility to the structure.

In the standard CLT assembly system, single CLT panels are usually

connected to the foundation and/or to the lower storey by means of hold-

down elements and angle-brackets. These connections allow to avoid the

rocking and the sliding of the wall due to the horizontal forces.

Nowadays, the use of hold-down and angle-bracket connections, that

were originally developed for platform-frame constructions (light-timber
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frame wall buildings), has been extended also to CLT buildings with lit-

tle or no modifications.

In fact, the dissipative capacity of light-frame buildings is mainly spread

in sheathing-to-framing connections, i.e. in nailing between frames and

panels. This condition could be also achieved by assembling massive

timber elements using ductile fasteners (e.g. screws or nails in vertical

joints). Conversely, in CLT walls, the dissipative contribution is exclusively

assured by ductile connections at the base of panels. As a result, the

building capacity is limited by the strength of those connectors (see Fig-

ure 5.1), which also show ultimate deformations not compatible with the

CLT panel stiffness. In addition, lots of researches highlight that those

connectors are often inadequate to transfer lateral loads when buildings

are subjected to strong seismic actions.

Figure 5.1: Example of brittle failure occurred on experimental tests [24, 5, 123].

Brittle failure occur mainly because the capacity design approach is

not correctly applied. In many experimental test, the failure of steel plate

or the tension-failure of bolts occurs before the failure of nailing connec-

tion. This is because the strength of fasteners embedded in timber mem-

bers could be far greater than the design characteristic value evaluated
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according to Johansen’s theory, as proposed in Eurocode 5. In fact, the

real strength of nails or screws can exceed the maximum strength of con-

nected perforated steel plates, leading to unexpected fragile behaviour.

Eurocode 8 requires that the evaluation of the mechanical performance

of timber connections is carried out according to a cyclic loading proce-

dure (referring EN 12512) and define the ductility requirements such as:

“the dissipative zones shall be able to deform plastically for at least three

fully reversed cycles at a static ductility ratio of 4 for ductility class M struc-

tures and at a static ductility ratio of 6 for ductility class H structures, with-

out more than a 20% reduction of their resistance”.

As presented in section 4, hold-downs and angle-brackets belong to

Low (L) ductility class and rarely to medium (M) or high (H) one. They

also show a marked pinching behaviour due to the timber embedment

phenomenon, which reduces the energy dissipation capability of connec-

tions.

Moreover, all mechanical connectors are fixed on site, with significant

time waste and consequent uncertainty due to the hard-to-verify quality

of an on-site installation. Attempting to solve them, different research

groups have proposed alternative systems for the construction of multi-

storey buildings.
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5.2 State of the art on innovative connections

for CLT buildings

The increased interest to develop CLT structures in high seismic-prone

areas and consequently the greater energy dissipation capacity, the rais-

ing attention in the study of high-rise building realized with CLT monolithic

panels which require high-performance connections placed at the foun-

dation to withstand the ever-increasing demand of strength and the will

to limit the damage after a seismic event, led to the development of new

innovative connections for timber buildings.

The development of high performance connections or systems initially

took place on the basis of dissipating devices coupled with post-tensioned

shear walls (originally designed for multi-storey RC structures in New Ze-

land [122]). These systems are called rocking, or self-centering systems

and they are damping solutions that incorporate self-centering properties,

allowing the structural system to return to, or near to, its original posi-

tion after an earthquake. Firstly these systems were extended on the LVL

walls and subsequently on CLT walls (see [103, 22, 143, 71]).

A simple U-shape connection (called UFP Figure 5.2(a)), realized from

bending of a sufficient thick steel plate, was developed with the aim to joint

adjacent panels and to dissipate energy exploiting the rocking behaviour

of CLT panels.

Sarti [129] and Kramer et al. [82] developed a fuse-type dissipater

(Figure 5.2(b)) connection initially applied to CLT walls and subsequently

applied to a self-centring system. Loo el al. [92] developed and tested
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.2: Examples of innovative connections for CLT structures:(a) UFP; (b) Fuse-

type dissipater; (c) Steel plate dissipater; (d) Titan V; (e) XL-Stub; (f) Slip-friction con-

nector; (g) X-brackets; (h) X-rad.

a high-performance hold-down based on the slip-friction devices (Fig-

ure 5.2(f)). The connection system involved 12 mm thick steel plates

connected with bolts that slip through slotted holes. High-efficient angle

brackets (called XL-Stubs, Figure 5.2(e)) to be used in substitution of the

hold-down, were designed and tested at University of Salerno [85]. This

particular connection concentrate the energy dissipation in the knee-joint.

Schmidt and Blass [134] presented a study on a steel plate combined with

special LVL inserts and secured into the CLT panel, see Figure 5.2(c). In

this case the energy dissipation occurs in the panel-to-panel joints.

Polastri et al. [111] developed an innovative connection (called X-RAD,
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see Figure 5.2(h)) characterised by the use of a single connector type that

is positioned at the corners of the CLT panels. This connection is formed

by steel sheets that surround an hardwood insert that is fixed to the panels

by means of all-threaded screws. This connection offers high seismic per-

formance, furthermore reduces the on-site installation costs by partially

fastening the joint to the CLT panel in the factory. Scotta el al. [137] de-

signed and tested a steel connection called X-brackets Figure 5.2(g) able

to provide an adequate level of dissipative capacity to CLT structures. The

connection is formed by an X-shaped steel plate anchored to the CLT ele-

ment by means of an over-resistance connection respect to the X-bracket.

D’Arenzo et al. [35] present an innovative metal angle-bracket for CLT

building, see Figure 5.2(d). A typical timber-to-timber angle-bracket con-

nection was modified by adding some fully-threaded screws to improve

mechanical properties in tension direction. The screws are used to con-

nect the angle-bracket to floor panels.

5.3 Designing Process

5.3.1 Design criteria

The development of connection derives from some considerations on tra-

ditional connections (hold-down and angle-brackets) and on connections

previously presented. First of all, currently adopted connectors for CLT

panels are divided into connections able to prevent either sliding (angle-

brackets) or rocking (hold-downs) displacements. Conversely, the con-

nection proposed in this work is able to absorb both shear and tension
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forces. Furthermore, the main aim was to develop a connection able to:

• satisfy ductility requirements presented in the Eurocode 8;

• develop a strength and a displacement comparable to traditional

connectors;

• ease and speed of connection installation on site;

• minimize production waste in the manufacturing process;

• keep the production cost low.

To pursue these objectives it was chosen to use steel plates of 4 mm

thick that can be easily and economically obtained from laser cutting of a

steel sheet, steel profiles, present on the market, and typical mechanical

fasteners as nails, bolts, screws and so on. From a pre-analysis, the grade

S355JR steel was found to be the most appropriate in order to fulfil the

specified design objectives.

From previous considerations, a point-to-point mechanical connection

system to be placed near the corners of the CLT panels was designed.

The connection consists of two main elements: two steel plates positioned

on the faces of the CLT panel and the ring nails used to connect the steel

plate and the CLT panel. To complete the system a rectangular steel

profile and 4 steel bars are used to joint together steel elements.

It should be noted that the CLT panel have to be cutted by using a

computer numerical control (CNC) cutting system in order to make the

housing for the central profile. In addition, to ensure a quick and easy

installation of walls on site, steel plates are fixed to panels directly at the
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production plant where CLT panels are manufactured. Therefore, at the

building site, the pre-assembled CLT wall panels can be lifted directly from

the truck and positioned on special steel plates anchored to the founda-

tion. To secure CLT walls into their final position only four standard steel

bars must be inserted.

5.3.2 Parametric design

Once the first configuration was defined, an analytical analysis was first

performed in order to determine the number of nails and their position

in order to ensure that the connection exhibits good behaviour both in

shear that in tension. Furthermore, in order to obtain the dissipation of the

energy in the nailing, steel plates and threaded steel bars were designed

so as to be over-resistant.

It should be noted that the nail strength obtained from experimental

tests is generally higher than that calculated from the analytical formu-

lation (Johansen’s theory). Therefore, in order to ensure the correct be-

haviour of the connection, thus avoiding brittle failure, the strength of nails

determined by experimental tests was used.

Secondly, a Finite-Element (FE) model was used to derive the resis-

tance domain and the behaviour of connection. A 2D FE model of the

connection shell elements was implemented into Abaqus CAE®[23] soft-

ware. An elastic-plastic constitutive law was adopted to simulate mechan-

ical properties of steel. In the analysis the elastic and hardening moduli

of S355JR steel were set to 210,000 and 780 MPa, respectively, whereas
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yielding stress and ultimate stress were set to 335 MPa and 480 MPa,

respectively.

To model nails a simplified model was used in which they are schema-

tized as springs (link element) that connect the centre of the hole on steel

plate and the CLT panel. The constitutive law is taken according to the

experimental test carried out at the University of Trento. To simulate the

contact between nails and the steel plate link element that work only in

compression was used, see Figure 5.3

Figure 5.3: Contact modelling between the link element that simulates the nails and the

steel plate.

The threaded steel bars were modelled using rigid elements as they

have high values of strength and stiffness compared to the other ele-

ments.

5.4 Final shape of connection

FE analyses were useful in defining the exact geometry of the connection,

in fact after some improvements it was possible to obtain the finish shape.
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Figure 5.4 shows the final shape of steel plates that make up the inno-

vative connection. In detail, the connection is composed of two shaped

steel plates 4 mm thick, connected to the CLT panel through ring nails

and connected to the panel below or to the foundation by a steel profile

connected in turn by four M14 threaded bars, see Figure 5.5.

Figure 5.4: Technical draw of steel plates.

The arrangement of ring nails was studied so that the connection does

not have excessive torsional effects when subject to shear load and that

minimum distances from the edges of the CLT panel are respected so as

not to have fragile breakages. Moreover, the number of ring nails was cho-

sen in order to avoid the failure of steel plates or steel profile or threaded

bars. In fact, it was wanted to ensure that the yield occurs in the most

numerous and most ductile elements, namely nails.

The shape of the notch in the CLT panel was also carefully studied so

as to allow contact between the panel and the central steel profile, see

Figure 5.6. This allows, for horizontal displacements greater than 10 mm,
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Figure 5.5: 3D drawing of the panel-to-panel joint.

to directly transfer part of the shear action.

In addition, thanks to pushover analyses, performed considering dif-

ferent angles of force, approximate resistance domain was obtained.

5.5 Experimental tests

After the design and optimization phases, preliminary experimental tests

on prototypes were conducted to obtain the actual cyclic behaviour. Tests

were performed in pure tension and in pure shear, for a total of three

monotonic and five cyclic test.

Tests were performed at the Materials and Structures Testing Labora-

tory (MSTL), that is a part of the Department of Civil, Environmental and

Mechanical Engineering (DICAM) of the University of Trento.
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Figure 5.6: Notch in the CLT panel.

5.5.1 Test configuration and set-up

Experimental tests on connection were performed using a specifically de-

signed test setup suitable to apply both lateral and axial deformation to

the assembly of a CLT panel specimen with the joint. The experimental

setup is shown in Figure 5.7.

The test specimen is fixed by means of two solid profiles with square

section of side 100 mm anchored to rigid steel frame by four threaded

steel bars M20. To joint steel plates of the specimen and the head of the

hydraulic actuator two steel plates of 20 mm thick and grade S275JR are

used.

During the test, displacement measurements are performed by means

of electronic transducers at the nailed plates, to determine the force-

displacement curve. The instrumentation will be described more in detail

in the next paragraphs.

Finally, a vertical hydraulic actuator, with the loading capacity of 1000
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Figure 5.7: Pictures of the test setup.

kN, is used to impose load protocols. The actuator is rigidly fixed to the

steel frame.

Steel plates of connection were connected to the panel by the use of

ring or smooth nails with 4 mm diameter.

5.5.2 Specimen components characteristics

Specimens consist of four parts: CLT panel, steel plates, nails and threaded

steel bars.

CLT panels (C24 grade) made with five crosswise laminated board

layers and a total thickness of 137 mm (33-19-33-19-33 mm) were used in

tests (Figure 5.8). The panel is certified according to European Technical
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Approval (ETA-12/0347) prescriptions. Specimen dimensions are 650 mm

× 800 mm. As prescribed by EN 1380 (EN-1380) panels were conditioned

at (20±2)°C temperature and (65±5)% relative humidity for 15 days before

performing tests.

Figure 5.8: Distribution and detail of the CLT panel layer thickness.

Steel plates, Figure 5.9 dimension are 170x380 mm connected to

the CLT panel by ring nails (4x75 mm) Figure 5.10(a) or smooth nails

(4x80mm)Figure 5.10(b). Four threaded steel bars used to connect the

specimen at the actuator are a 14 mm diameter and a 8.8 grade.

Figure 5.9: Steel plates used in the experimental test.
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(a) (b)

Figure 5.10: Fasteners used in the experimental test: (a) ring nail 4x75mm and (b)

smooth nail 4x80mm.

5.5.3 Loading protocol

Cyclic tests were performed according to the quasi-static loading proto-

col recommended by EN 12512 . For all tests, the adopted procedure

followed these phases: (1) a monotonic test was carried out to define

the yielding displacement to use in the definition of the displacement-

controlled loading procedure for cyclic test; (2) a cyclic test was performed

following the Standard prescription. Figure 5.11 shows displacement pro-

tocols adopted for the cyclic tests. The rate was increased during the

cyclic loading phase, after the beginning cycles, following the European

Standard prescriptions.

Figure 5.11: Cyclic loading procedure for timber structures.
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5.5.4 Instrumentation

In this test setup, the vertical displacement is measured with respect to

fixed supports by means of one displacement transducer (LDT) per side,

see Figure 5.12. In addition two LDTs, one per side, are positioned to

detect any movement of the CLT panel. The LDT technical specification

are reported in Table 5.1

Table 5.1: Displacement transducer specifications

Nominal displacement [mm] 50
Nominal sensitivity [mV/V] 2
Bridge resistance Ω 350
Working temperature [°C] −10÷+70
Nominal voltage range [V] 1÷ 15
Degree of protection IP40

Figure 5.12: Displacement transducer LDT .

The load applied by the actuator is measured by a load cell (Figure

5.13) placed between the actuator head and the load application element

to the specimen. Load cell technical specifications are reported in Table

5.2.
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Table 5.2: Load cell specifications

Load Capacity [kN] 1000
Spring Rate [N/mm] 106

Diameter [mm] 222
Length [mm] 305

Figure 5.13: Load cell placed on the actuator.

5.6 Test results and discussion

In this section, results of monotonic tests (3 specimens, Figure 5.14) and

cyclic tests (5 specimens, Figure 5.15) are shown. Failure modes are

investigated and the most significant load-displacement curves are re-

ported.

Figure 5.14: Monotonic tests.
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Figure 5.15: Cyclic tests.

In Table 5.3 shows the list of the performed tests.

Table 5.3: Load cell specifications.

Label Test Typology Fasteners

M_4_001 Monotonic Tensile Ring nails
M_4_002 Monotonic Tensile Smooth nails
M_4_003 Monotonic Shear Ring nails
C_4_001 Cyclic Tensile Ring nails
C_4_002 Cyclic Tensile Ring nails
C_4_003 Cyclic Tensile Ring nails
C_4_004 Cyclic Tensile Smooth nails
C_4_005 Cyclic Shear Ring nails

Firstly is interesting to note that the failure mode observed at the end

of all experimental tests principally involved nails used to connect the steel

plate of the hold-down to the CLT panel. In all tests, two plastic hinges can

be recognized in nails, one near the head and another one in the shank. In

addition, localized embedment of timber around the nail shank, oriented

in the load direction, can be observed. The formation of plastic hinges

together with the embedment of timber are the mechanisms considered
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by Johansen’s theory to calculate the capacity of the single connector,

by ensuring a ductile behaviour. Brittle failure involving the fracture of

steel plates or the shear of threaded steel bars never occurred during

tests, thanks to the correct design of the number of nails adopted for the

connections.

It also should be noted that for specimens in which ring nails were

used, the displacement is limited by the failure of nails head. The failure

of the head is caused by axial and shear forces that are established inside

the fasteners. In fact, fasteners are not able to slide inside the wood and

this causes high concentration of stress. Conversely, when smooth nails

are used, this mechanism do not occur.

The vertical displacement and the corresponding force will be reported

for all specimens, both monotonic and cyclic.

In Figure 5.16 results from the monotonic tests are reported. It can

be noted that the monotonous tensile (Figure 5.16(a)) and shear (Figure

5.16(c)) tests show a slightly different behaviour: in the tensile test the

connection is able to ensure higher performance, both in reference to the

stiffness of the system and in terms of load-bearing capacity. In fact, the

shear test, both monotonic and cyclic, are adversely affected by the state

of additional stress induced by the rotation of steel plates. Due to the

eccentricity of the load, a bending torque is generated which leads to the

premature failure of nails fixed at the side where the greatest displacement

is observed.

Comparing tensile tests made with ring nails and smooth nails, it is

evident that:
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(a) Test M_4_001 (b) Test M_4_002

(c) Test M_4_003

Figure 5.16: Load-displacement curves for monotonic test.

• the bearing capacity of the specimen with ring nail is greater than

that of the specimen with smooth nails;

• the specimen with smooth nails reaches ultimate deformation values

greater than the specimen with ring nails. This is possible thanks to

the greater deformation of nails;

• in the softening branch, the specimen with ring nails shows a marked

decrease in the load-bearing capacity, while in the specimen with
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smooth nails there is a constant decrease as the deformation in-

creases. Also in this case this is due to the deformation properties

of the nails.

In Figure 5.17 are reported results from cyclic tests. Experimental re-

sults show that the load-bearing capacity and the stiffness are comparable

with that obtained in the monotonic tests. Moreover, all specimens show

a limited impairment of strength between 1st and 3rd cycle and this turns

out to be a positive aspect for meeting the Standard requirements.

Finally, it is interesting to note that in tensile cyclic tests in which ring

nails were used, low values of displacement were reached, consistent with

that happened in monotonic tests. The reason can always be attributed to

the failure of nail heads due to bi-axial stress (shear and tension). In fact,

this behaviour was not observed in tests with smooth nails, where high

value of deformation was reached.

5.6.1 Analysis of the results

In this section, results of the cyclic and monotonic tests are analysed ac-

cording to the procedure prescribed by EN 12512 and presented in sec-

tion 5.5.3.

The experimental capacity curve of steel-to-timber connection gener-

ally does not show a well-defined yielding limit. Also in these specimens

load-displacement curves are not characterized by a marked variation of

the gradient at the level of yielding condition, therefore the method “b” of

EN 12512 was adopted.
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(a) Test C_4_001 (b) Test C_4_002

(c) Test C_4_003 (d) Test C_4_004

(e) Test C_4_005

Figure 5.17: Load-displacement curves for monotonic test.

Results of tests are shown in graphical and tabular form below. In

detail for monotonic test it is reported: the bi-linear approximation super-
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imposed to the load-displacement curve; while for the cyclic test it is re-

ported: the bi-linear approximation superimposed to the load-displacement

curve (a), the impairment of strength (b) and the energy dissipation ca-

pacity (c). In addition for cyclic tests a table shows the value of equivalent

viscous damping.

Table 5.4 shows the mechanical properties of monotonic tests accord-

ing to EN 12512 method. From results of monotonic tests it can be noted

that the ductility of specimen with smooth nail is almost four times greater

than the ductility obtained with ring nails, while the ductility value in the

shear test is greater than 4.

Table 5.4: Mechanical properties of connection for monotonic tests.

Parameter M_4_001 M_4_002 M_4_003

Fy [kN ] 244.84 157.49 192.60
vy [mm] 3.29 1.63 3.30
Fmax [kN ] 291.81 225.86 234.45
vu [mm] 10.50 20.86 15.74
kel [kN/mm] 67.97 84.60 55.75
µ 3.19 12.73 4.77

All data regarding cyclic tests, collected during the experimental cam-

paign are reported in appendix C, while below is a summary of tests per-

formed. Table 5.5 shows mechanical properties of cyclic tests according

to EN 12512 method. From results it can be noted that the mean value of

ductility of specimen with ring nail is almost 2, while also in this case the

ductility of the connection with smooth nails is much greater.
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Figure 5.18: Results of monotonic tests.

Table 5.5: Mechanical properties of connection for cyclic tests.

Parameter C_4_001 C_4_002 C_4_003 C_4_004 C_4_005

Fy [kN ] 261.23 286.53 272.46 142.57 201.37
vy [mm] 3.62 4.60 5.03 1.34 3.34
Fmax [kN ] 304.74 331.98 303.91 226.80 229.05
vu [mm] 7.47 9.14 8.55 21.98 6.29
kel [kN/mm] 67.93 60.11 53.55 98.901 56.21
µ 2.06 1.98 1.70 16.34 1.88
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5.7 Critical discussion

Results of tests performed on 8 specimens subjected to tension or shear

force confirm the good performance of connection in terms of load-bearing

capacity, stiffness and impairment of strength.

It should be noted that the behaviour of ring nails influence the whole

experimental campaign. In fact, in all cyclic tests, in which ring nails were

used, the load-bearing capacity limit was reached due to displacements

lower than expected and tests ended with the failure of most of nail heads.

This unexpected characteristic highlights limitations of fasteners and in

part also the theory for which the ductility of connection can be pursued

by using a high number of small diameter connectors.

It is assumed that the ductility limit of nails can be attributed to pro-

duction methods; rings, which give it its high resistance to extraction, are

in fact made by molding which modifies surface properties of the steel

favouring the hardening of fasteners. In addition, rings, which limit the

extraction of the fastener, promote the formation of the plastic hinge in a

narrow section, in correspondence with the contact section between the

steel plate and the CLT panel. This hypothesis is confirmed by the fact

that in tests with smooth nails, which allow to obtain higher ductility val-

ues, there is a slight extraction during the test which allows the formation

of the plastic hinge in different sections of the shank.

It can be said that the connection in this configuration provides ductility

values in line with the products currently on market, however it shows

great resistance 340 kN in traction and 230 kN in shear actions.
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However, this connection guarantees a significant advantage, that is

the possibility of ensuring safety against horizontal actions with a single

type of connection positioned at the ends of the panel without having to

resort to distributed elements.

In this first phase, no tests were performed with respect to the com-

bined shear-tensile stresses. However, it was decided to determine the

resistance domain by following the indications in literature, that is using a

quadratic formulation as reported in Eq.(5.1).

(5.1)
(

F0

F0,max

)2

+

(
F90

F90,max

)2

≤ 1

where F0◦ and F90◦ are components relating to the state of solicita-

tion, in which the load angle is equal to 0° and 90° respectively, while the

F0◦,max and F90◦,max indicate the load-bearing capacity of the connection

in the same directions calculated in accordance with EN 12512.

The figure 5.19 shows the approximate resistance domain of the con-

nection by imposing as F0◦,max and F90◦,max maximum forces in the two

configurations (tension and shear) obtained from experimental tests.
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Figure 5.19: Analytical approximate resistance domain of the connection.
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Chapter 6

Conclusions and future

developments

6.1 Conclusions

In the first part of this thesis the behaviour of cross-laminated timber build-

ings was studied by means of non-linear static analysis. The keys objec-

tive of this work were: investigate the interaction between local ductility of

the individual components and global ductility of a cross-laminated timber

building and evaluate a new set of behaviour factor q to be use in the seis-

mic design. To achieve these objectives, a parametric numerical analysis

was carried out assuming an ideal elastic-perfectly plastic behaviour of

connections. Firstly, the analyses were carried out on single and couple

shear-walls. Results showed how the behaviour of system is closely re-

lated to the behaviour of components that reach the yielding first. It was

also noted that the shape of CLT panels affects the connection that brings
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the system to its ultimate condition. The non-linear analysis was then ex-

tended to one-storey building; results of analyses shown that generally

the yielding and therefore the failure occurs in hold-down connections. In

fact, angle-brackets are designed in a sufficient number to absorb the all

shear-force, remaining in the elastic field. For this reason it is suggested

to apply the capacity design approach in order to obtain angle brackets

which are over-resistance than the hold-downs. The non-linear analysis

of full-scale multi-storey buildings was then presented. Also in this case

a parametric approach was adopted to analyse a large numbers of cases

obtained by varying the main important parameters such as ductility of

hold-downs, number of storey, plan-geometry of buildings as well as seis-

mic intensity. Results allow to make an important consideration: in the

taller buildings not all the available ductility of the structure is exploited.

In fact, results show how the ductility decreases at the increasing of the

number of storey due to difficulty of yielding the upper storey. All the duc-

tility values collected were then used to assess a proper set of values for

the behaviour factor q. Two methods available in literature were adopted

to evaluate the q-factor: the Fajfar method (know as N2 method) and the

method of Newmark and Hall (called NeH method in this thesis) that has

the benefit to provide results regardless the seismic response of the build-

ing. To be consistent with the new Eurocode 8 proposal, behaviour factor

values have been multiplied by 1.5 in order to take into account the ad-

ditional over-strength contribution due to all other sources. In order to

propose a value of behaviour factor for CLT buildings, it is suggested to

use only the N2 method since the NeH method seems to be too precau-

tionary and also less accurate. Knowing that hold-downs currently avail-
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able on the market have a ductility in the range of 1 to 3, a behaviour factor

equal to 2.20 was proposed. Finally, the behaviour of a building made with

segmented walls was investigated. Results obtained allow to make two

considerations: these buildings are characterized by a greater ability to

dissipate the energy produced by the earthquake and by a higher overall

ductility compared to structures in which resisting elements are monolithic

CLT panels; however, the use of segmented walls requires knowledge of

the non-linear mechanical behaviour of connections which is not easy to

find. In fact, the mechanical behaviour of connection is not reported in the

technical documents.

In the second part a new methodology to determine the low-cyclic

fatigue strength of different typologies of dissipative timber connections

was presented. Unlike the procedure contained in the current version of

EN12512, the reduction of low-cyclic fatigue strength was explicitly con-

sidered in the evaluation of ductility of connections, both in terms of im-

pairment of strength between the 1st and 3rd cycle or as a reduction with

respect to the nominal strength of connection. In this section an exper-

imental campaign on different types of timber connections, carried out

at the Mechanical Testing Laboratory of the CNR Institute of Bioeconomy

(CNR-IBE) was presented in order to evaluate the methodological and ap-

plication consistency of the proposal. In addition, experimental tests car-

ried out at the University of Trento and at the University of Kassel were re-

worked. 44 experimental cyclic tests on panel-to-timber, timber-to-timber,

steel-to-timber connections and mechanical anchors were presented. For

all tests the ductility capacity was calculated according to the procedure

of EN12512, Kobayashi & Yasumura (called K&Y) and ASTM E2126 for
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different limit values of the impairment strength factor. The connections

were then divided into four categories in relation to the values of ductility

capacity achieved for different limit values of the impairment of strength

factor. Results allow to make the following considerations:

• connections with screws show a significant drop in ductility capacity

if the impairment of strength is considered in the determination of

the ultimate slip;

• timber connections exhibited different levels of capacity in terms of

ductility and strength degradation. In fact, the ductility capacity of

smooth nailed, 10 mm diameter screwed and dowelled connections

is almost independent of the impairment of strength between the 1st

and 3rd cycle while a significant variation was highlighted for 6 mm

screwed mechanical anchors, some stapled connections and most

of 8 mm screwed connections.

• in the hold-down connection, no substantial influence of the impair-

ment of strength on the calculation of ductility was noted. However,

unlike connections made with nails, screws or dowels, ductility val-

ues reached in tests are always lower than 4 even without consider-

ing the strength degradation;

• significant difference in terms of values of ductility capacity is ob-

tained by applying different methods for the evaluation of the yield

slip in case of connections which exhibit a large post yielding be-

haviour. The values of ductility calculated according to EN12512

are in most cases higher than the values obtained from K&Y and

ASTM E2126.
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In the third part an innovative connection for CLT buildings was pre-

sented. This section describes the iterative analytical process that led to

the definition of the geometric properties of the connection. In addition, an

experimental campaign conducted at the Materials and Structures Testing

Laboratory of University of Trento is reported. Results shows how the be-

haviour of ring nails influence the deformation capacity of the connection.

This affects the ductility capacity of connection by decreasing its value.

However, The experimental characterization of the investigated device

confirmed the significant mechanical performance achieved with respect

to traditional connections. In fact, the connection has high strength and

stiffness values both in traction and in shear, moreover, it provides ductil-

ity values comparable than traditional connections without exhibiting high

levels of impairment of strength between the 1st and 3rd cycle. In addition,

the innovative connection allows: to ensure safety against seismic action

with a single type of connection positioned at the end on panel, ease and

speed of assembly on site and to obtain a better box behaviour of the

building. Finally, in order to improve the dissipative capacity of the con-

nection, a specimen with smooth nails was tested. Results showed that

despite the decrease in terms of bearing capacity, high ductility values are

obtained, thus being able to meet all the requirements of legislation.

6.2 Suggestions for future work

The research project can be further developed from different points of

view:
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• regarding the first part, incremental dynamic analyses (IDA) could

be carried out on representative case-study buildings designed ac-

cording to the proposed q-value. Such analyses will also take into

account the cyclic behaviour of connections, including the pinching

effect and the strength degradation.

• regarding the second part, additional experimental tests are required

to confirm the proposal.

• regarding the third part, additional experimental tests could be car-

ried out on specimens with mixed nailing (using both ring and smooth

nails). An interesting next step could be the contemporary applica-

tion of cyclic load input in the two directions, to simulate a realis-

tic evolution of the seismic force in the connector’s behaviour and

defining a complete resistant domain. Finally a possible solution to

connect the innovative connection to the foundation or to the lower

wall, could be studied.
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Insights on the MATLAB code

used for the analyses

The non-linear parametric analyses of CLT buildings were performed thanks

to program specially developed. The program exploits the potential of Mat-

lab, Sap2000 and Excel software which were interconnected in order to

produce the final result which will be explained in detail below.

The code was designed in order to build the model of the buildings

completely automatically for each set of analysis, using only a few input

data to be entered through dialog boxes and some pre-compiled excel

files which describe the geometry of the structure.

Once the geometry of the buildings and the loads to be assigned to

the various floors were defined, they were inserted into some Excel files

in order to be able to import them into the Matlab code. In parallel, a

basic model was created in SAP2000, which contains the definition of all

those characteristics of the structure that remain unchanged in all anal-
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yses, i.e. materials, sections of structural elements, load patterns, load

cases, etc. In addition, link elements, namely the elements that simulate

the behaviour of the mechanical connection in the building, were defined.

The second step focused on writing the Matlab code. In this phase the

main structure of the code was written which concerns the realization of

some “for loops” and “dialog boxes” in order to take into consideration the

following parameters:

• main direction of analysis, X or Y;

• numbers of storey, form 1 to 8;

• number and types of hold-downs and angle brackets to use in the

building model;

• seismic parameters (i.e. peak ground acceleration, ground type,

seismic coefficient for non-structural elements and so on);

• the version of the SAP2000 software installed in the computer;

• the ductility of hold-downs;

• the system (shear-wall or building) to be analysed.

Subsequently a new sub-routine was written in order to perform a pre-

analysis of the structural system. This linear static analysis has the pur-

pose of quantifying the number of angle brackets and determining the type

of hold-down to be positioned on each wall in order to absorb the forces

due to the seismic action.

240



APPENDIX A. INSIGHTS ON THE MATLAB CODE USED FOR THE ANALYSES

The third phase, the code regarding the construction of the model was

written. In this phase the input data present in the Excel files are inserted

into the program and from them, the model is created automatically in

SAP2000.Always in this part, the program sets the parameters to perform

the non-linear analysis and runs it.

Finally, the subroutine related to the output was written. With this

last code the program extrapolates the results of the analysis from the

SAP2000 and processes them in order to obtain the ductility values, the

over-strength factor, the mass and the period of the equivalent single de-

gree of freedom (SDOF) system.
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Appendix B

Test results used to support the

new test procedure

This section reports the detailed outcomes from the analysed carried out

at the Institute for BioEconomy - IBE of the National Research Council of

Italy (CNR).

B.1 Test description

The specimens were tested according to the setup described in Figure

B.1 and B.2. Figure B.1 and B.2 show the setup and the transducers used

to record the displacements during the test procedure. Five fasteners

(dowels or screws) were used for timber-to-timber connections while two

mechanical anchors were used for steel-to-timber connections. Two LVDT

were used to measure the vertical displacement for each specimens.
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Figure B.1: Test set-up for dowel fasteners.

Figure B.2: Test set-up for hold-down.

B.2 Results

In this section the information regrading the impairment of strength ηdeg,

the yielding vy and the ultimate displacement vu, the ductility µdeg, the

stiffness Kc and so on are reported. In addition, the value of equivalent

damping νeq,c, maximum displacement vmax and maximum force Fmax are

indicated for each cycles.
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Figure B.3: 90SC6mm_C_001: Load-displacement curve.

Figure B.4: 90SC6mm_C_001: Impairment of strength and equivalent viscous damping.
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Figure B.5: 90SC6mm_C_002: Load-displacement curve.

Figure B.6: 90SC6mm_C_002: Impairment of strength and equivalent viscous damping.
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Figure B.7: 90SC8mm_C_001: Load-displacement curve.

Figure B.8: 90SC8mm_C_001: Impairment of strength and equivalent viscous damping.
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Figure B.9: 90SC8mm_C_002: Load-displacement curve.

Figure B.10: 90SC8mm_C_002: Impairment of strength and equivalent viscous damp-

ing.
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Figure B.11: 90SC10mm_C_001: Load-displacement curve.

Figure B.12: 90SC10mm_C_001: Impairment of strength and equivalent viscous damp-

ing.
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Figure B.13: DOW_C_001: Load-displacement curve.

Figure B.14: DOW_C_001: Impairment of strength and equivalent viscous damping.
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Figure B.15: WHT440_C_001: Load-displacement curve.

Figure B.16: WHT440_C_001: Impairment of strength and equivalent viscous damping.
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Figure B.17: WHT440P_C_001: Load-displacement curve.

Figure B.18: WHT440P_C_001: Impairment of strength and equivalent viscous damp-

ing.
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Figure B.19: WHT540_C_001: Load-displacement curve.

Figure B.20: WHT540_C_001: Impairment of strength and equivalent viscous damping.
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Appendix C

Test results of innovative

connection

This section reports the detailed outcomes from the experimental cam-

paign carried out at the Materials and Structures Testing Laboratory (MSTL),

part of the University of Trento.

C.1 Test description

The specimens were tested according to the setup described in Figure C.1

to simulate vertical load and C.2 for shear load. Figure C.1 and C.2 also

show the transducers used to record the displacements during the test

procedure. Four LDT were used to measure the vertical displacement for

each specimens.
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Figure C.1: Setup to test the specimen in traction.

Figure C.2: Setup to test the specimen in shear.
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Figure C.3: 3D setup.

C.2 Test results

In this section the value of equivalent damping νeq,c, maximum displace-

ment vmax and maximum force Fmax for each cycles are reported. More-

over, for each specimen the load-displacement curve, impairment of strength

and energy dissipation are shown.
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Test: C_4_001

Figure C.4: Cyclic test C_4_001: load-displacement curve, impairment of strength and

energy dissipation.

Table C.1: Maximum values of force and displacement and equivalent viscous damping.

0.25vy 0.50vy 0.75vy vy 2vy

1st Cycle
vmax 0.32 1.15 2.03 3.02 7.49
Fmax 42.52 98.46 146.51 190.42 304.74
νeq 41.66 97.48 6.38 5.08 8.42

2nd Cycle
vmax - - 2.09 3.10 7.70
Fmax - - 144.47 185.83 292.48
νeq - - 3.04 2.52 2.50

3rd Cycle
vmax - - 2.13 3.14 7.81
Fmax - - 143.98 183.35 286.21
νeq - 2.70 2.27 2.17
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Test: C_4_002

Figure C.5: Cyclic test C_4_002: load-displacement curve, impairment of strength and

energy dissipation.

Table C.2: Maximum values of force and displacement and equivalent viscous damping.

0.25vy 0.50vy 0.75vy vy 2vy 3vy 4vy

1st Cycle
vmax 0.72 1.49 2.31 3.09 5.91 8.05 9.17
Fmax 61.77 107.23 144.89 180.25 269.36 316.96 331.98
νeq 61.54 105.87 6.07 4.71 7.34 4.82 2.87

2nd Cycle
vmax - - 2.36 3.15 6.07 8.25 9.36
Fmax - - 141.61 176.11 260.25 305.43 321.24
νeq - - 2.83 2.47 2.22 2.17 2.07

3rd Cycle
vmax - - 2.38 3.17 6.15 8.35 9.48
Fmax - - 139.77 173.85 255.43 299.42 315.07
νeq - - 2.60 2.27 1.91 1.94 1.90
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Test: C_4_003

Figure C.6: Cyclic test C_4_003: load-displacement curve, impairment of strength and

energy dissipation.

Table C.3: Maximum values of force and displacement and equivalent viscous damping.

0.25vy 0.50vy 0.75vy vy 2vy 3vy

1st Cycle
vmax 0.65 1.51 2.45 3.40 6.35 8.58
Fmax 38.36 89.34 132.13 169.51 258.25 303.91
νeq 37.62 88.30 6.13 4.69 7.10 4.82

2nd Cycle
vmax - - 2.54 3.51 6.58 8.81
Fmax - - 128.79 165.75 248.87 292.59
νeq - - 2.85 2.58 2.76 2.62

3rd Cycle
vmax - - 2.58 3.57 6.72 8.97
Fmax - - 127.13 163.47 243.83 285.34
νeq - - 2.52 2.33 2.40 2.44
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Test: C_4_004

Figure C.7: Cyclic test C_4_004: load-displacement curve, impairment of strength and

energy dissipation.

Table C.4: Maximum values of force and displacement and equivalent viscous damping.

0.25vy 0.50vy 0.75vy vy 2vy

1st Cycle
vmax 0.79 1.64 2.42 3.24 6.31
Fmax 57.81 100.48 132.19 161.03 229.05
νeq 55.25 100.34 11.55 10.40 16.13

1st Cycle
vmax - - 2.54 3.38 7.12
Fmax - - 131.84 159.16 218.66
νeq - - 7.55 7.75 10.85

1st Cycle
vmax - - 2.58 3.44 7.70
Fmax - - 130.25 156.67 204.55
νeq - - 6.79 7.14 9.59
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Test: C_4_005

Figure C.8: Cyclic test C_4_005: load-displacement curve, impairment of strength and

energy dissipation.

Table C.5: Maximum values of force and displacement and equivalent viscous damping.

0.25vy 0.50vy 0.75vy vy 2vy 3vy

1st Cycle
vmax 0.65 1.51 2.45 3.40 6.35 8.58
Fmax 38.36 89.34 132.13 169.51 258.25 303.91
νeq 37.62 88.30 6.13 4.69 7.10 4.82

2nd Cycle
vmax - - 2.54 3.51 6.58 8.81
Fmax - - 128.79 165.75 248.87 292.59
νeq - - 2.85 2.58 2.76 2.62

3rd Cycle
vmax - - 2.58 3.57 6.72 8.97
Fmax - - 127.13 163.47 243.83 285.34
νeq - - 2.52 2.33 2.40 2.44
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specialized in the structural field concluding his university career with the thesis entitled "Studio 
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In last years, timber structures are spreading all over the world thanks to the 
several advantages their offer compared to traditional building systems. The 
cross-laminated timber (CLT) is one of the most used system, but being a 
relatively new material, ther is no extensive reference bibliography and this
entails many lacks in the Standards and design fields. This thesis is part of 
this context and the aim is to investigate some main aspects. Through non-
linear static (NLS) analysis, the ductility of CLT buildings was studied and the 
development of a Matlab code allowed to perform parametric analyses useful 
for linking the local ductility of mechanical connections to the global ductility 
of the structures. The ductility of single connections, the numbers of storeys, 
the shape and the configurations of panels with reference to different 
planimetric arrangaments were taken into account. In addition, results were 
used to define a behaviour factor to be applied in the design. The results 
obtained from NLS analysis showed that the ductility of the building mainly 
depends on the ductility of connections. Therfore, it is important that these 
develop a good low-cycle fatigue strength behaviour as defined in Chapter 8 
of Eurocode 8. However, currently this requirement is not respected by most 
of the traditional connections on the market and therfore a new cyclic test 
protocol was studied to take into account the reduction of resistance of 
connections subjected to cyclic loads. For the same reason, was developed an 
innovative connection which, unlike traditional connections (i.e. hold-downs 
and angle brackets), offers resistance both for tensile and shear stresses. 
From results of experimental tests carried out on a full-scale prototype, 
showed that the connection as a good capabilities in terms of stiffness, 
strength and ductility associated with limited impaiment of strength.

 


	Introduction
	Research Needs
	CLT as construction system
	Seismic behaviour
	Materials
	Timber boards
	Ring shank nails and Screws
	Steel connections

	Objective and scope
	Chapter overview

	Overview on the seismic behaviour of CLT structures
	Introduction
	Appended Paper I
	Ductility evaluation by means Non-Linear Static Analysis
	Introduction
	Non-linear analysis on CLT building
	Analysis results

	Non-linear analysis on building made by segmented walls
	Analysis results

	Appended Paper II
	Seismic low-cycle fatigue strength of timber connections
	Introduction
	Evaluation of ductility capacity and strength degradation
	Experimental tests
	Test set-up
	Measuring instrument
	Test Protocol and Data process
	Test results

	Appended Paper III

	An innovative connection for CLT buildings
	Introduction
	State of the art on innovative connections for CLT buildings
	Designing Process
	Design criteria
	Parametric design 

	Final shape of connection
	Experimental tests
	Test configuration and set-up 
	Specimen components characteristics
	Loading protocol
	Instrumentation

	Test results and discussion
	Analysis of the results

	Critical discussion

	Conclusions and future developments
	Conclusions
	Suggestions for future work


	Insights on the MATLAB code used for the analyses
	Test results used to support the new test procedure
	Test description
	Results
	Test results of innovative connection
	Test description
	Test results
	Technical drawings

	Publications
	Bibliography
	Pagina vuota





