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SUMMARY

Timber frame constructive system can be considered one of the most important and
most spread worldwide. In many countries, such as U.S.A., Canada, New Zealand,
Germany and Scandinavia, the constructive process of timber buildings is characterized
by a strong tradition and experience, so that most of low-rise residential houses are
generally constructed using wood-based materials. On the contrary, in Italy the timber
frame construction system do not belong to the residential building tradition. In fact, the
majority of residential houses is characterized by masonry structures (typically if built
before the 70’s) or by reinforced concrete ones. However, during the last decade, the
timber construction system has been characterized by a significant growth in the Italian
market. The increasing sensitivity to environmental issues and the need to reduce the
construction time in situ, in addition to the importance of the design details, have given
Italian timber buildings a leading role in the constructive market also in European
Subalpine countries (historically not associated with such construction technology).

The timber-frame structural type has not been put on the Italian market referring to the
North American constructive system but to the European one and in particular to the
constructive system of those countries characterized by high tradition and experience in
this field (Scandinavia, Germany and Austria). The European constructive system differs
from the American one mainly for the considerable prefabrication process. This makes
the building similar to an industrial product. Moreover, larger sizes of the elements
constituting the walls themselves are used. The traditional American "plat-form frame"
system is generally made up with "two by four" studs (39 by 89 mm) whereas in
European countries larger cross section elements (usually 60-100 mm by 100-140 mm)
are used.

The development of the timber-frame buildings in subalpine countries, such as lItaly, has
required a specific investigation about their seismic performance. Unlike the countries of
Northern Europe and Germany, the Mediterranean Area is in fact characterized by high
seismic hazard. Nevertheless the researches and the studies about timber-frame
buildings seismic behaviour are rather limited; a direct demonstration of this is the
limited number of design rules which European Standards (Eurocode 8) require for
timber building seismic design. Many studies and researches have been conducted on
the European timber frame system, concerning with different engineering topics, but
very few of them concerned with their seismic capacity. For this reason, during the last
years, many research projects, aimed at the investigation of the timber buildings seismic
behaviour, have been financed in Europe.



One of these has been the CHI-QUADRATO industrial research project whose objective
has been the study of structural, thermic and constructive matters for a typical Italian
timber-frame constructive system. Within this project, the Department of Civil,
Mechanical and Structural Engineering of University of Trento has been involved to
investigate the seismic behaviour of such buildings. The research program has been
characterized both by a wide experimental campaign and by the proposal of numerical
and analytical models for the analysis and the design of timber buildings under seismic
loads. Some of these topics are deeply investigated and described by the work
presented in this thesis.

The work has been divided in three different but closely related phases.

In the first part, the behaviour of a single timber-frame wall under a horizontal force is
discussed. The main objective is the proposal of some simplified analytical expressions
aimed to describe both its linear and its non-linear behaviour. Depending on the
mechanical and geometrical properties of the structural components, an analytical
model for the prediction of the stiffness, strength and ductility of the wall is presented.
This model may be used both for the implementation of a simplified numerical model of
the wall and for the definition of the relationship between the local mechanical properties
(structural members and connection devices) to the wall ones. This aspect is crucial in
the traditional approach of seismic engineering and represents an innovative issue for
timber buildings.

In the second part of the thesis, a linear numerical modelling for the analysis of multi-
storey timber-frame buildings under seismic loads is presented. In common practice the
seismic analysis models for timber buildings are very simple and based on strong
hypotheses. The wall stiffness is usually considered linear dependent on the wall length
and the lateral force method is often used, without taking account of the dynamic
properties of the structure. However, in many cases a more advanced analysis should
be performed, (i.e. modal response spectrum analysis) requiring a suitable numerical
model capable to consider all significant deformation contributions of timber frame walls.
In the first part of the thesis in fact, is demonstrated that the wall stiffness cannot be
considered a priori linearly proportional to the wall length. For these reasons an
innovative numerical modelling, based on the single wall numerical model and a new
analysis approach are discussed. The analysis model is defined “unified” because it can
used for different timber structural types and not only for the timber frame building,
objective of this thesis.

The third and last part of thesis describes a full scale three-story building shaking table
test performed at the Eucentre laboratory in Pavia (ltaly). This test represents the last
phase of the experimental campaign conducted by the Timber Research Group of the



University of Trento about the investigation of the seismic behaviour of a typical Italian
timber frame building within the CHI-QUADRATO project. Many interesting issues about
the seismic performance of a full scale timber building, designed in accordance with
Eurocode 8, were investigated. The interaction between the structural components were
in particular analysed. More than one hundred instruments were used to monitor the
behaviour of the building during the seismic tests measuring accelerations,
displacements and forces. The main results and conclusions are reported.
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1 INTRODUCTION

Timber frame constructive system can be considered as one of the most important and
most spread worldwide. In many countries, such as U.S.A., Canada, New Zealand,
Germany and Scandinavia (Figure 1.1), this constructive process is characterized by a
strong tradition and experience, so that most of low-rise residential houses are generally
constructed using wood-based materials.

Figure 1.1: Swedish Timber Frame House

Up until not so long ago, the majority of timber-frame houses were built based on
experience and tradition rather than on specific design rules. In concrete and steel
constructions there were extensive experimental campaigns in the past and several
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INTRODUCTION

Standards and Line Guides are nowadays available. Conversely, for timber
constructions, many aspects have not yet been investigated and the gap with other
materials has not still been bridged. In spite of this shortcoming, a lot of construction
handbooks exist, representing the cultural baggage of the timber-frame structures.
Based on a strong tradition, they describe exhaustively the realization phases, the
details and the materials which should be used in order to satisfy the structural and
serviceability requirements.

During last 30 years there has been a significant increase of tests and research
programs aimed to the technological development of new devices or wood based
materials and to the improvement of timber-frame building structural performances. The
significant damages from earthquakes and high wind loads has created a need to
examine the current design practice. As reported in next chapters, the horizontal load
design is without any doubts the most significant and relevant part of the design process
for a timber frame building because it greatly influences the choice of structure elements
and number of the connection devices (angle brackets, hold-down, etc.). The results of
these studies and researches have permitted to get a new design philosophy which,
added to the tradition and experience, has been needed to improve the timber-framed
building performances, in particular under seismic loads. However, as reported above,
the gap with others types of construction is still to be bridged: nowadays many research
programmes have started in several countries characterized by a high seismic hazard.

Concerning with the Italian market, the timber frame construction system does not
belong to the residential building tradition. In fact, the majority of residential houses is
characterized by masonry structures (typically if built before the 70’s) or by reinforced
concrete ones. The use of timber as structural material was highly reduced and confined
to the roof construction in the Dolomite Area. However, during the last decade, the
timber construction system has been characterized by a significant growth. The
increasing sensitivity to environmental issues and the need to reduce the construction
time in situ, have given timber buildings a leading role in the constructive market also in
European Subalpine countries (historically not associated with such construction
technology). The development of new manufacturing technologies (i.e. new types of
connectors, connection devices, sheathing panels, etc.), and, in particular, the
production of the Cross Laminated Timber (CLT) panels have contributed significantly to
the timber building exponential growth in Italy.
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CHAPTER 1

The timber-frame construction system has not been put on the Italian market referring to
the North American structural type but to the European one, and in particular to the
constructive system of those countries characterized by high tradition and experience in
this field (i.e. Scandinavia, Germany and Austria). The strict performances required by
Italian Guidelines and Standards about thermal insulation, sound insulation, vibration
and durability, make the European constructive system, without any doubts, the most
suitable for Italy. In order to optimize the constructive process and to guarantee definite
construction times in situ, the European constructive system is characterized by a
considerable prefabrication process, making the building similar to an industrial product
(Figure 1.2, Figure 1.3). The assembly in the factory of the framed-walls, which
constitute the primary structural element, guarantee to reduce significantly the work
phases in situ (joining the walls, laying the floors and making the final finishes) and thus
to reduce both the constructive times and the mistakes in progress. Hence, it is clear
how the whole construction process must be supported by a careful design phase in
order to produce in the factory all structural elements and to make them ready for their
placing in situ. A resulting increase of the production quality is expected: all details must
be designed and built on purpose.

A further reason for which the European timber-frame constructive system differs from
the North American one is the size of the elements constituting the walls themselves.
The traditional "plat-form frame" system generally is characterized in fact the so-called
"two by four" studs whereas in Italy and in European countries larger cross section
elements (usually 60-100 mm by 80-160 mm section) are used. This guarantees the
possibility of interposing a thicker material insulation layer in the walls. Moreover a
higher robustness of the construction is obtained.

The development of the timber frame buildings also in subalpine countries, such as Italy,
needed to investigate the seismic performance of timber buildings made by European
constructive system technology. Unlike the countries of Northern Europe and Germany,
the Mediterranean Area is in fact characterized by a high seismic hazard, requiring
special construction details, which are not necessary in the common design for static
loads.

However, the researches and the studies about the seismic behaviour of European
timber frame constructive system have been not many; a direct demonstration is the
limited number of design rules and requirements for timber building seismic design in
European Standards (Eurocode 8). Many studies and research programs have been
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INTRODUCTION

conducted on the European timber framed system, dealing with different interesting
topics, but very few of them have been concerned with the performance of timber
buildings under seismic loads. The main reason is that European countries with an high
tradition in timber constructions cannot be considered significant seismic areas.

Figure 1.2: Timber frame wall assembling in the factory

Figure 1.3: Prefabricated wall placing in situ
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CHAPTER 1

However, it is important to highlight how the seismic behaviour of timber buildings has
been deeply investigated in other countries, such as U.S.A and New Zealand, which, as
known, are characterized by a very high seismic hazard. The most important
international research projects have been conducted in these countries, improving
significantly the seismic timber buildings behaviour knowledge. Nevertheless the North
American constructive system, as mentioned previously, differs from the European one,
both for the prefabrication process and for the size of the wall elements.

For this reason in the last years many research projects, aimed at the study of the
timber buildings seismic behaviour, have been financed in Europe in order to propose
new design rules and Standards requirements, and to develop new useful technologies
and devices for timber buildings in seismic areas.

One of these has been the Chi-Quadrato industrial research project whose main
objective has been the study of structural, thermic and constructive matters for a typical
Italian timber frame constructive system. Within this project, the Department of Civil,
Mechanical and Structural Engineering of University of Trento has been involved to
investigate the seismic behaviour of such buildings. The research program has been
characterized both by a wide experimental campaign and by the proposal of numerical
and analytical models for the analysis and the design of timber buildings under seismic
loads.

21



INTRODUCTION

The research has been divided in three different, but sequential and closely related,
working phases (Figure 1.4).

The first phase has been concerned with the study of the structural components which
guarantee the stability of a timber frame under a horizontal force. The study focused in
particular both on the wall connections to the ground (used in order to prevent the rigid
motion of the wall, Figure 1.5) and on the sheathing-to-framing connection by means of
fasteners.
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CHAPTER 1

Figure 1.5: Hold Down Load Test

The second phase studied the behaviour of a single timber frame wall. By means of the
data collected during the first phase an experimental campaign has been designed and
performed in order to investigate the behaviour of a timber frame wall subjected to a
horizontal force (Figure 1.6). In addition, numerical and analytical analyses have been
developed for the prediction of the wall behaviour, depending on the mechanical and
geometrical properties of the structural components.

Figure 1.6: Timber Frame Wall Load Test

The third and last phase focused on the seismic behaviour of the whole building. The
main objective has been in particular the study of the interaction between the structural
components. A full scale shake table test was performed and a numerical prediction
analysis model was proposed.
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INTRODUCTION

1.1 Objectives and thesis layout

The work of this thesis focuses on the second and the third phase of the research
program described in the previous section and is concerned with both the experimental
campaign and the numerical analyses.

Chapter 2 reports the common structural verifications required for a timber frame wall
under vertical and horizontal loads. The role of each structural component (wood
members and connection devices) is described. Moreover some aspects of the
common-in-practice design methods and the related assumptions are discussed.

In chapters 3 and 4 the behaviour of a single wall under a horizontal force is
investigated. Several analytical expressions are proposed in order to describe the linear
and the non-linear behaviour of a timber frame wall subjected to a horizontal load.
Depending on the mechanical properties of each structural component, an analytical
prediction model capable to evaluate the strength, stiffness and ductility of the wall is
presented and a simplified numerical modelling is described. The proposed analysis
method defines the analytical relationship between the local mechanical properties
(strength, stiffness and ductility), related to the structural components and to the
connection devices, and the wall’s ones. This matter is crucial in the traditional approach
of seismic engineering and represents an innovative issue for timber building seismic
design. As known, in fact, the seismic design should be referred not only to structure
strength but also to its stiffness (fundamental for serviceability limit states) and to its
ductility (required for the definition of the behaviour factor). Both Italian and European
Standards [NTCO08, Eurocode 8] are nowadays quite lacking in requirements for the
seismic design of timber buildings. A direct proof is that the design rules which are to be
satisfied in order to guarantee a high behaviour factor, and hence a high energy
dissipation during a seismic event, are very few, as described in chapter 2. Moreover no
specific rule for the application of the capacity design of a timber structure is suggested

Chapter 5 is concerned with the proposal of a linear back-up numerical modelling for the
seismic analysis of multi-storey timber frame buildings. In common practice the wall
stiffness is usually considered linear dependent on the wall length and simple lateral
force method is used, without taking account of the dynamic properties of the structure.
However, in many cases, a more advanced analysis should be performed, such as
modal response spectrum analysis, requiring a suitable numerical model capable to
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CHAPTER 1

consider all significant deformation contributions of timber framed walls. In the first part
of the thesis. in fact. is demonstrated that the wall stiffness cannot be considered a priori
linearly proportional to the wall length. For these reasons an innovative numerical
modelling, based on the single wall numerical model, and an new analysis approach are
presented.

Chapter 6 describes a full scale three-story building shaking table test at the Eucentre
laboratory in Pavia (Italy). Several interesting aspects about the seismic performance of
a full scale timber building, designed in accordance with Eurocode 8, were investigated.
The interaction between the structural components was in particular analysed. More
than one hundred instruments were used to monitor the behaviour of the building during
the seismic tests measuring accelerations, displacements and forces. The main results
and conclusions are reported. The design phase, the execution tests and the results are
described.

In chapter 7 the discussion of results and the main conclusions for each part of the
thesis work are presented.
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2 STRUCTURAL DESIGN OF TIMBER-FRAME WALLS

Timber frame buildings are characterized mainly by a “wall” structure. Unlike “frame”
structure, both vertical and horizontal loads are absorbed by timber-frame walls.
Therefore, the timber-frame wall represents the fundamental structural element of the
building as it transmits gravity loads to the foundations and guarantees the stability of
the whole structure against lateral forces (wind or earthquake).

Walls are defined “framed” in relation to their inner structure, formed precisely by a
timber frame (Figure 2.1). Each wall is characterized by two horizontal beams, the
bottom one and the top one, and by vertical studs. In order to guarantee the lateral
stability of the frame, lateral sheathing panels are connected to the frame by means of
metallic fasteners (nails or staples). For a typical Italian constructive system studs are
generally characterized by a thickness ranging between 100 mm and 160 mm and their
spacing along the wall is usually between 60 cm and 70 cm. They are made of solid
construction timber or finger-jointed solid construction timber (KVH). Particle composite
(OSB), Particleboard, Fiberboard (MDF), Plytimber or Gybsum-fiber panels are used as
sheathing panels. The metallic fasteners are usually ring nails, with a diameter ranging
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STRUCTURAL DESIGN OF TIMBER FRAME WALLS

from 2.5 mm to 3.1 mm, or staples. Fastener spacing ranges between 50 mm and 150
mm along the beams and the outer studs of each panel. In order that the centre stud may
be considered to constitute a support for a sheet, the spacing of fasteners in the centre stud
should not be greater than twice the spacing of the fasteners along the edges of the sheet.

VISTA FRONTALE SEZIONE B-B

Trvens supenoe

Eannes: messiments

Aloaza parewla — fitezza parsss

i Bace panneic rvectmerts i

SEZIONE A-A

" Bze pannats rvesmens L Sae parnein nossmmenss L Baze panmess rvazmens ¥
.

Figure 2.1: Timber-frame wall [Rossi, S. 2012]

The wall anchorage to the foundations, or to lower walls in multi-storey buildings, is
usually achieved by means of metallic devices or screws. In order to prevent the wall
rigid rotation, one or more metallic devices, called Hold-Down, are displaced at each
wall corner (Figure 2.2); the wall rigid translation is generally prevented by angle
brackets (Figure 2.3), steel plates or inclined screws (Figure 2.4). The metallic devices
are connected directly to the wooden frame by means of ring nails and to the foundation
elements by appropriate anchor bolts (Figure 2.5).
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CHAPTER 2

Figure 2.2: Hold-downs

Figure 2.3: Angle brackets

Horizontal floors are generally made up by box section elements or by wooden joists. In
both cases in order to achieve a diaphragm behaviour of the floor, timber panels should
be superimposed. An efficient floor connection to the underlying walls is also required in
order to transfer seismic loads to the structural bracing system, represented by the walls
themselves.

In the next sections the more significant verifications for a timber frame wall are
reported. The expressions are referred to Eurocode 5. Vertical load, out-of-plane
horizontal loads and in-plane horizontal force are considered. Moreover the horizontal
force distribution of the walls for wind or seismic loads is explained, referring to the
common-in-practice method. Lastly, the most significant aspects of seismic design of
timber frame buildings are summarized.
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STRUCTURAL DESIGN OF TIMBER FRAME WALLS
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Figure 2.4:Bottom beam Inclined screws

Figure 2.5: Hold-down and Angle brackets positioning

2.1 Vertical load path

As reported in previous section, vertical loads may be absorbed by the walls, whose
task is to transmit the dead and live loads from the floors to the foundations. In some
cases, however, for architectural reasons, timber columns, designed to transmit the
loads carried by beams to the ground, might be used. This solution is particularly
efficient in order to guarantee a considerable freedom in the flat space distribution. Inner
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CHAPTER 2

walls can thus be neglected from a structural point of view; they play only the role of
partition walls.

Timber-frame walls are characterized by the presence of a top timber beam on which
are generally connected the floor elements by means of vertical screws. The top beam
is supported in turn by equally spaced (60-80 cm) vertical timber studs. In case of
openings (windows or doors, Figure 2.6), orthogonal wall joints or significant
concentrated loads on the top beam, the insertion of additional studs or the use of larger
section studs may be required. It is important to highlight that the frame wall
prefabrication is particularly efficient and cost-effective if the structure is regular. In this
case, in fact, an excessive insertion of additional elements (studs or lintels) is not
necessary. Wall modularity represents a significant advantage in the prefabrication
phase.

Figure 2.6: Openings in a prefabricated timber-framed wall

The verification for the gravity load is to be performed for all structural wood elements.
Concerning the top beam, the bending and shear stresses are to be calculated,
assuming the top beam as a multiple span continuous beam. In the event that openings
are larger than the stud spacing, a reinforcing timber lintel may be required. According
to the Eurocode 5 the bending and shear verification should be satisfied:

Um,d,ub s fm,d,ub (2'1)
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STRUCTURAL DESIGN OF TIMBER FRAME WALLS

Tv ,d,ub = fv,d,ub (22)

where:

- OmaubiS the design bending stress for the upper beam
- fmauwis the design bending strength for the upper beam
- TyauwiS the design shear stress for the upper beam

- TyquwiS the design shear strength for the upper beam

The section size of studs should be selected in order to satisfy the stability verification.
Stud section is usually rectangular: the base section is parallel to the wall length
direction and whereas the section height is equal to the wall thickness. Since in both
directions studs may be assumed as a vertical pinned beam, the z-z axes (Figure 2.7)
should be considered as the axis with the greater slenderness. Nevertheless the
presence of a good connection between the sheathing panel and the stud guarantees a
considerable reduction of the stud effective length along the z-z axis . For this reason
the stud stability verification is carried only referring to the y-y axis according to the
equation (2.3), as reported in section 6.3.2 of Eurocode 5:

g < Of

c0dstud — kc,y—y c,0,d,stud (23)

where:

- Ocpadstud IS the design compressive stress along the grain
- feoaswais the strength compressive stress along the grain

A further important verification concerns the load transmission from the studs to the
bottom timber beam which is compressed perpendicular to the grain. This check,
especially in the case of multi-story buildings, may be very limiting and may influence
significantly the choice of the structural element dimensions. According to the section
6.1.4 of Eurocode 5 the following expression should be satisfied:
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Ocooaib < Keoo Fesoanw (24

Where:

Oc.00.4d,0p IS the design compressive stress perpendicular the grain for the bottom
beam

fe.0.4.00 IS the strength compressive stress perpendicular the grain for the bottom
beam

Top beam

b
7

stud

) J Q @) @] (@) @)

e
™

Bottom beam

N N N
bm

.

Figure 2.7: Timber-frame wall model loaded by uniform vertical load g, and wind out-of-plane
horizontal load gy

2.2 Out-of-plane horizontal loads

In the case of horizontal transverse load g, (such as wind load for outer walls, Figure
2.7) the stability verification of the studs must be corrected, because the combined
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effect of the wind out of plane bending and of the vertical load g, compression is to be
considered. Also in this case each stud is assumed a simple pinned beam. The
expression for a column subjected to combined bending and compression, according to
EC5, should be satisfied:

Uc,O,d,stud O.m,y,d,aud

+
kc,y |:fc,O,d,stud fm,y,d,stud

<1 (25)

2.3 In-plane horizontal force

The calculation model used for the wall verifications against vertical loads assumes the
studs as simple pinned vertical elements, connected superiorly and inferiorly by a
continuous beam. Hence, it is evidence how the wall cannot support horizontal actions
in its plane and a bracing, capable to guarantee the lateral stability of the frame, is
required (Figure 2.8).

Figure 2.8: Labile frame loaded by a horizontal force F

The wall bracing is made up with wood-based panels (OSB, plywood or gypsum-fibre)
connected to the timber frame by means of metallic cylindrical fasteners (ring nails in the
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case of wooden panels and staples in the case of gypsum-fibre panels). The panel
length should be equal to twice stud spacing to guarantee a regular nailing spacing on
the panel edge. The panel should also be nailed to the central stud (usually the spacing
is twice the spacing required on the edge of the panel) in order to prevent the panel
shear instability.

The shear transmission between the sheathing panel and the timber frame may be
analysed using in first approximation the lower bound theorem limit analysis, assuming
a rigid-perfectly plastic behaviour of the cylindrical fasteners and an infinite stiffness of
the wooden frame and of the panel. Supposing a constant shear stress distribution on
the panel edge, it is possible to calculate, by simple equilibrium, the shear stress
maghnitude. Considering a wall with length | equal to the length b of a single panel (the
distance between the studs is therefore equal to b/2) and considering a regular fastener
spacing s along the panel edge (Figure 2.9), the shear stress v4 on the edge of the
panel is given by:

v, ] (2.6)
b

where F4 is the horizontal force acting on the wall. The shear force F.40n each fastener
is therefore equal to:

Foa = V4 :%E‘B 2.7)
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Figure 2.9: Sheathing panel shear stresses

In order to prevent the wall rigid rotation a compression force N and a force traction T
are to be transferred to the foundation:

F, (h
T,=N,=—"— @28
b
where h is the height of the wall.

If the compression force can be transmitted directly to the ground by the simple contact
of the stud with the foundation element, for the transmission of the vertical tensile force
a specific connection device is required. This device, called hold-down, is positioned on
each corner of the wall and connected to the outer studs by means of ring nails and to
the foundation by means of anchor bolts.

In order to prevent the horizontal rigid body translation of the wall angle brackets or
screws are used. Their spacing is usually uniform and equal to s,. The design force for
each of them F, 4 for each device is thus given by:
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F
F.q :FdBa (2.9)

If the horizontal force F and the traction force T are to be transmitted from an upper wall
to a lower one, suitable devices should be used, such as steel plates nailed to the wall
(Figure 2.10).

Figure 2.10: Nailed steel plates for upper wall connection

In most cases the walls are subjected by a uniform load (dead load and live load) as
described in section 2.1: the equilibrium of the wall thus should take into account its
stabilizing effect (Figure 2.11). Assuming the centre of rotation of the wall is placed at
one of the bottom corner of the wall, the vertical load g, is transmitted only to two outer
studs; the compressive force is equal to:

_qm
N, -y (2.10)

The presence of the vertical load does not change, on the contrary, the stress
distribution related to the sheathing-to-framing connection and the rigid body translation
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one. This force is to be added and subtract respectively from the tensile and
compressive force of the outer studs

Figure 2.11: Timber frame wall under a horizontal force and a uniform distributed vertical load

The verifications required for a timber-frame wall loaded by a horizontal force Fq4, are
reported in the following equations, according to Eurocode 5 and taking account of all
possible failure mechanisms.

For the verification of the sheathing-to-framing fastener connection the design force
acting on each fastener F¢gstener Should be lower than the fastener lateral design
capacity Fe q:

_RB__

c,d, fastener — b c,rd (2'11)
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where c is equal to 1 if the length panel b is greater than h/2, 2b/h if b is within h/4 and
h/2, 0 if b is less than h/4. Experimental campaigns in fact demonstrated how the shear
capacity of the wall is reduced if the geometrical ratio h/b is greater than 2 and it should
be neglected if greater than 4.

The outer stud tensile force produce a tensile tension Oy g exernaistud that should be lower
than the design tensile strength along the grain f; g externastud

F,h g

b 2 ¢ (212)

O-t,O,d,externaIstud - Ag < t,0,d ,externalstud
ud

The outer stud stability is verified as in the case of the static load, taking account of the
contribution of both the seismic and the static axial force:

Fyth

- b
O—C,O,d,externalstud - A& < kc,y [fc,o,d,externalstud
ud

qb
2 (2.13)

Also for the bottom beam perpendicular to the grain compression the same expression
of static load can be considered:

F,h g

+ -
o, =_b 2 <k

¢,90,d,bottombeam A# c,90
f

f (2.14)

c,90,d

IN

Lastly, the sheathing panel design shear 7qpanei Should be lower than the panel shear
strength f,4. The coefficient k. is used to consider the panel slenderness. The
verification is expressed as:

F
T4 pand :b_Eﬂ <k O,y @15

If the wall length | is greater than the single panel length b, more sheathing panels are
used. The horizontal stability of the frame is guaranteed by the shear force transfer by
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the panels to the frame itself. Also in this case, in order to know the magnitude of the
force effecting on each fastener it is possible to apply the lower bound theorem limit
analysis. It is simple to demonstrate how the shear force v4 on the edge of the panel in
this case is equal to:

N F
Vg =D - (216)

ER L
where N is the number of sheathing panels whose height is greater than h/4. As for a
single panel wall sheathing panels characterized by a ratio h/b greater than 2 cannot
transfer efficiently the flow of shear stress. For this reason also in this case the a

coefficient ¢; is used. where N is the number of sheathing panels whose height is greater
than h/4.
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Figure 2.12: Timber frame wall with length |

According to Eurocode 5 the verification of fasteners is rewritten as:
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N
1
I:c,d,fastener = I:d &Eh_s I:c,rd (2-17)

i=1 1
where c; is equal to 1 if the length panel b is greater than h/2, 2b/h if b is within h/4 and
h/2, 0 if b is less than h/4

Also in this case the rotation and the translation of the wall are prevented respectively
by hold-downs and angular brackets (or screws). As for a single panel wall, the tensile
and compression forces on the outer studs is calculated considering the wall total
length:

(2.18)

T :_Dh _7D] (2.19)

If the uniform vertical load g, is significant, the hold-down tensile force T may be
negative and the analysis model is not consistent any more. The wall, in fact, does not
rotate and the vertical load q, is not transferred just to the two outer stud but to all studs.
In this case hold-downs would not be required because the wall overturning is prevented
by the vertical load.

2.4  Seismic horizontal force distribution

In seismic areas the most significant horizontal load may be given by seismic action.
Seismic action is usually represented by some equivalent static horizontal forces acting
at each storey of the building. If the floors can be considered as rigid diaphragms the
seismic force is assumed to be concentrated in the centre of mass of the floor. Its
magnitude is given, in the elastic range, by the product of the mass of the floors and
their horizontal acceleration. Admitting a structural damaging, the seismic force can be
reduced depending on the ductility of the structure, avoiding global and local failure
mechanisms.
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The floor horizontal forces force are transmitted to the timber frame walls proportionally
to their horizontal stiffness. Therefore, the seismic horizontal force F4 acting on each
timber wall depends on its mechanical and geometrical properties. For this reason a
correct distribution of horizontal forces would require a suitable analysis model capable
of taking account of all significant deformation sources of the walls.

In the common practice, the seismic analysis of timber-frame buildings is usually carried
out by means of simplified methods. In most cases, the lateral force method of analysis
(as suggested by the Eurocode 8) is used and the wall stiffness is assumed directly
proportional to the wall length. Hence, the analysis model can be reduced to a simple
spreadsheet. This method is without any doubt very simple and intuitive but generally
cannot be universally accepted.

Firstly, the lateral force method of analysis should be applied only when building
dynamic response in not significantly affected by contributions from modes of vibration
higher than the fundamental one (typically when the building can be assumed as regular
in elevation). Otherwise a modal response spectrum analysis should be carried out,
considering the contribution of all significant vibration modes. The seismic demand of
the building is in fact strongly influenced by their dynamic behaviour of the structure and
for this reason a static force equivalent distribution cannot be thorough.

Secondly, in the common evaluation of the wall stiffness, the deformation contribution of
the connection devices is totally neglected. Nevertheless, as demonstrated by the
results of the experimental campaign of the CHI-QUADRATO research project [Conte
et al., 2011; Conte et al., 2010; Sartori et al., 2012, Sartori et al., 2013, Tomasi and
Sartori, 2013 ], the influence of the connections is not negligible and should be
adequately considered in the analysis of the structure.

For these reasons, a key part of this thesis (presented in chapter 3) is represented by
the analysis of the linear behaviour of a timber frame wall subjected to a horizontal load.
An analytical expression for the assessment of the wall stiffness is suggested
considering four different sources of deformation due to the sheathing-to-framing
connection, the hold downs, the angle brackets and sheathing panel. The influence of
each deformation component is then analysed by means of a parametric study,
demonstrating the importance of the role of the connections. Moreover, a backup
numerical modelling of a single wall, based on the obtained results, is proposed. Thanks
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to its simplicity, this model can be used to develop numerical models for a series of
walls or an entire building, as reported in Chapter 5, and hence to carry out the correct
distribution of horizontal seismic forces between the timber walls.

2.5 Timber-frame building behavior factor q

The seismic design of a structure is generally carried out referring to a force-based
seismic design method, as reported in European Standard [EN 1998-1/A1, 2013]. The
seismic action is represented by the peak inertial forces to which the structure is
subjected during a seismic event. The capacity of the structure to support the seismic
action is obtained from dissipating the seismic energy via its structural damaging and
hence assuming a nonlinear structural behaviour. For economic reasons, in fact,
because earthquake is a very intense but rare phenomenon, a damaging of the
structure is accepted. However seismic linear analyses are usually carried out, dividing
the elastic seismic forces by the behaviour factor g, depending on the global structural
ductility. 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 g, brittle failure
mechanism should be prevented. Moreover, the ductility of the structural components
where the energy dissipation occurs should be related to the ductility demand of the
entire structure. Standards [i.e. EN 1998-1/A1, 2013; NTCO08, 2008] suggest the values
of g-factor for several structural types. In order to guarantee an adequate global ductility,
preventing brittle failure mechanisms, some design criteria and structural details are
reported for several types of buildings.

In timber buildings the structural ductility cannot be reached in timber elements
because, as known, are characterized by a brittle behaviour. The capability of the
structure to dissipate the seismic energy is hence obtained from the vyielding of the
metallic connection devices. Referring to timber-frame buildings three are the main
sources where the energy dissipation may occur, namely sheathing-to-frame fasteners,
hold-downs and angle brackets (or screws). The first contribution is commonly
considered as the most important because in timber-frame buildings the number of
fasteners is usually very large. In addition, their small diameter guarantees a high local
ductility. For this reason a high capacity to dissipate energy is assumed for this
structural type.
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Referring to European Standards for design of structure for earthquake resistance [EN
1998-1/A1,2013] an upper limit value of the behaviour factor q equal to 5 is suggested

(Figure 2.13), setting this structural type in the high ductility class (DCH).

Table 8.1: Design concept, Structural types and upper limit values of the
behaviour factors for the three ductility classes.

Design concept and g | Examples of structures
ductility class
Low capacity to dissipate | 1.5 |Cantilevers: Beams: Arches with two or three
energy - DCL pinned joints; Trusses joined with connectors.
Medium capacity to 2 | Glued wall panels with glued diaphragms.
dissipate energy - DCM connected with nails and bolts: Trusses with
doweled and bolted joints: Mixed structures
consisting of timber framing (resisting the
horizontal forces) and non-load bearing infill
2.5 |Hyperstatic portal frames with doweled and
bolted joints (see 8.1.3(3)P).
High capacity to dissipate | 3 | Nailed wall panels with glued diaphragms.
energy - DCH connected with nails and bolts: Trusses with
nailed joints.
4 |Hyperstatic portal frames with doweled and
bolted joints (see 8.1.3(3)P).
5 | Nailed wall panels with nailed diaphragms,

connected with nails and bolts.

Figure 2.13: EC8 upper limit values of behaviour factor for timber structures
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(3)P  In order to ensure that the given values of the behaviour factor may be used. 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 structures and at a static
duetility ratio of 6 for ductility class H structures, without more than a 20% reduction of
their resistance.

4) The provisions of (3)P of this subclause and of 8.2(2) a) and 8.2(5) b) may be
regarded as satisfied in the dissipative zones of all structural types if the following
provisions are met:

a) in doweled. bolted and nailed timber-to-timber and steel-to-timber joints, the
minimum thickness of the connected members is 10-d and the fastener-diameter & does
not exceed 12 mm:

b) In shear walls and diaphragms. the sheathing material is wood-based with a
minimum thickness of 44. where the nail diameter ¢ does not exceed 3.1 mm.

If the above requirements are not met, but the mininmum member thickness of 84 and 3d
for case a) and case b). respectively. is assured. reduced upper limit values for the
behaviour factor ¢. as given in Table 8.2, should be used.

Table 8.2: Structural types and reduced upper limits of behaviour factors

Structural types Behaviour factor ¢
Hyperstatic portal frames with doweled and bolted joints 2.5
Nailed wall panels with nailed diaphragms 4.0

Figure 2.14: Seismic design criteria and details for timber structures (EC8)

In order to guarantee a global high ductility of the structure, it is required that the ductility
of the components where the energy dissipation occurs must be greater than 6 (Figure
2.14). The observance of this requirement, however, does not seem to be enough to
guarantee completely the global structural ductility defined by the behaviour factor q.
Unlike what for other material structural types (concrete or steel), no detailed suggestion
about the failure mechanism that should be achieved is reported, and thus it is not clear
which connection type should be selected (fasteners, hold-don or angle brackets) as the
weakest element where the ductility capacity of the structure is concentrated. Moreover,
very few specific structural details are suggested (Figure 2.14) and no expression about
capacity design rule is reported. For these reasons current standards for seismic design
of timber structures may be considered lacking if compared to other types of structures.

During last twenty years several research projects have been carried out with the aim to
validate the high value of the behaviour factor for timber frame buildings and investigate
the seismic behaviour of timber structures. Shake table tests and non-linear numerical
analysis (static and dynamic) were in particular performed [Christovallis et al., 2007;
Daudeville et al.,2004; Dujic and Zaranic, 2004; Filiatrault et al., 2003; Filiatrault et al.,
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2001; Filiatrault and Fischer., 2001; Filiatrault et al., 2000; Folz and Filiatraul., 2002;
Judd and Fonseza, 2005; Kasal et al., 1994; Kesse and Kammer, 2004; Salenicovich,
2000, Tarabia and Itani, 1997; Van de Lindt et al.,2006]. The obtained results have
demonstrated good seismic performances of timber-frame wall buildings. However an
analytical model capable to correlate the local ductility of connections, where energy
dissipation occurs, to the global structure ductility has not proposed yet. As explained
previously this relationship is crucial because defines the local ductility demand of the
components in relation to the global ductility capacity.

With this purpose, a predictive analytical model for the elasto-plastic behaviour of a
timber-frame shear wall under horizontal loading is presented in Chapter 4. The main
goal of this model is in particular to link the local properties (e.g. ductility) of each
component to the global properties of a single wall. This does not define complete the
sought relationship but it represents the first fundamental step. The obtained results in
fact may be used to relate the properties of a single wall to the properties of an entire
timber frame building
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3 LINEAR ANALYSIS OF A TIMBER-FRAME WALL UNDER A
HORIZONTAL FORCE

As reported in chapter 2, one of the most important aspect that should be investigated in
order to perform a correct distribution of elastic horizontal forces in timber frame
buildings is the definition of a suitable model for the elastic behaviour of walls. In this
chapter an analytical expression for the calculation of the horizontal displacement of a
timber frame wall under a horizontal force is proposed considering four different
deformation sources. A parametric study of the wall stiffness is shown, demonstrating
as a linear relationship between the stiffness and the length of the wall cannot be
assumed. Moreover a simplified numerical model of the wall is proposed.

3.1 Elastic horizontal displacement of a timber frame wall under a horizontal

force

The elastic horizontal displacement of a timber-frame wall under a horizontal force can
be calculated considering four difference sources of deformation, namely rigid-body
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rotation, sheathing panel shear deformation, sheathing-to-framing fastener deformation,
and rigid-body translation. In this section the horizontal displacement A of a timber
frame wall under a horizontal force is calculated. In the analysis a timber frame with
length | and height h is considered. The external loads are represented by the uniform
vertical load g and a horizontal force F (Figure 3.1).

=
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| , ] |
| I
el O

Figure 3.1: Timber frame wall subjected to a horizontal force [Rossi, S.]

3.1.1 Rigid-body rotation

The source of deformation caused by the rigid-body rotation (see, Figure 3.3, 1) of the
wall is related to the tensile force of hold-downs, placed at each corner of the wall, for
effect of the overturning moment produced by the force F. Considering also that a
uniform vertical load may be acting on the wall, the hold-down vertical elongation v can
be calculated as:

PR

where K, is the hold-down stiffness.

The rigid rotation angle y is obtained dividing v by the length | to:
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v (Fh g)_1
=-—= —_—— 3_
4 I ( 12 2) K, G2

Thus, the horizontal displacement A;, caused by the rigid-body rotation of the wall is:

Fth q)_h
A =yh=|—2-91F 4

When the vertical load g is enough to prevent the wall rigid rotation and hence the
overturning moment is lower than the stabilizing moment due to the vertical load, the

hold-down elongation v must be assumed equal to zero. Consequently, Eq. (3.3) is
rewritten as:

2

(o]l

0 when F < =F

q

A, = 2 (34)
Lm@—q_m) when F>qm =F
I O, I 2 d

3.1.2 Sheathing panel shear deformation

The horizontal displacement A, (see, Figure 3.3, Il) caused by the sheathing panel
shear deformation contribution can be calculated deferring to the shear deformation ¢ .
This results equal to:

F

= =
G, A,

peE

(=X=y "
dy G, i, mm,)

where:

. Ab is the shear area of the sheathing panel,
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. Gp is the shear modulus of the sheathing panel;

. tp is the sheathing panel thickness.

The displacement A, can be obtained multiplying ¢ by the wall height h, assuming a
shear factor y equal to one.

F [
A =Clh=—M
p=¢ G oy

3.1.3 Sheathing-to framing fastener deformation

A timber framed wall is characterized by a timber frame made with solid timber studs
and beams. The frame is braced against horizontal loads by sheathing panels
connected to the frame itself by means of fasteners (nails or staples). For a single panel
wall (the length wall | is equal to the panel length b) the horizontal displacement Ag,
caused by the deformation of fastener (see, Figure 3.3, lll) can be evaluated, according
to [Girhammar and Kallsner, 2009] as follows:

where:

» F:is the external horizontal force;
« h: is the height of the wall. The height of the sheathing panel is assumed in the
analysis equal to the height of the wall;

» k¢ is the elastic stiffness of each fastener;
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* X, Y are the fasteners’ coordinates with respect to a reference system with the
origin in the centre of the panel;

e n:is the number of fasteners;

Assuming a constant spacing of fasteners along the beams s;, on the perimeter studs
Sps and on the inner studs, we obtain:

X2 nimieae d | (3.8)
— 6 s. b)]s

ps p

n S s
> y? nlderoed + 3 | me (3.9)
=) 12 S b S S,

The ratio between the panel height h and the panel length b is defined as the panel
geometrical parameter a. It is obtain as:

a _h (3.10)
, G

The fastener spacing on the inner stud s;s is assumed usually double than the fastener
spacing on the perimeter studs s,s and on the beams s, . For this reason a reference
fastener spacing s, can be defined as:

—e —e =3
% =Se =8, = (1D

Moreover the parameters n and & are defined:
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n :%Eﬂh?ﬂr) (312)

a’ 5
=—[6+—="1[& .
¢ 12E€ 2 j 13

Hence, equations (3.8) and. (3.9) can be rewritten as:

n

3
> % 0n d';— G.14)
i=1 (o]
n 3
>y 0é d’;— (3.15)

i=1

Therefore, the horizontal displacement Ag, is:

ke

At this stage we can define a new parameter A depending on a, as:

_ o 1 1 \_
A=a EE’?(G) + f(a)} =A(a) (3.17)

The displacement A, becomes:

F
A, =k—m(a)% (318)
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Equation (3.18) represents to the horizontal displacement due to the sheathing-to-
framing fastener deformation for a wall whose length is equal to the panel (“single panel
wall”). When a wall is characterized by several sheathing panels, eq. (3.18) can be
rewritten as:

A, :ﬁm(a)ﬁsf (3.19)

The eq. (3.19) is developed assuming that the sheathing panels superimposition occurs
only on one side of the wall. Therefore a more general expression can be obtained,
considering also the case for which sheathing panels are superimposed on both sides of
wall. Hence we get:

- P&

» = m (3.20)
bs

where nys is the number of the sides of the wall where sheathing panels are
superimposed (equal to 1 or 2).

The shape function A, function of a is plotted in Figure 3.2. For values of 1<a <6, A, can
be approximated by the linear equation (3.21).

A(a) =0,81+1,850dr (3.21)
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10

Figure 3.2: Shape function vs panel geometrical ratio

For the value of @ =2, A is equal to 4.52 as obtained by [Girhammar and Kallsner,
2009].

3.1.4 Rigid-body translation

A timber-framed wall is usually connected to the foundation by means of angle-brackets
or screws in order to prevent its rigid-body translation, see

Neglecting the friction, the deformation source due to the rigid-body translation A, can
be calculated (see, Figure 3.3, IV) intuitively as:

F

A =——
k, O,

(3.22)

where:
. kd: is the stiffness of each angle-brackets (or screw);
» N, : is the number of angle-brackets (or screws).

When the angle-brackets spacing i, is constant
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|
=" @29

a

Equation (3.22) can be rearranged as:

F
Aa=—m‘ (3.24)
k, [0
3.1.5 Total elastic horizontal displacement
The elastic horizontal displacement (Point C, Figure 3.1) of a timber frame wall

subjected to a horizontal force shear wall can be obtained by adding the displacements
caused by the four sources previously described. We get:

A=Ay +A +D, A, (3.25)

A:’]EFE*C{h[éFm-ﬂﬂfmu P 2
Mk |1k \ | 2)| ko IG,H0,

In equations (3.26) the contribution due to the wall rigid-body rotation must be

considered only when greater or equal to zero (hold-down in tension). Otherwise it must
be neglected.
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Figure 3.3:Timber frame deformation contribution: rigid-body rotation (1), Sheathing-panel shear
deformation (I1), Sheathing-to-framing connection (lll) and Rigid body translation (IV)

3.2 Horizontal stiffness of a timber frame wall

From eq. (3.26) the force vs displacement curve can plotted, as shown in Figure 3.4.
Because the deformation contribution caused the hold-down must be considered only if
it is positive, a bi-linear curve is obtained. Two regimes are hence to be assumed. The
first one is when the hold-down is not in tension (F<F,,), since the stabilizing moment is
greater than the overturning moment. The wall stiffness in this case is defined as Knt. -
The second regime occurs when the hold-down is in tension (F<F,,). The related
stiffness is defined as Ky . If the vertical load q is zero only the second regime occurs.
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Ktot,nt

Figure 3.4: Force vs displacement curve

Referring to the second regime, the total horizontal displacement A, see Eq. (3.26), can
be rewritten to highlight the contribution of the external force F, as shown by eq. (3.27):

A:i+i+i+i_

N Ch
Ke, K, K, K, 1 %7

where:

« the sheathing panel global stiffness is:

[ [0
Kp=—2—>-P— (328

« the sheathing-to-framing fastener stiffness is:

il
Key =% (3.29)

C

« the rigid body translation stiffness is:
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k. [l
KA:? =k, h, (330

a

« the rigid body rotation stiffness is:

K, 2

2 (3.31)

Kup =

« the vertical load acting on the outer studs is:

_qll
N="+ 332
5 (3.32)

The global stiffness Ky of the wall is hence defined as:

=—t—t+t—+— (333

while the backwards horizontal displacement Ay of the wall due to the vertical load is :

Ay (3.34)

_Nih
| &,

Thus, the horizontal displacement of the wall can be expressed as:

A=——=-Ay (335

Similarly, the external force F can be expressed as:
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F = Ktot |IA-'-AN) = Ktot m+ I:N (336)

where F is the equivalent horizontal force due to the vertical load.

A representation of the Equation (3.36) is shown in Figure 3.5. The elastic behaviour of
a timber frame wall is represented by a rheological model characterize by four elastic
springs in series subjected to an external total force equal to F - F, .

M S
Ky Ko Koy Ki F-Fy

Figure 3.5: Wall rheological model for the elastic behaviour of a timber frame wall in the second regime

Equations (3.35) and (3.36) prompt the following two considerations

1. The horizontal displacement produced by the horizontal force F is
decreased at a rate caused by the vertical load equal to AN , Which is constant.

2. The force F depends on of two different quantities: the elastic force
Kior [A and the force to counteract the vertical load K, [Ay.

The first regime (when the hold-down is not in tension), may be considered as a
subcase of the first regime, setting the hold-down stiffness ki, equal to infinity. Hence,
the global stiffness K ne. Of the wall is rewritten as::

1 i 1 1 N 1 N 1
-iMmm-———-—-—+v—7T— 3.37
koo Ky Kp Kgy Ky 37

K

tot,nt

The horizontal displacement due to the vertical load Ay also becomes 0. Hence, the
global displacement A is given by:
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F
Ktot,nt

A =

(3.38)

In this case the rheological model is represented by three springs in series, neglecting
the contribution due to the rigid rotation. The acting force is equal to F (Figure 3.6).

b

SH

Figure 3.6: Wall rheological model for the elastic behaviour of a timber frame wall in the first regime

3.3 Parametric study of the wall stiffness

In common practice, as explained in Chapter 2, the stiffness is assumed is linearly
proportional to the wall length. In order to demonstrate that this assumption cannot be
taken for granted, a dimensionless parametric study was performed. Regarding the
second regime the global wall stiffness can be rewritten as:

1 _h 1 105, iy h?
=—0 + + +— (3.39)
K | G, My E, Ik kO 10K,

tot s —'p

Four new parameters are defined to isolate the contribution of the length of the wall ,
namely:
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1-_s (A= | (3.41)
B ngk Ket
1__ 1
5 kK, (342)
sk Kk, O

Hence equation (3.39) becomes:

1 1.1, 1 1
= + + +
K, o0 Al ¢0 o0

(3.44)

Equation (3.44) shows that the stiffness of the wall is not linearly proportional to the wall
length. Unlike all other components the rigid-body rotation deformation is in fact linearly
proportional to the square of the length influencing the relationship between the global
stiffness and the length of the wall.

When the hold-down is not in tension, the parameter O — . The wall stiffness is
hence given by:

_ ILBLyll
JB+IPp+ LY

Ktot,nt = |5im Kot =l (3.45)

Equation (3.45) shows that the common in practice assumption is in this case correct.
The deformation contributions related to sheathing panel, sheathing-to-frame fasteners
and angle brackets are in fact linearly proportional to the length.

61



LINEAR ANALYSIS OF A TIMBER FRAME UNDER A HORIZONTAL FORCE

3.4  Finite element modelling of a timber-frame wall

Two numerical modelling suitable to investigate the linear elastic behaviour of timber
wall under an horizontal external force are presented in this section. These are
characterized by a different complexity and for this reason may be employed for

different purposes.

The former was implemented in order to validate the results of the analytical predictive
model (complete model) The latter, much simpler, is based on the results of the
analytical predictive model and can be employed for global elastic linear analyses of
series of walls or buildings (simplified model).

3.4.1 Complete model

The model is defined as “complete” since each significant deformation contribution is
appropriately represented by an element (Figure 3.7).

Ty
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Figure 3.7:Complete numerical model

Pinned frame elements were used to model the timber frame while shell elements
represented the sheathing panels. The frame and the studs of the pinned frame are
linked to the shell elements with two perpendicular linear elastic springs simulating
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fastener deformation contribution. The bottom beam is restrained by means of a vertical
and a horizontal linear springs in order to represent respectively the in-tension hold-
down and the angle brackets.

In order to validate the equation proposed for the calculation of the wall horizontal
displacement, several analyses were performed changing the geometrical properties,
the spacing of the fasteners and the stiffness of each connection device. An extensive
description of the model and the results are reported in [Conte et al., 2011].

3.4.2 Simplified model

The complete model is characterized by a large number of degrees of freedom because
each fastener is represented by two perpendicular linear —elastic springs. Based on the
predictive analytical model described in previous sections a simplified model is
presented (Figure 3.8) in order to represent the contribution of deformation of all
fasteners by means of a single horizontal spring, reducing considerably the number of
degrees of freedom of the model. This may be really significant when a series of walls
(or an entire building) is to be modelled. As an example, a 2.5 m (length I) x 2.5 m
(height h) wall characterized by sheathing panels (b=1.25 m) on both sides (ny,s=2) with
a fastener spacing (s) of 125 mm needs a number of fasteners equal to:

nmm:(l_ml_dgm)%:( 25 ,, 2525 m)m:m 216
s bs 0125 125 0.125

The number of degrees of freedom are hence equal to 480. For this reason the
reduction factor r is equal to:

1
r=——=0.0021 (347
280 (3.47)

The equivalent horizontal spring, characterized by a stiffness Kgp is defined by eq. (3.48)
considering both the sheathing-to-frame fastener contribution Kgy and the sheathing
panel deformation Kp.
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K

K
K, +Kyg,
The stiffness of the frame timber elements must be assumed as infinite in order to
prevent its bending deformation.

Ksp

Ka

o

Figure 3.8: Simplified model for in-tension hold-down

Figure 3.9: Simplified model for non in-tension hold-down
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As for the complete model, a vertical spring with stiffness equal to k, is used to
represent the hold-down while a horizontal spring with stiffness K, models the rigid
body translation contribution.

When the hold-down is not in-tension (Figure 3.9), the vertical spring must be
substituted by a vertical rigid-pinned beam. In fact if the stabilizing moment caused by
vertical load q is greater than the overturning moment caused by the horizontal force F
the rotation rigid body contribution is to be neglected. For this reason an iterative
process of analysis must be performed in order to get a consistent solution considering
the real state in-tension (or not in-tension) of the hold-down.
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4 ELASTO-PLASTIC ANALYSIS OF A TIMBER -FRAME WALL
UNDER A HORIZONTAL FORCE

In chapter 3 an approach for the linear behaviour of a timber frame wall under a
horizontal force was described and a simplified backup numerical modelling, capable to
take account of all significant deformation contributions, was proposed. In this chapter
an analytical predictive model of the elasto—plastic behaviour of a timber frame wall
under a horizontal load is presented. In this case three main sources of resistance have
been considered (sheathing-to-frame fasteners, hold-down and angle brackets)
neglecting the contribution of the sheathing panel (as reported in [Conte et al.,2011;
Conte et al, 2010] its influence on the global response of the wall is not significant). For
any load level, the ability to represent the total force carried by all fasteners (allowing for
their sequential yielding) in one spring (as reported in the simplified model) is shown to
be a key benefit, as this approach considerably reduces the number of degrees-of-
freedom in the model. This aspect becomes really important for non-linear analyses for
which the reduction of the number of degrees of freedom is a significant issue for an
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acceptable time-consuming of the analysis. The development of this spring in the non-
linear range was investigated via a parametric study in which the variables were the
sheathing panel’s aspect ratio and the fastener spacing. By also considering equivalent
springs for the other components (as in the linear range), it has been possible to define
a rheological model for elasto-plastic behaviour of a sheathed timber frame as function
of the mechanical properties of the fasteners, hold-downs and angle brackets. Particular
attention has been paid to the relationship between component (e.g. fastener) ductility
and the global ductility of the wall. Use of this approach to underpin nonlinear numerical
modelling of seismic response of multiple timber frame walls is discussed. This then
feeds into assessment of seismic capacity of timber-frame walls and hence of timber
buildings.

4.1 Rheological model for the assessment of the non-linear behavior of a

timber-frame wall

According to the simplified model describe in Chapter 3 the behaviour of a timber-frame
wall under a horizontal force F and a distributed vertical load g, can be represented by a
simple pinned frame, braced by a horizontal spring of stiffness equal to Ksy representing
the sheathing-to-framing connection (when the contribution of the sheathing panel K is
neglected, Kps is equal to Kgy). The contribution of the devices which prevent the
horizontal translation of the wall is represented by horizontal spring of stiffness Ka
connected to the ground, while the rigid body rotation, (hold-down contribution) is taken
into account by means of a vertical spring of stiffness equal to k.

The implementation of this model in the non-linear range is quite simple and
straightforward: each spring (sheathing-to-frame, rigid body translation and rigid body
rotation) is not characterized simply by its linear stiffness but by a non-linear curve. In
this thesis an elasto—plastic behaviour of each source is assumed: the force vs
displacement curve of each spring is hence characterized simply by its stiffness,
strength and ductility. In this case, the non-linear mechanical behaviour of the wall is
therefore described by a bi-linear or tree-linear curve.

In order to obtain simple analytical expressions for the relationship between the
behaviour of each individual source and the global behaviour of the wall, the backup
numerical model of the wall was substituted by a simplified rheological model. This is
characterized by two in-series horizontal springs (sheathing-to-frame source Kgy and
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rigid translation K,) and a third in-series element, made up by a horizontal spring Ky
(representing the rigid body rotation) placed parallel to a friction block (Fg) representing
the vertical load contribution (Figure 4.1).

Faq
§ Ksh Ka F
—_—
KH

Figure 4.1Timber frame rheological model

4.2  Mechanical properties of sources of deformation

In this section some analytical expressions are proposed for the definition of
elasto-plastic behaviour of each component of the rheological model. The calculation is
based on the knowledge of the mechanical properties of the fasteners and the
connection devices of each source of deformation.

4.2.1 Rigid body rotation

The parameters that describe the rigid-body rotation contribution in the rheological
model (represented by the non-linear horizontal spring Ky and by the friction block Fq
see Figure 4.2) can be obtained by geometrical and mechanical considerations from the
simplified numerical model of the wall, depending on the vertical load g, on the geometry
of the wall (height h and length 1) and on the mechanical parameters which characterize
each hold down (stiffness k, strength f,, and ductility uy),.
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Figure 4.2: Rigid body rotation and vertical load component

The hold down device, used in order to prevent the rigid rotation of the wall, is loaded by
a tensile force only when the overturning moment, caused by the horizontal force F is
greater than the stabilizing moment, resulting from vertical load g. This condition occurs
when:

M, =Fmh=M_ =

ovt

(41)

As described in chapter 3, the value F, of the horizontal force for which the hold down is
subjected to a tensile force is given by:

(4.2)

For this reason the rigid body rotation source is represented by an horizontal spring with
stiffness Ky , and a block friction placed in parallel with the spring itself. When F is lower
than F, (the force value required to overcome the friction of the block) the horizontal
spring cannot be stretched and therefore no force and no deformation can be absorbed.
On the contrary, when F is greater than Fg, the horizontal spring can increase its
deformation and its internal force.
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4.2.2  Friction block

The friction block is used in the rheological model to represent the stabilizing
contribution of the uniform vertical load q and in particular the condition for the activation
of the rigid rotation source. Its mechanical behaviour is described by a rigid indefinite
perfectly plastic curve, as shown in Figure 4.3. The force for the yield of the block is
equal to F,.

Block friction
Fq Fo—

FE. E. .
N a

Figure 4.3: Block friction component

4.2.3 Horizontal non-linear spring for the rigid-body rotation of the wall

The horizontal non-linear spring is used in the rheological model to represent
the hold-down contribution. According to the hypothesis of section 4.1 its mechanical
behaviour can be defined by an elasto-plastic force vs displacement curve and hence by
the stiffness Ky, the strength Fy and the ductility uy (Figure 4.4). The curve parameters
can be obtained with some simple analytical expressions from the hold-down elasto-
plastic curve, described by stiffness hy, strength f,,, and ductility yy. The hold down curve
can be obtained by the bi-linearization of the hold down experimental curve or by means
of numerical analyses.
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Figure 4.5: Hold down elasto-plastic behaviour

The analytical expressions for the calculation of the mechanical parameters that
characterize the horizontal non-linear spring of the rheological model can be obtained by
some geometrical and mechanical considerations, isolating the deformation contribution
of the hold down. The strength Fy can be directly calculated from the strength of the
hold-down strength f, as:

where:
« f, is the hold down strength;
* | is the length of the wall;

* h is the height of the wall;
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+ I, is the number of hold downs for each corner of the wall.

The yield displacement A, can be related to the hold down yield displacement 8, by
according to equation (4.4):

0
A, =IL'“Eh (4.4)

The stiffness Ky, is therefore given by:

F fo_ | fo? 1)
Ky =—t=n0E3"—0G0—=n0G" =nthhE€—j (4.5)

As for the vyield displacement calculation, the ultimate displacement Ayy can be
obtained multiplying the hold down ultimate displacement &, , by the ratio h/l:

éu,h
I

Dy =—2"(h  (46)

As a results, the ductility py is equal to the ductility of the hold down p,, according to the
following expression:

4.2.4 Rigid-body translation contribution

The rigid body translation of the wall is usually prevented by means of metallic angle
brackets (nailed or screwed to the wall) or inclined screws. If the devices are placed
along the wall length with a constant spacing i, the number of devices n, can be
calculated as:
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I
n, = i (4.8)

The idealized elasto-plastic force vs. displacement curve of each device can be
obtained by experimental tests or by numerical analyses, defining its strength f,, its
stiffness k, and its ductility y, (Figure 4.6). The parameters which characterize the
mechanical behaviour of the related horizontal non-linear spring in the rheological model
(Figure 4.7) can be obtained by isolating the rigid translation source (Figure 4.8):

F
Angle brackets
f a | 1 ;
|
/ |
| |
/ k‘a }
! R |
6 y.a 5 u,a

Ay ,=0,, (49)
Ay =0, (4.10)
f Il
Fa= | =f.n, @1
kIl
Ka= T =k, h, (212
5ua AU
Hpa=——= My = (4.13)
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Figure 4.7: Rigid body translation component elasto-plastic behaviour

Ka F

Ka

Figure 4.8: Rigid body translation component

4.2.5 Sheathing-to-framing fastener contribution

The sheathing-to-framing connection is represented by the horizontal non-linear spring
Ksy and concerns the deformation contribution given by the fasteners slip (nails or
staples). The mechanical behaviour of the spring (strength Fsy , the stiffness Kgy and
the ductility psy) does not depend only on the mechanical behaviour of each fastener
(and hence on its strength f., the stiffness k. and the ductility y.) but it is also strongly
influenced by their geometrical disposition. Therefore, the global mechanical behaviour
of the sheathing-to-framing connection cannot be assumed equal to the mechanical
behaviour of the fasteners. Because fasteners are generally placed with a constant
spacing along the edge of the panel, only the spacing s and the ratio between the height
and the length of the panel a can be considered in the analysis.

The mechanical behaviour of a fastener, and hence its elasto-plastic curve, can be
obtained also in this case by cheap experimental tests (monotonic or cyclic, in the same
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way of angle brackets or hold-downs). On the contrary it might be burdensome and
expensive to perform experimental tests on full-scale walls considering many several
significant cases (with different fastener spacing s and geometrical ratios a). For this
reason an analytical expression which relates global behaviour of the sheathing-to-
frame connection to the mechanical behaviour of a single fasteners to, should be
calculated.

In European Standard for timber structures (Eurocode 5) a relationship between the
strength of fasteners f. (Figure 4.9) and the strength of sheathing-to-frame fastener
connection Fsy (Figure 4.10) is suggested. The expression was obtained by means of
the application of the limit analysis static theorem assuming a constant distribution of
the shear stresses on the edge of the panel fastener. The expression is given by:

Fy, =n CF, %D‘ (4.14)

where®:

*  nysis the number (1 or 2) of the braced sides of the wall;
+ r1=lseo<2orr=2/asea<2

» sthe fasteners spacing.

' In equations 4.14 and 4.15, the wall length is equal to the effective wall length only if
each sheathing panel length b is greater than h/4. On the contrary the wall length should
be reduced, taking into account of the sheathing panels that respect the previous
condition and a reduced length |,.q should be used.
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Fasteners

Sy.c Suc

Figure 4.9: Fastener elasto-plastic behaviour
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Figure 4.10: Sheathing-to-frame connection elasto-plastic behaviour

KsH F
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Figure 4.11: Sheathing-to-framing connection component

The stiffness Ksy can be obtained directly by expression suggested by eq. 3.29 ,
depending on the stiffness of fasteners k., the spacing s, the panel geometrical
parameter a and the wall length I
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Kg = —2—
1
?m(a)q§ (4.15)

C

where A(@) =0810+185%50r,

Therefore, referring to (14) and (15), the yield displacement A, sy, can be calculated as:

F
AY,SH =

RETH
K., (4.16)

whereas the ultimate displacement A, sy is given by:

Ay o =Hs Dys  (217)

However Standards and the literature suggest no expression for the calculation of the
ductility usy of the sheathing-to-frame connection from the ductility y. of the fasteners.
As a consequence, the elasto-plastic mechanical behaviour of the connection cannot be
completely defined.

For this purpose in section 4.4 an analytical expression is proposed. This was obtained
by means of an elasto-plastic analysis of a fully anchored timber frame wall with a
sequential yielding of the fasteners.

4.3 Definition of the idealized elasto-plastic behavior of a timber-frame wall

After defining the idealized elasto-plastic behaviour of each element of the rheological
model (the three horizontal springs and the friction block), the elasto-plastic force vs.
displacement curve of the entire wall can be obtained by means of simple mathematical
expressions.

As shown in the Figure 4.12 the parameters that characterize the curve are:
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+ the yield force of the friction block Fq (the horizontal force required for
the rotation of the wall);

e the wall strength Fy;

* the wall stiffness K when the rotation contribution is not considered;
» the wall stiffness K, When the rotation contribution is considered;

* the wall secant stiffness Ky;

+ the wall displacement A, when the friction block yields;

» the wall yield displacement Ay w;

the wall ultimate displacement Ay w.

The friction block yield force Fy can be calculated according to equation (4.2).

When the rotation contribution cannot be considered because the friction block is not
yielded yet, the wall stiffness K« depends only on the contributions of the sheathing-
to-framing connections and the rigid-body translation. It can be calculated as:

1

-1,1
" <. K, (4.18)

tot,nt

Therefore, the displacement A, for which the friction block yields results in:

F m* {1 1
Dgw =7——= a t—— | (419
Y Ktot,nt ZEH] KSH KA

The wall strength Fy, is defined as the minimum value of the strength of each source
(sheathing-to-panel fastener, rigid translation and rigid rotation) according to the
following equation:

Fw =min(F, +F F Fs)  (220)
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The weakest source, which firstly yields because is characterized by the minimum
strength, can be identified by the index i, defined as:

i=H - R, =F, +F,
i=A- F,=F, (4.21)
i=H _’FW:FSH

When the wall strength Fyy is greater than the friction block yield force Fg, the wall curve
is characterized by an additional stroke, describing a trilinear curve (Figure 4.12).

Fw

Bw By Mo A

Figure 4.12: Trilinear elasto-plastic curve a timber-frame wall

The wall secant stiffness Ki,; when the rotation contribution is considered because the
friction block is yielded, can be calculated considering all source of deformation
(sheathing-to frame connection, rigid translation and rigid rotation):

Therefore the wall yield displacement A, , can be obtained by:
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The wall secant stiffness Ky is defined as the ratio between the wall strength F,y and the
yield displacement Ay ; as reported in equation (4.24).

w9 tot
Ktot KH
Defining the parameter 3:
Fq
L=— (425
Fw
we get:
1 1 B
= - (4.26)
Ky Ko Ky
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It can be demonstrated that the wall secant stiffness Ky, is greater than Ky
and lower than K . In fact:

< < (4.27)

Defining:
1 1
— + - =C
Ka, K, (4.29)
we obtain:
c<c+i ¥ <C+Ki (4.30)

H H

Because 0<B<1 (the yield force of the friction block F4is lower than the strength of the
wall Fy) equation (4.27) is satisfied.

When the wall strength F, is lower than Fq (B>1) the friction block does not yield. This
condition usually occurs in case of a weak hold down or a high vertical load. The
mechanical curve of the wall is therefore bi-linear (elasto-perfectly plastic), with stiffness
Kw na (Figure 4.13).

82



CHAPTER 4

Fw
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Figure 4.13: Bilinear elasto-plastic curve a timber-frame wall

Therefore the wall yield displacement Ay ; can be calculated as:

Considering the two different cases, the wall secant stiffness Fy and the wall yield
displacement Ay \ are defined by the following expressions:

'8>1_,i: 1

W Ktot ,nt

(4.33)

per. Lot B
I‘<W Ktot KH
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Fw
KW

Ay = (4.34)

Referring to the assessment of the wall ductility py, it can be shown as the global plastic
displacement of the model is equal to the plastic displacement of the weakest (and
hence yielded) spring. In fact, after that the external force F achieves the wall strength
Fw, an increase of the external force F cannot be absorbed by the model. For this
reason the increase of global displacement of the model is caused only by the stretch of
the spring representing the yielded connection. In fact for the stretch of the springs
which gave remained in the elastic range an increase of the external force F would be
required. Therefore we get:

ApI,W = Apl,i (4.35)

The wall ductility i is defined as the ratio between the wall ultimate displacement Ay w
and the wall yield displacement Ay \. Because the ultimate displacement Ay iS given
by the sum of the yield displacement Ay, and the plastic displacement A, w , the wall
ductility cab be rewritten as:

Dyy D,y +A0 A A,
Ho == Y'WA W =1+ A""W =1+ A""‘ (4.36)
Y W Y W Y W Y W

The plastic displacement of the weakest spring A ; can be related directly to yield
displacement of the same source of deformation and to its ductility y;, according to the
following expression:

A,
AUJ -1|= AY,)‘ I:Qtui _1) =

Y.,i

F,
Ki

A, =0, -0, =4, Qu, -1) 37

pl.,i

Substituting equations (4.35) and (4.37) in eq. (4.36), we get:
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E‘_ My -1)
My =1+ ————  (4.38)
Ry
Kw
If the weakest element is represented by the sheathing-to-frame fastener contribution or
by the rigid translation contribution, the wall strength Fy, of the wall is given by:

Fv=F #39

where:

I=HW A @0

Therefore the wall ductility uy, can be obtained by the following simplified equation:

K
=1+ Y Qu-1)=1+ =1
My K [u —1) =1+ K [y -1) (441)

We can show that the parameter k is lower than 1 and hence the ductility of the weakest
contribution y;, is always greater than the wall ductility .

In case of 3>1 we get:
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i<i_,i<i+i I=SH,A 242
Ki Ky K Kg K,

Whereas in case of 0<R<1 we obtain:

If the weakest source is represented by the rigid-body rotation of the wall, we get:

i=H (4.44)

Fw = F, + Fq > F, (4.45)

In this case the wall ductility uy can be calculated by means of the following expression:

F
Hy =1+—HE!<—WEQM =) =1+/k U =1) (446

F.+F, K,
Because both k and / are lower than one, also in this case the weakest connection
ductility is greater than the wall ductility. For this reason in order to maximize the wall
ductility, the stiffness of the stronger sources of deformation, which remain in the elastic
range, should be as great as possible so that the parameter K tends to 1.
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After calculating the wall ductility, the wall ultimate displacement A, can be obtained
by:

Ayw =My By (247)

The non-linear mechanical behaviour of a timber frame wall (and of its
rheological model) is completely defined.

4.4  Elasto-plastic behaviour of a fully anchored timber-frame wall

A timber-frame wall is defined fully-anchored if the stiffness of the devices which
prevent the rigid body motion (i.e. hold-down and angle brackets) can be assumed as
infinite. Therefore, according to the model described in the previous section, the only
source of deformation is represented by the sheathing-to-framing fastener connection.
In this case, the mechanical behaviour of the global sheathing-to-frame connection
fastener corresponds to the mechanical behaviour of a fully anchored wall (Figure 4.11).

In this section an analytical relationship between the fastener mechanical properties
(strength, stiffness and ductility, Figure 4.9)and the global sheathing-to-frame
connection ones (Figure 4.10) is carried out analysing the non-linear behaviour of a fully
anchored wall. Particular attentions is paid to the ductility parameter because, as
described in section 4.2.5, Standards and literature do not suggest any detailed
expression for its calculation

The investigation of the non-linear mechanical behaviour of a fully anchored timber
frame wall (and hence of global the sheathing-to-frame connection) was carried out by
means of an elasto-plastic analysis considering a sequential yielding of the fasteners.

In each step of the analysis the mathematical model proposed by [Girhammar and
Kalssner, 2009] for the study of the linear behaviour of a timber frame wall was used. In
this model, the wall frame is represented by a pinned frame (the frame is hence not
restrained for horizontal loads) whereas the sheathing panel is assumed as a rigid body.
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Each sheathing-to-framing fastener is modelled by a bi-directional linear elastic spring.
The fastener positioning is usually symmetric (the fasteners are placed along the edge
of the panel with an equal spacing). Their geometrical coordinates are related to a
referring system with the origin in the centre of the panel. The external horizontal force F
is applied on the top corner of the frame. The solution of the mathematical model is
characterized by the calculation of the frame rotation, the sheathing panel rotation, the
fastener elastic forces and the fastener displacements.

The first step of the elasto-plastic analysis is characterized by an elastic behaviour of all
fasteners and by the calculation of value of external force F; for which one fastener
yields: the wall enters its nonlinear range. Because the elasto-plastic analysis is
characterized by a step by step external load increase, each of the later step is analysed
still assuming an elastic global behaviour but updating the stiffness matrix of the model,
considering that some fasteners have already yielded. In fact, a yielded fastener cannot
be considered anymore in the model since its stiffness becomes zero. Hence, a yielded
fastener does not behave as an inner constrain and for this reason it must be removed.
Because in each step an elastic behaviour of the wall is assumed, the mathematical
model proposed by [Girhammar and Kalssner, 2009] can be still used (neglecting the
yielded fasteners) for the calculation of the incremental value of the external force for
which another fastener yields.

This procedure can be carried on step by step up to the achievement of a kinematic
model of the wall. When the number or the disposition of not yielded fasteners cannot
guarantee a bracing system for the frame and the mathematical model cannot be used
any more: the solution must be achieved by means of the kinematic theory. In order to
calculate the ultimate displacement of the fully anchored wall a failure condition is to
defined. In this case the condition is defined as the achievement of the ultimate
displacement 8, of at least one fastener (fastener failure condition), defined as:

i
e =M 0O, = LS (4.48)
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Referring to the most common-in-practice geometrical properties of timber frame walls,
three different kinematic models can be identified. For each of them the layout of the no
yielded fastener is not able to guarantee the lateral stability of the wall.

The first kinematic model is named ’'vertical rod’ (Figure 4.14, a), because the non-
yielded fasteners are placed only along the intermediate vertical stud of the wall. The
sheathing panel acts like a vertical rod whose rotation is equal to the rotation of the
timber frame.

The second kinematic model is named ’horizontal rod’ (Figure 4.14, b). In this case the
sheathing panel is connected to the timber frame by means of only two fasteners,
placed in the middle point of both perimeter studs. The sheathing panel acts like a
horizontal rod characterized by a rigid body horizontal displacement equal to half of the
horizontal displacement of the timber frame top beam.

The third kinematic model is defined 'non-restrained panel’ (Figure 4.14, c) because no
fastener connects the sheathing panel to the frame. For this reason when an external
force is applied to the timber frame, the sheathing panel is characterized by no
displacement or rotation. The sheathing panel is in fact completely released from the
timber framed.

a) Mode 1 b) Mode 2 c)Mode 3

Figure 4.14: Fully anchored wall kinematic mechanisms

The kinematic analysis is carried out by increasing the kinematic degree of freedom
(usually represented by the top horizontal displacement of the frame) up to the failure
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condition, defined by the achievement of the ultimate displacement of one fastener at
least. However the failure condition might be achieved before the kinematic mechanism
of model occurs: some fastener might achieve its ultimate displacement when some
other fasteners are not yielded yet. This condition usually occurs when the fastener
spacing is low.

The force-displacement curve obtained by the elasto-plastic analysis is represented by a
piecewise-linear curve. Each line segment is characterized by a gradually decreasing
slope. The kinematic mechanism is represented by the last segment, characterized by
an horizontal slope.

4.4.1 Elasto-plastic analysis of a fully anchored wall with E.A.T.W.-1.0

The study of the non-linear mechanical behaviour of a fully-anchored wall by means of
an elasto plastic analysis is surely a very efficiently but time-consuming method since it
several mathematical steps are required.

For this reason, a code (Elasto-plastic Analysis of Timber .Walls - EATW) was
implemented in MatLab for the analysis of several timber-framed wall typologies
characterized by different properties. The analyses were carried out in particular
considering three input data, namely: the dimensionless fastener spacing (s/b), the
panel geometrical parameter (a) and the fastener ductility (u;). The fastener positioning
is automatically generated by the code considering a constant spacing along the outer
studs and the frame beams (equal to two times the spacing along the inner stud) and a
rectangular sheathing panel. The following ranges for the input data were considered:

. 1/25 < s/lb<1/2
. h/b=123
. 1<yc<8

The output data are represented by all parameters that characterize the mechanical
behaviour of the mathematical model for all steps of analysis (displacement of the frame
top beam, the increase of the external force, the sheathing panel rotation, the frame
rotation, the fastener internal forces, the fastener displacements) and by the wall force
vs displacement piecewise-linear curve. All output data are expressed by dimensionless
units assuming the strength and the yield displacement of each fastener equal to one.
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The piecewise linear curve of the wall was then bi-linearized in order to define strength,
stiffness and ductility parameter of the analysed fully anchored wall (or of the global
sheathing-to-panel connection).

In Table 4.1, Table 4.2 and Table 4.3, the ductility of the global sheathing-to-panel
connection (corresponding to the ductility of a fully anchored frame wall) is reported,
depending on the ductility of the fastener, the fastener spacing and the panel
geometrical ratio.

Ductility ldg, with a=1

M s/b

1/2 1/4 1/6 1/8 1/12 1/25
1.00/1.00 1.00 1.00 1.00 1.00 1.00
1.50[1.381.291.27 1.27 1.26 1.26
2.00/1.731.631.60 1.60 1.60 1.59
2.502.071.961.921.921.91 191
3.00[2.40 2.28 2.23 2.23 2.22 2.22
3.50[2.73 2.59 2.54 2.54 2.53 2.52
4.00/3.052.89 2.84 2.84 2.83 2.82
4.50/3.37 3.20 3.14 3.14 3.13 3.12
5.00/3.69 3.50 3.44 3.43 3.42 3.42
5.504.00 3.803.743.733.72 3.71
6.004.324.104.03 4.03 4.01 4.01
6.50{4.63 4.40 4.33 4.32 4.31 4.30
7.00,4.94 4.70 4.63 4.62 4.60 4.59
7.505.26 5.00 4.92 4,91 4.89 4.89
8.00[5.575.295.225.21 5.19 5.18

Table 4.1: Fully-anchored wall ductility for a=1; n case which the fastener failure condition occurs
before the kinematic model
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Ductility Hg, with a=2

He

s/b

1/2 1/4 1/6 1/8 1/12 1/25

1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00

1.001.001.001.001.001.00

1.831.771.76 1.76 1.76 1.76
2.262.182.17 2.17 2.17 2.17
2.69 2.59 2.57 2.57 2.57 2.57
3.112.99 2.97 2.97 2.97 2.96
3.533.393.37 3.36 3.36 3.36
3.943.79 3.76 3.76 3.76 3.75
4.36 4.19 4.16 4.15 4.15 4.15
4.77 4.58 4.55 4.54 4.54 4,54
5.18 4.98 4.95 4.94 4.93 4.93
5.595.38 5.34 5.33 5.32 5.32
6.015.775.735.725.715.71
6.426.176.126.11 6.10 6.10
6.83 6.56 6.52 6.50 6.49 6.49

Table 4.2: : Fully-anchored wall ductility for a=2; n case which the fastener failure condition occurs

before the kinematic model
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Ductility ldg, with a=3

*#C

s/b

1/2 1/4 1/6 1/8 1/12 1/25

1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00

1.001.001.001.001.001.00

1.90 1.851.851.851.85 1.85
2.36 2.30 2.29 2.29 2.29 2.29
2.822.742.732.73 2.73 2.73
3.273.183.173.173.16 3.16
3.733.62 3.61 3.60 3.60 3.60
4.18 4.06 4.04 4.04 4.03 4.03
4.64 4.49 4.48 4.47 4.47 4.47
5.09 4.93 4.91 4.90 4.90 4.90
5.54 5.37 5.355.34 5.33 5.33
5.995.80 5.78 5.77 5.76 5.76
6.44 6.24 6.21 6.20 6.20 6.20
6.89 6.68 6.65 6.63 6.63 6.63
7.357.117.08 7.07 7.06 7.06

Table 4.3: Fully-anchored wall ductility for a=3; n case which the fastener failure condition occurs

before the kinematic model

As an example, the elasto-plastic analysis of a fully-anchored wall characterized by a=2,
s/b=0.25 and u.=3 is reported (Figure 4.15). For each step of the analysis, the wall
force-displacement piecewise-linear curve is obtained, representing in the next picture
the fastener layout (from Figure 4.16, to Figure 4.17). Black and red dots for each step
represent respectively not yielded and yielded fasteners. In Figure 4.22 the piecewise-
linear curve and the bi-linear curve are shown.
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Fasteners position
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Figure 4.15: Fastener layout
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Fasteners position
T

5
i L Ll L 1 45
> 4
05— & . — 35 /
» 3
— . /
% o- & . - @ 25
i
3 2
05 & . — 15 /
3 1
A B 05 /
I | I
05 0 05 2 4 6 8 10 12 14 16 18
» [b] Displacement A [8]
. L oast .
Figure 4.16: 1° step of analysis
Fasteners position F-A
T 5
1= = 45
. 4 //
05 - - 35
3 3
— o /
% o . r < 25
2
» 2
05+ * - 15 /
. 1
Ak - * > — 0.5 /
I | I
05 0 05 2 4 6 8 10 12 14 16 18
=[] Dasplacement A (3]

Figure 4.17: 2" step of analysis
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Fasteners position F-A
T 5
®  YVidded
®  Not yielded
1 » » » A 45

Force F [f]
S
N B
\

05 & . Bl 15 /
42 1
1 = 05 /
, | \
05 0 05 2 4 6 8 10 12 14
o] Displacement A [5,)

Figure 4.18: 3rd step of analysis

Fasteners position F-aA
5
T
® Yielded
#  Not yielded
s . - * 1 45

Force F [fi]
—~

05 ¢ - - 15 /
2 2 1 /
1+ L » b bl 05
. , .
0.5 0 05 6 8 10 12 14 16 18
# o] Displacement A [5,)

Figure 4.19: 4th step of analysis
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Fasteners position
T

3 o]
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Figure 4.21: 6th step of analysis

8 10
Displacement A [6]
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Force F [fa]

0
Displacement A [5y)

Figure 4.22: piecewise-linear curve (solid line)and bi-linear curve (dashed line)

In order to obtain an analytical relationship between the ductility of the global sheathing-
to-frame connection psy to the ductility of the fasteners psy the values of Table 4.1,
Table 4.2 and Table 4.3 were plotted. As shown in Figure 4.24, Figure 4.25 and Figure
4.26 a linear relationship can be assumed. The sheathing-to-frame connection ductility

Usy is not significantly influenced by the fastener spacing s/b whereas it increases with
the panel geometrical parameter a.
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Hew

fsy

§|Hm|HP|H

fie

Figure 4.23: ysy vs. yc (a=1)

§|.—‘oo|»—‘w|.—n

fhe

Figure 4.24: sy vs. pc (a=2)
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g‘.—nmh—‘mh—‘

fs e

fhe

Figure 4.25: ysy vs pc (a=3)

Therefore, the analytical relationship between the sheathing to frame connection
ductility usy and the fastener ductility u, can be obtained as:

Hey = p(@) Ly, +v(a)  (249)

The parameters p and v which depend on the panel geometric parameter a can be
obtained by means of an quadratic interpolation from the previous curves:

0 =-0.054[ar* +0.350 (& + 0.305
v =0.068[&° -0.4150 +0.753 (4:50)

This equation represents the analytical relationship required to complete the definition of
the elasto-plastic behaviour of the global sheathing-to-frame connection. Hence, the
ultimate displacement A, sy can be calculated.
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45 Case study

In this section a common in practice timber-frame wall is analysed describing its
idealized elasto-perfectly plastic mechanical behaviour.

The analysed wall has length | and height h respectively equal to 2500 mm and
2400 mm. The timber frame is built with C24 finger-jointed solid construction timber
elements and it is braced on both sides (ny,s=2) by means of two 15 mm thick (t,=15 mm)
and 1250 mm width b OSB3 panels. The sheathing-to-frame connection is obtained by
means of 1.8 by 60 mm ring nails placed with a 125 mm constant spacing s. The wall is
connected to the ground by 3 angle brackets (n,=3) and a hold-down in both bottom
corners (ny=1). The uniform vertical load g is assumed equal to 20.8 kN/m.

The mechanical properties of fasteners, angle brackets and hold downs are
obtained, in this case, by the monotonic load tests carried out by the Timber Research
Group of the University of Trento. For each experimental curve an idealized elasto-
plastic force-displacement curve® was defined in order to define strength, stiffness and
ductility of each tested element (Figure 4.26, Figure 4.27, Figure 4.28, Table 4.4, Table
4.5, Table 4.6).

2 The idealized elasto-perfectly plastic force-displacement relationship was obtained imposing that
the areas under the actual and the idealized curves were equal. The stiffness of the idealized
curve was defined by the slope of the line which intersects the actual curve at a force value equal
to the 70% of the maximum force. However other methods can be used, provided that the
idealized elasto - perfectly plastic force-displacement relationships of connectors (nails, angle
brackets and hold down) and the wall are obtained by the same procedure
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2
- Lof ! -
3 1 |
2 05

00 10 210 30

Displacement (mm)

Figure 4.26: Elasto-plastic curve and experimental curve of a fastener ring 2.8x60mm

Fasteners

f 16 [kN]

C

{iy,c 5.3 [mm]

8u'c 21.3 [mm]

k

U, 4.00

¢ 0.3 [KN/mm]

Table 4.4: Mechanical properties of fasteners

60 w T

40

Force (kN)

() | | |
0 10 20 30 40

Displacement (mm)

Figure 4.27: Elasto-plastic curve and experimental curve of the hold-down
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Hold down

f, 56.9 [kN]
8,1, 10.9 [mm]
o, 27.4 [mm]

K, 5.2 kN/mm]

I, 2.50

Table 4.5: Mechanical properties of hold downs

60

40

Force (kN)

0 \ Ly
0 10 20 30

Displacement (mm)

Figure 4.28: Elasto-plastic curve and experimental curve of an angle bracket
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Angle bracket

f, 38.8 [kN]
8,,10.2 [mm]
8,.21.4 [mm]

K, 3.7 [kN/mm]

p, 2.1

Table 4.6: Mechanical properties of angle brackets

According to section 4.2 the mechanical parameters which describe the
behaviour of each spring and of the friction block in the rheological model can be

calculated (Table 4.7, Table 4.8, Table 4.9, Table 4.10).

Fy, 640 [N

23.2 [mm]

AY,SH

77.2 [mm]

AU,SH

KSH 2.7 [kN/mm]

. 3.3

Table 4.7: Sheathing-to-framing connection mechanical properties

F, 116.4 [kN]
A, , 102 [mm]
Ay, 214 [mm]
K A 11.4 [KN/mm]

2.1
Ha

Table 4.8: Rigid body translation component mechanical properties
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= 59.27  [kN]
Ay, 105 [mm]
Ay 263 [mm]

KH 5.7 [KN/mm]

n, 2.5

Table 4.9: Rigid body rotation component mechanical properties

F, 27.1[kN]

Table 4.10: Friction block yield curve

120 ~
| —Sheet nail slip, SH
100 / —— Hold-down, H
| — Angle brackets, A
30 / —e— Block friction, Q
= 60 ¢
= a0}/
20 /
0 -
0 20 40 60 80 100

Displacement (mim)

Figure 4.29: Elasto-plastic curves of the rheological model components

The strength of the wall Fy, can be obtained by the following expression:

Fo = min (F,, + Fy;F,;Fg )= min (8641164 ;64.0 )= 640 kN

(4.51)
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The weakest element index is hence defined as:

i=SH (452

The yield force of the friction block is equal to:

F,=27.1kN (4253

The [ parameter is hence equal to:

F 27.1
=21=""=04 (454
o F, 640 59

Because R is lower than 1, the mechanical behaviour of the wall can be described by a
tree-linear force vs. displacement curve.

The wall stiffness K is calculated as:

Ktot n - i"'i = (i"'ij =2.2kN/mm (4.55)
"l K, K, 28 114

The wall displacement Agw when the friction block yields hence results equal to::
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Ay =— =211 155 mm
' 2 (4.56)

The wall stiffness Ky, related to the second segment of the curve, is calculated as:

_l _1
Ktot:(i"'_l +i) —(i+i+—1j =16 kN/mm

Ky Kg K, 57 28 114 (#57)
Hence the wall yield displacement Ay y is:
F
A, Fw o 640 _27.1_ 35.3mm (458
UKy Ky 16 56
Therefore the wall secant stiffness Ky, results:
1 T (11 1-8)
Ko Ky KSHl Ka Ky (4.59)
i+i+% =1.8 KN/mm
27 114 5.66
The wall ductility py is obtained by eq. (4.41) as:
K K 1.8
=1+ (pu -1)=1+ 1 -1)=1+——(3.3-1)=25
How K, ('UI ) K, (IUSH ) 2.8( ) (4.60)
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The ultimate displacement Ay results:

Dyw =ty Dy, =25x353 =804 mm  (461)

The force vs. displacement curve can be plotted as shown in Figure 4.30.

Figure 4.30: Wall elasto-plastic trilinear curve

4.6 Performance based seismic design of atimber-frame wall

The common-in-practice seismic design of a timber frame wall is based on the
simple calculation of the design actions on its structural components and respectively
verifications. Moreover, with the exception of the application of some simple detailing
rules, related to the maximum diameter of fasteners, in most of Standards and Codes
no detailed specific assessment of the failure mechanism and of the global ductility is
required.

However, as reported in Chapter 2, the choice of the failure mechanism and the
calculation of the global ductility of the walls are fundamental in order to guarantee the
required ductility of an entire designed building , expressed by the behaviour factor qg.
Therefore, the current approach for the timber-frame building seismic design cannot be
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considered thorough if compared to other structural types and materials. Most of
seismic designs of timber-frame buildings require nowadays only resistance
verifications, neglecting stiffness and ductility ones .

For this reason, a seismic performance based design method for timber frame walls is
presented in this section. The design of each component constituting a timber-frame
wall is carried out to satisfy not only the resistance verification, but also to guarantee the
required stiffness and ductility demand of the wall.

The first step of the method regards the selection of the wall failure mechanism to which
the ductility of the wall is directly related. For this reasons the ductility demand piy sg Of
the wall is firstly to be imposed and the design of the connections should be carried out
so that the following equation is satisfied:

Hh =1+5ELWE@M 1> pyo 462
K F,

As described in section 4.3, the ductility of the wall does not depend only on the ductility
of the weakest connection.

In order to guarantee that selected failure mode of the wall occurs, the capacity design
approach should be satisfied so that the stronger elements do not yield, remaining in the
elastic range while the weakest element achieves its yielding dissipating the seismic
energy. For this purpose the demand of stronger elements is obtained from the strength
of the weakest element and not from the analyses.

If the weakest element is represented by the global sheathing-to-frame fastener
connection (i=SH) or by the rigid body translation connection (i=A) (case 1), its design
action Fgq; results equal to the analysis design force Fgy:
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Feai = Fea < Fray  (4.63)

The design action of the elements j which must remain in the elastic range (j=A if i=SH
or j=SH if i=A) is given by the weakest element i strength multiplied by the over strength
factor y,q.

Fea ) = Ve BFrai <Frej  (464)

The design action of the hold down, the contribution of the vertical load should be
considered, according to the following equation:

Fean = Vera Frai = Fqg < Fraw  (2.65)

If the weakest element is represented by the rigid body rotation connection (i=H) (case

2), its design action F_, , = F., , can be calculated as:

FEd,H = Feq - Fq < FRd,H (4.66)

In this case the global sheathing-to-frame connection and the rigid body translation
connection must remain in the elastic range. Their design action is hence equal to:
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Feoj = Vo From +Fo<Fra)  (467)

with j=A,SJ.

The stiffness of the wall should be assessed in order to compare its displacement with
code-specified displacement limits for the serviceability limit states. The following
expression should be satisfied:

Kw 2 Ky minae  (468)

4.6.1 Design Example

In this chapter a timber-frame wall is designed according to the performance based
seismic approach presented in the previous section.

The wall is subjected to a vertical uniform load q equal to 20 kN/m and an external force
Feq equal to 60 kN for the ultimate limit state and equal to 30 kN for the serviceability
limit state. The ductility demand pw eq is assumed equal to 2.5 whereas the inter-storey
drift at the serviceability limit state is to be lower than 0.5% (Table 4.11).

The frame is built with C24 finger-jointed solid construction timber elements and it is
braced on both sides (n,s=2) by means of two 15 mm thick (t,=15 mm) and 1250 mm
width (b=1250 mm) OSB3 panels. The sheathing-to frame fastener connection, the
angle brackets and the hold down are characterized by the same geometrical and
mechanical properties of the wall considered in section 4.5. According to Standards,
experimental properties could not be directly used because the characteristic values of
the strength properties and the mean value of stiffness are required. For this reason a
complete experimental campaign should be carried out for each connector and device
in order to define its properties by means of a statistical approach. After getting the
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characteristic value of strength fj the design strength f,4 can be obtained considering
the safety factor yy:

f = T (4.69)
e

On the other hand the design values of stiffness and of ductility can be assumed equal
to the respectively mean values.

The design yield displacement and the design ultimate displacement hence can be
obtained as:

Ouja = H B, 4 (471)

In this case study, in order to simplify the presentation of the method the characteristic
values are considered equal to the mean values and a safety factory equal to 1 is
assumed. The design mechanical properties of each connector and devices are
reported in Table 4.12, Table 4.13 and in Table 4.14).
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Feastv 60 [kN]
Feasto 30 [kN]

| 2500 [mm]
b 1250 [mm]
h 2400 [mm]
q 20 [kN/m]
Nps 2
Yrd 1.2
Y™ 1.0
Mwed 2.5

Ajim,sLp 0.005h

Table 4.11: Geometrical characteristics, loads, ductility and stiffness demand

Ring nails
f.q 16 [kN]

k 0.3 [KN/mm]

C

Table 4.12: Ring nail 2.8 x 60 mm mechanical properties

Angle brackets
f,q 388 [kN]

ka 3.8 [KN/mm]

Table 4.13: Angle bracket mechanical properties
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Hold down
56.9 [kN]

Hd
k 5.2 [KN/mm]
h

25
Hy

6%hd

8 27.4

10.9

Table 4.14: Hold down mechanical properties

In order to satisfy the ductility demand of the wall, the global sheathing-to-frame

connection was selected as the weakest element. The index i is hence equal to SH:

i=SH (472)

The design action of the global sheathing-to-frame connection is equal to the analysis

external force Fgq of the wall:
Fea.si = Fegay =60KN  (273)
The maximum spacing of the nails can be obtained as:

F . [
Sm‘x:nos cd ﬁ:2x1'660x2'5x1:133m’n (4.74)

F&J,SH
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Assuming a 90 mm spacing the strength of the global sheathing-to-frame connection
Fra,sm results:

[l
ca !l 5 = 2x1.6x25
S 0.09

x1=889KN > Fg, o =60 kN  (4.75)

The verification is satisfied.

The design action of the rigid body translation connection can be evaluated from the eq.
(4.64) with j=A (in fact i=SH):

Feo = Vg (Frog =12x889 =1067 kN (4.76)

The minimum number of angle brackets hence results:

Fu o 106.7
n =-sa_200_5g
a,min fa,d 388 (4.77)

A number n, equal to 4 is assumed.

The strength of the rigid body translation connection can be hence obtained as:

Froa =N, Of,, = 4%x388 =1552 kN > Fg , =1067 kKN (£78)

The strength verification is satisfied.
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The design action of the rigid body rotation Fgqy Should be obtained from equation
(4.65) after calculating the yield force of the friction block F:

_q? _ 20x25?

F =
4 2rh 2x24

= 26.0 kN (4.79)

Feon = Veo (Frgn —F, =1.2x889 -260 =806 kN  (280)
The required number of hold downs ny min for each corner of the wall hence results:
Fean = Nhin g E’ﬁ (481)

0= Fan g 807
"mhf L h 56.9x2.4

x25=15 (182

The number of hold down ny, is hence assumed equal to 2:

n=2 (483

The strength of the rigid body rotation connection Fgqy can be calculated as:
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Fean =0, O, ljﬁ = 2><56.9><§ =118.0>Fg, , =80.6kN (484

The verification is satisfied.
The stiffness demand of the wall Kwminsie Can be obtained as the ratio between the

serviceability limit states external force Fegqs e @and The serviceability limit states limiting
value Ajimsio .

_ Faige _30

The stiffness of the rigid body rotation connection Ky can be calculated according to
equation (4.5) as:

1) 25Y
Ky =n, Ik, [éﬁj :2><5.2x(zj =11.3kN/mm  (4.86)

The stiffness of the rigid body translation connection K, is given by (equation (4.12)) :

K, =n,[k, =4x3.8=15.2kNmm (4.87)

The stiffness of the global sheathing-to-frame connection Ksy is obtained from
equation(4.15):
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Ng 2

Kg, = = = 3.8 kN/mm
iDJI(a)El§ i><4.4><ﬂ
K. I 03 2500 (4.88)
where:
= D = ﬁ =192
b 125

A(a) = 0810 +185 [y = 0810 + 1856192 = 44

In this case, the wall strength Frq is greater than the yield force of the friction block F,
and hence the elasto-perfectly plastic curve of the wall is tree linear.

F. 260
@ =200_4349
Fom 889 (459)

'8:

By means of equations (4.22) and (4.24)the wall secant stiffness of the wall Ky can be
compared with the required stiffness.

Ktm:(i*'i""ij :(1 + ! + 1) =24KN/mm

Ker Ka K, 38 152 113 4.90)

The verification is satisfied.
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Because the weakest element is represented by the global sheathing-to-frame
connection (i=SH), to calculate the ductility of the wall u, the ductility of the sheathing-to
frame connection must be calculated by eq. (4.49):

0 =-0.054x1.92° +0.350x1.92+0.305=0.778
v =0.068x1.92° —0.415%x1.92+0.753=0.207  (4.91)
Mg, =0.778x4.0+0.207 = 3.33

The ductility of the wall results:

K 2.6
Hw :1+%|1/‘Ii _1):1+§|13.3_1)=2.6>,UW!31 =25 (492)

The verification is satisfied.
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5 LINEAR ANALYSIS OF TIMBER-FRAME MULTI-STOREY
WALLS UNDER HORIZONTAL FORCES

After introducing in chapters 3 and 4 the mechanical behaviour (linear and non-linear) of
a timber frame wall under a horizontal force, in this chapter multi-storey wall series are
analysed. The main aim of this study is the assessment of horizontal force distribution of
timber-frame walls by means of a simplified analysis model. Particular attention is paid
to the seismic analysis. Only elastic linear analyses are investigated: these in fact are
the most common-in-practice in the phase design of timber frame buildings.
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5.1 A backup numerical modelling for multi-storey walls under horizontal forces

In this section a backup numerical modelling for the linear analysis of a multi-storey
series (m x n)® of a timber frame walls subjected to horizontal forces is presented. The
main objective is the assessment of the internal actions for each level of each wall by
means of a suitable but simplified analysis model. This model is a natural evolution of
the 1-storey wall model presented in chapter 3 because the same sources of
deformations are considered. Firstly, a singular multi-storey wall (m x 1) is analysed;
secondly the behaviour of a 1-storey series of walls (1 x n) is investigated; lastly a
general modelling for the analysis of multi-storey series of walls (m x n) is proposed.

5.1.1 Backup numerical modelling for a vertically-aligned wall (m x 1)

The analysis model for a vertically-aligned timber frame wall can be obtained a simple
superimposition of the 1-storey wall model presented in chapter 3. At each level jth , the
timber frame wall is represented by a pinned frame braced by a horizontal spring with
stiffness Ksp;. Each bottom corner is connected to the lower wall by means of a vertical
elastic spring with stiffness k;, modelling the in-tension hold down, and a pinned axially
rigid beam on the other corner. Moreover, a horizontal spring with stiffness equal to Ka;
is used to simulate the source of deformation from devices which prevent the rigid body
translation of the walls (Figure 5.1). A uniform vertical load g; may be used to simulate
dead and live loads on the wall.

® A series of multi-storey walls can be defined as a mathematical matrix whose rows
represent the levels and each column represent a singular vertically-aligned wall. Hence
a series of wall can be represented by two indexes: j for the jth level and i for the i" wall).
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Figure 5.1: m x 1 wall modelling

As for 1-storey wall, the sources of deformation are represented by the sheathing panel
shear, the global sheathing-to-frame connection, the rigid body rotation and the rigid
body translation. However, as shown in Figure 5.1, the influence of the rigid body
rotation increases with the height of the wall because it is linear related to the level
height z;. Hence, according to the observations reported in Chapter 1, the non-linearity
between the stiffness of the wall and its length becomes remarkable.

When the hold-down tensile force Tp; is negative, the hold-down is not in tension. For
this reason, the vertical spring with stiffness k;is to be replaced by a pinned axially rigid
beam. The analysis model in fact must be consistent with the obtained solution.
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5.1.2 Study of 1-storey series of walls (1 x n)

A model for 1-storey series of walls can be obtained by connecting each 1-storey wall iy,
to the next one, i+1y, with a horizontal axially rigid pinned beam (Figure 5.2). This beam
is used to simulate the usual diaphragm behaviour of the floor which impose the same
horizontal displacements of the walls.

G4 o G - On

%Ks P ;ﬁKSP,i gquS PN

KA,n

Figure 5.2:1-storey 1 x n series of wall

To get the solution of the analysis model, represented by the horizontal force of each
wall F; and the horizontal system A, a numerical or an analytical approach can be
performed.

In order to study the influence of the source of deformation on the internal force
distribution, the constitutive low of the system, the equilibrium law and the compatibility
law must be considered.

The constitutive low of the system is represented by the expression which relates the
force acting on a wall F;to its horizontal displacement A;, as reported in chapter 3:

Fi = Ktot,i EﬂAi +ANJ) (5.1)
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The equilibrium of the system is represented simply by the sum of the forces actin on
each wall,

2 F=F @2

while the compatibility law imposes the same horizontal displacement for all the walls:

A=A (5.3)

By some simple mathematical operations, the horizontal displacement A and the forces
acting on each wall F;can be calculated as:

A= = (5.4)

K
F

ot [Ep_i(Ktot,jE@AN,j‘AN,i))} (5.5)

=
=1
Z Ktot,j
j=1

Equation 5.5 shows how the forces acting on each wall F; depends on the stiffness K
of the wall (which, according to the parametric study presented in Chapter 3, is not
linear to the wall length) and its influenced by the vertical loads of all walls.

The tensile force of hold-down of the iy, wall can be calculated as:

-l-I:|:|||:ﬂ.I qll:u
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If the iy, hold-down is not in tension, the wall stiffness K nt; must be used: the rigid body
rotation source must be neglected. Moreover the horizontal displacement given by the
vertical load Ay results equal to zero. In this case the analysis must be performed again,
according to the new consistent model. The analysis process is hence iterative.

The same results can be carried out with the numerical model, previously described.
Also in this case an iterative process may be required. When a hold-down force is
negative, the vertical spring must be replaced with a vertical axially rigid pinned beam
and a new analysis must be performed.

5.1.3 Case study
A numerical example is presented to assess the force distribution for a 1 x 2 series of

walls (Figure 5.3) under a horizontal force F of 30 kN. The geometrical and mechanical
properties of both walls are reported in Table 5.1.

The stiffness of each equivalent spring of the simplified model is:

KSP KSP
% Al gﬁ 2

Ka 1 Ka 2

u R "

Figure 5.3: 1 x 2 series of wall
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Walln.1 Walln.2

Length | [mm] 2500 2500
Height h [mm] 2500 2500
Vertical load g [KN/m] 0 20
Braced sides nys 2 2
Sheathing panel shear modulus G, [MPa] 1000 1000
Shathing panel thickness t, [mm] 15 15
Shathing panel length b [mm] 1250 1250
Fastener stiffness k. [N/mm] 500 500
Fastener spacing sc [mm] 100 100
Hold down stiffness kn [N/mm] 5000 5000
Angle bracket stiffness k, [N/mm] 3000 3000
Angle bracket number n, [N/mm] 4 4

Table 5.1: Properties of walls

K _ C;p,l |]]os,l |:ﬂp.l ml _ N
P h T
G ki
Kp'z — pl m]osl‘? p.2 I:[IZ — m%
K
Kgr = Thoa s E;'l =4 5531%
1—¢c1l

< N
SH2 = M = 5531_
’ A0, mm
Ky, =k 6 = 12000l
Al a,l a,l mm
K,,=k [ = 12000l
A2 a,2 a,2 mm

ke, @7 N
Kis _% _5000%
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Koo 05
Ky, = ;2 _5000ﬁ

The first iteration is carried out assuming that both the hold-downs are in tension. The
stiffness of each wall results:

-1
KTOT,lz[ t, 1,1, 1] = 2010 -
KP,l KS'|,1 KA,]. K 1

)
KTOT,ZZ( 1 + 1 + 1 +K1 ] :2010l
2

KP,Z KS—i 2 KA,Z

The displacements caused by the vertical load is:

Ay = G =0mm
20K,
ANZZ—Zqu =5mm

2

From equation (5.5) the forces acting on each wall are:

K

2

F=""2[F- -A =9.98kN

)
K

2
F, =522 EEF > (K —Ay, }:Z0.0ZkN
ZKto’(] J=1( ttj[q NZ))

The total displacement is:

F o (Ku By

A — |:l2
z Ktot i

i=1

=4.96mm
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The hold-down axial forces can be calculated as:

T = Fim_ouml = 9.98kN
1

T,= FT h_ qzzfﬂz = ~4.98kN
2

The hold-down of the second wall is not in tension. The solution is hence not consistent

with the analysis model. For this reason the stiffness ky, must be imposed equal to
infinity:

kh,z—’°°

The total stiffness of the wall 1 Ky n1 hence results equal to

-1
KTOTYZ:L CHPR 1} =332
KP,Z KSH,Z KA,Z mm

while the horizontal displacement due to the vertical load results equal to zero:

_ g
A=
N2 2|:kh2

Solving the updated model of analysis we get:

=0mm

F, =11.2kN
F, =18.78kN
A =5.58mm

The updated hold-down axial forces are:

129



LINEAR ANALYSIS OF T.-F. MULTI-STOREY WALLS UNDER HORIZONTAL FORCES

Because T, is negative the solution is consistent.

5.1.4 Modelling for a series of walls (m x n)

The analysis model of a m-storey series of n walls is a natural development of the two
previous models presented in sections 5.1.2 and 5.1.3. Each wall is considered as m-
storey vertically aligned wall connected to other walls at each level by means of
horizontal axially rigid pinned beam. These are used also in this case to represent the
diaphragm behaviour of the floors and hence to impose the same horizontal
displacement of the walls. Each wall is characterized by an internal horizontal spring
with stiffness equal to Kspji (Where j is related to the j-th level and i to the i-th wall) and
connected to the lower wall with a vertical spring Ky, a vertical axially rigid pinned beam
and a horizontal spring kg Each wall may be loaded by a uniform vertical load ;. An
external horizontal force F;is assigned at each level (Figure 5.4).

Exactly as in the previous cases, the solution obtained by the analysis must be
consistent with the adopted model. If the hold down axial force Tj is positive (hold down
in tension) a vertical spring ky,; must be used. On the contrary, when Tj; is negative (hold
down not in tension) the vertical spring must be replaced with a vertical axially rigid
pinned beam. For this reason the process is iterative and it can be stopped when the
compatibility is achieved.
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Gmn

KAJn

Fn\ A1 Armi
%KSP‘ m| ;jKSP. mi EjKSP* mn|
khlm1 KA m1 kh‘,-ni KA, mi kh,mn KA. mn
2 FJ i i i
]
ESKSP‘ il %KSPI j %KSP‘ in
Ky Ka Ky Ka; ke Kaj,
i = | i P Ll in = L
FW A G4 i
|’_JKSP,1 %KSF’Ji %KSP,m
KA‘n KA,1i
kh,11é! kh‘ﬁ’! kh,1n!

Figure 5.4: m x n series of walls

5.1.5 Case study

A 3x2 series of wall under horizontal forces is studied in this section. The mechanical
and geometrical properties of the walls are reported in Table 5.2 while the external
forces in Table 5.3. In the first iteration all hold-downs on the left corner of the walls are

supposed in tension (Figure 5.5).

131



LINEAR ANALYSIS OF T.-F. MULTI-STOREY WALLS UNDER HORIZONTAL FORCES

Wall n.1 Wall n.2
i=1 i=2
=1 j=2 =8 | j=1 =2 j=8
Length | [mm] 2500 1250
Height h [mm] 2500 2500 2500 | 2500 2500 2500
Vertical load q [KN/m] 15 15 10 0 0 0
Braced sides nps 2 2 2 2 2 2
Sheathing panel shear modulus G, [MPa] | 1000 1000 1000 | 1000 1000 1000
Shathing panel thickness t, [mm] 15 15 15 15 15 15
Shathing panel length b [mm] 1250 1250 1250 | 1250 1250 1250
Fastener stiffness k [N/mm] 500 500 500 500 500 500
Fastener spacing s [mm] 100 100 100 100 100 100
Hold down stiffness kyn [N/mm] 5000 2500 2500 | 5000 2500 2500
Angle bracket stiffness k, [N/mm] 3000 2000 2000 | 3000 2000 2000
Angle bracket number n, [N/mm] 4 4 4 2 2 2

Table 5.2: Properties of 3 x 2 series of walls

[i=1 j=2 j=3
FIkN] 5 10 10

Table 5.3: External horizontal forces
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F
““““““““ q e 9
3\ 31 n G
Ksp Ksp
% 31 ;_I 32
khlcﬁ KA‘31 knlgz KA‘QZ

2\ Ef e j.) 21 %7@ 922

K

% 5P21 LJ 5P 22
Koy Ka21 Kn 5 Ka 2
ks g | 911 mﬁ G2
Ksp Ksp
= 51 o P2
Ka 11 Ka 2
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Figure 5.5: 3 x 2 model: 1st iteration

The internal shear of each wall at each level, the axial forces at the left and tight bottom
corners of the walls are reported in Table 5.4.

Wall n.1 Wall n.2
i=1 i=2
=1 =2 =3 | j=1 j=2 j=3
Shear [kN] 20.8 185 110 | 42 15 -0.1

Left corner axial force [kN] 0.3 -1.8 -16 | 94 11 -19
Right corner axial force [kN] | -100.2 -60.7 -23.5 | -94 -1.1 +19

Table 5.4: Results of 1* iteration (inconsistent values are underlined )

Because hold-down axial forces T,; and T3, are negative (-1.8 kN and -1.6 kN )and the
vertical pinned beam axial force N3, is positive (+1.9), the solution is not consistent. All
hold down axial forces should be positive (in tension) and all vertical pinned beam ones
negative (in compression). For this reason a model updating is required, substituting the
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two in-compression hold-downs with two vertical axially rigid pinned beam and the in-
tension vertical pinned beam with a vertical spring (Figure 5.6).

F3 Qa4 e 22
Cr 3
;ﬁKSP‘gq ;jKSP‘?aZ
KA.31 KABZ Kn 5
FZ\ 7 e \RQ21 922
%KSP‘21 EjKSP‘ZZ
Kaz1 Koy Ka 2o
F1 & o oA Qqq Gi2
EJKSFH EjKSsz
Ka 11 K12

i inlIVE .

Figure 5.6: 3 x 2 model: 2nd iteration

It is important to highlight how at the 3" level of the wall n.2 the side in tension is the

right-one while at the 1* and 2" level is the left-one: the vertical springs have different
positions.

The solution of the new model is reported in Table 5.5.

Wall n.1 Wall n.2
i=1 i=2
=1 =2 =8 | =1 =2 =3
Shear [kN] 21.0 18.5 11.0 | 40 1.5 -0.1
Left corner axial force [kN] 0.2 -2.1 -1.9 9.7 17 14
Right corner axial force [kN] | -100.1 -60.4 -23.2 | -9.7 -1.7 -1.3

Table 5.5: results of 1% iteration
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All results are consistent. The horizontal displacements for both iterations are reported
in Table 5.6.

[j=t =2 j=3
A@N[mm] 6.6 119 143
AR [mm] 63 126 16.2

Table 5.6: horizontal displacements

5.2 Linear seismic analysis of timber frame walls

In section 5.1.4 a model for the analysis of multi-storey walls under static horizontal
loads was introduced. Horizontal forces may represent equivalent seismic actions and
therefore this model can be used to carry out linear seismic analyses too. Depending on
the structural properties of the building two types of analyses are usually suggested by
Standards: the lateral force method of analysis (LFM) and the modal response spectrum
(MRS) analysis.

5.2.1 Lateral force method

The Lateral Force Method (LFM) of analysis for the seismic design of a timber frame
building can be assumed as a particular case of the analysis method introduced in
section 5.1.4. The LFM in fact supposes that the seismic action is represented by
equivalent static horizontal forces applied to the building storeys.

The magnitude of each force can be calculated assuming that the building dynamic
response is not significantly affected by contribution from higher modes of vibration. In
most cases the distribution of the horizontal equivalent seismic forces are calculated
supposing that the first mode horizontal displacements increase linearly with the of the
building. For these two reasons, the LFM is usually used only when the structure meets
the regular in elevation criteria. The fundamental period of the structure is generally
assessed by means of a simplified expression, without a modal analysis of the structure,
depending on its height.

Also for this type of analysis, an iterative process might be required in order to obtain a
consistent solution with the adopted model. Wall shears, hold-down axial forces and
horizontal displacements can be calculated.
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5.2.2 Modal Response Spectrum analysis

When the dynamic behaviour of a structure does not depend only by its first mode of
vibration, a modal response spectrum (MRS) analysis is required. The seismic action is
represented also in this case by equivalent horizontal static forces but all significant
modes of vibration are considered in the analysis. For this reason, a dynamic modal
analysis should be performed in order to assess the period, the mode shape and the
effective modal mass for each significant mode of vibration. The effects produced by
each equivalent force distribution are the combined according to procedures suggested
by Standards (i.e. SRSS, CQC, etc.).

The application of the MRS analysis to a series of timber frame walls (m x n) requires
first of all the study of its dynamic behaviour by means of a suitable model. For this
purpose the backup model presented for the static analysis can be used.

Referring to a 1-storey single timber frame wall, a concentrated mass m is added on the
top framing beam of the model presented in Chapter 3.

The equation of motion can be obtained from the equilibrium of the concentred mass
subjected to its inertial force F;, and to the wall elastic force F:

F.+F=0 (=2

The inertial force can be expressed as

F,=mA &

where A is the acceleration of the wall.
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The wall elastic force, according to Chapter 3, is given by4:

F =K {a+4,) @9

Substituting equations (5.8) and (5.9) in (5.7) we get:

MA+K,, [A+A,)=0 (510)

tot

Or:

mm-l- Ktot [A= _Ktot mXN (511

Dividing each term of equation (5.11) by the mass m, a second order differential
equation can be obtained:

A f D=-af B, (512

where the circular frequency is defined as:

o = /& (513)
m

The solution can be obtained considering both the homogeneous and the particular
terms as:

* If the source of deformation caused by the hold-down is not considered the equation
(5.9) is rewritten as: F =K, (A
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At)= AR +A (519)
where A and & are respectively the amplitude and the phase of the motion.

When the rigid body contribution is not considered equations (5.12),(5.13) and (5.14)
and are rewritten as:

A+%2 A=0 (5.15)

Kiotnt
%2 = d (5.16)
m

A(t) =A™ 517)

The modal analysis for a multi-storey series of walls can be performed similarly to the 1-
storey singular wall. Referring to the backup model proposed in section 5.1.4 a
concentrated mass m; is assigned to the jth storey®. The mass matrix M is hence defined
as:

m 0 0 0]

] = om o o
0 0 m, O
00 0 m

Therefore a modal analysis of the model can be performed, obtaining the r-th natural
period T,and the relative mode shape {¢}".

® The concentrated mass is not assigned to each wall because the horizontal
displacements are supposed the same.
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If the hold-down source of deformation for the wall;is not considered, the vertical spring
knj must be replaced by a vertical axially rigid pinned beam. For this reason, for a series
of wall several different dynamic properties (periods and mode shapes) can be
assessed, depending on the hold-down state (tension or not in tension).

After calculating the dynamic properties of a series of walls the MRS analysis can be
performed. Assuming a design horizontal pseudo-acceleration response spectrum the
equivalent horizontal static force array {F}r for the r-th mode of vibration is given by:

{F} =s,(T)T. O™]dg" 19

where S4(T,) is the design response spectrum value for the period T, and I, the modal
participation factor defined as:

{47 M)
SCAETY

where 1 is the m x 1 ones array, with m equal to the number of storeys.

(5.20)

The equivalent static forces obtained by equation (5.19) are applied to the backup
model to assess, for the r-th mode of vibration, the force Fji’ acting on each wall and the
relative effects E;' (shear V; and overturning moment M;') characterizing the wall;.

In this case the effects on structure are calculated without considering the effects of
vertical loads. In fact is not possible to know a priori the directions of horizontal forces of
each mode force array because they change its direction during an earthquake. For this
reason vertical loads are considered only for the calculation of the tensile force of the
hold-downs.

The maximum global effect E; of the seismic action may be calculated assuming that the
maximum effect for each mode of vibration does not occur concurrently. Standards
suggest some combination procedures, such as the Square Root of Sum od Squares
(SRSS):
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E, = /Zm:(Eji’)z (5.21)
r=1

As in the case of static analyses, the results must be consistent with the adopted model
and hence the hold-downs must be characterized by in-tension axial forces.

The maximum global tensile force Tj can be calculated as:

T. =

i ——— (522

My 4,0
L2

When T; is greater than zero the solution is consistent. On the contrary when T is
negative the analysis model must be updated, replacing the vertical linear spring ki with
a vertical axially rigid pinned beam.

5.2.3 Case study

The MRS analysis of the 3 x 2 series of wall of section 5.1.4 is presented. The modal
analysis and the first iteration is performed assuming all hold-down are in tension.

The mass matrix is defined as:

600 0 O
[M]=| 0 600 O |kg
0O 0 600

The periods and the relative mode shapes (see Figure 5.7, Figure 5.8 and Figure 5.9)
results:
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1\
W [
SAJIARE

|

A

- -
Figure 5.7:1% mode Figure 5.8: 2" mode Figure 5.9: 3 mode
(T1=0.34s) (T1=0.09s) (T1=0.05s)
T,=0.34s 0.21 1.00 1.00
T,=009s {¢g}=1059; {#}={077} {g}=1-095
T, =0.05s 1.00 —-0.66 0.29

The design response spectrum is shown in Figure 5.10.
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0.80 \

sd(T)
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Figure 5.10:Design acceleration response spectrum

The modal participation factors can be calculated as:

r,=130 r,=055 ,=0.17

The response spectrum values for the three modes of vibration are:

S/(T,)=097g S,(T,)=060g S,(T,)=045g

The horizontal force arrays {F}" results:

155 194 045
[F}'=1416{kN {F} ={150 (kN {F}’=1{-043/kN
7.42 -1.28 013

For each force array, a static analysis can be performed calculating the shear forces V
and the overturning moment M.
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[9.75 3.38 157 059 010 005
[V =|9.02 256|kN [V]'=| 017 005 |[kN [V]'=|-022 -0.08|kN
604 138 -0.96 -0.32 009 0.04
(62,03 18.30 195 0.80 -0.08 0.03
[M]'=|37.65 985 |kN [M]"=|-1.98 -068|kN [M]’=|-033 -0.10 kN
11510 345 —240 -0.80 023 0.0

Effects are then combined by means of the SRSS procedure, getting:

0.88 343 62.06 18.32
[V]*=|9.02 256|kN [M]"=|37.70 9.87 |kN
612 142 1529 354

In order to validate the results, the tensile forces of the hold-downs must be calculated.
They result as:

-25.18 14.66
[T]" = -16.17 7.90 |kN
-6.33  2.83

From results, the compatibility is not satisfied since all 1% wall hold-downs are in
compression. The numerical model must be updated fixing all 1* wall hold-downs and a
new model analysis must be performed to calculate the new dynamic properties:

T,=0.18s 0.40 1.00 -0.86
T,=006s {g}=1077; {#}={052} {g}=1100
T,=004s 1.00 -0.80 -0.42

The modal participation factors are calculated:
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r,=124 r,=038 r,=-015

The response spectrum values for the three updated modes of vibration are:

S (T)=078g S (T,)=048g S, (T,)=0.42g

The horizontal force arrays {F}" results:

2.27 1.02 031
{F}'={438{kN {F}"={053 (kN {F}’ =1-036;kN
5.68 -0.81 0.15

For each force array, a static analysis can be performed calculating the shear forces V
and the overturning moment M.

1033 2.00 057 017 007 003
[V]'=| 941 065 |[kN [V] =|-026 -002|kN [V]'=|-016 -0.05 kN
598 -0.30 -0.74 -0.07 012 003
64.30 588 -1.08 0.20 008 003
[M]'=| 3848 088 |kN [M]'=| -25 -023[kN [M]’=|-010 -0.05 kN
1495 -0.75 -185 -0.18 030 008

The effects are the combined by means of the SRSS procedure getting:

10.35 201 64.31 5.88
[V]*=| 941 065|kN [M]" =|3856 0.90 kN
6.03 031 1507 0.77
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In order to validate the results, the tensile forces of the hold-downs must be calculated
as:

—24.28 470
[T]" =| -15.83 0.72|kN
-6.47 062

The results are consistent with the updated backup model. The iterative process can be
stopped.
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6 3-STOREY TIMBER-FRAME BUILDING SHAKE TABLE TEST

In this chapter a 3-storey timber-frame building full scale shake table test, performed at
the laboratory TreesLab Eucentre (see, Figure 6.1) in Pavia (Italy), is described. This
work characterizes the third and last phase of the research project Chi-Quadrato with
the aim, as stated in chapter 1, to assess the seismic performance of a timber-frame
building.

6.1 Geometry and Design of the specimen

The test specimen was characterized by a rectangular 5 x 7 m footprint and three
stories with a maximum height equal to 7.65 m. The footprint dimensions of the building
were chosen in relation to the size of the shaking table (5.6 x 7 m). The anchoring
system with the shake table was made with a rigid steel base. The in-plane wall layout
was selected considering the interactions between the structural elements and,
therefore, analysing different mechanisms of transfer of internal forces. The structure is
symmetrical along the longitudinal direction (Y) and it is characterized by an asymmetry
in the transverse direction (X). Since the shaking table is characterized by a single
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translational degree of freedom, the building has been subjected to a seismic input
parallel to its longitudinal direction (Y). In order to study more clearly the distribution of
the seismic internal forces in the direction of the specimen (Y), only two different lengths
of the walls (2500 and 1250 mm) were adopted (see,

Figure 6.2). These walls run without interruption from the ground to the top of the
building: for this reason the structure may be considered regular in elevation. The floors
were formed by box section elements 140 mm height, to which were superimposed and
nailed 15 mm thick OSB panel 15 mm in order to guarantee a rigid diaphragm
behaviour. The floor elements were arranged in the longitudinal direction and therefore
supported by the transverse walls. This choice was taken with the purpose of minimizing
the stabilizing contribution, given by gravitational loads, on the walls parallel to the
direction of the seismic input. The roof (two pitches characterized) was made by solid
timber beams and a timbered plank with stiffened perforated metal strips. The framed
walls were braced by OSB panels 15 mm thick, placed on both sides and connected to
the timber frame by ring nails (2.8 x 60 mm). Studs and beams of the walls were made
with solid timber, section 160 x 60 mm and 160 x 100 mm.

Figure 6.1: Test specimen
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Figure 6.2: Building structural plan and instrumented walls

The shake table, characterized by a single translational degree of freedom (Y), had plan
dimensions of 5.6 x 7.0 m and a mass of 42 tons. The steel basement was made with
European Standard Channels HEA 300 and HEB 300, anchored to the shake table by
means of steel bars in order to ensure a sufficiently rigid support. Solid timber beams
were positioned on the top of the steel base which to the steel beams were connected
by means of M16 class 8.8 bolts (see, Figure 6.3 a). The bolt spacing (500 mm) was
chosen with the aim of making the relative displacement between the base and the
timber beam negligible. In order to validate this hypothesis during the test phases a
displacement transducer was installed. The connection of the walls to the base was
obtained by means of two different devices. With reference to the tensile forces at the
corners of each walls, Hold-Down devices were used, connected by bolts to the top
flange of the steel beams (Figure 6.4). Moreover, in order to avoid the their slippage the
walls were screwed to base timber beam (Figure 6.5).
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Figure 6.3: Base timber beam and steel basement

Figure 6.4: Hold-downs

150



CHAPTER 6

Figure 6.5: Inclined screws connection

The design of the structure was carried out in accordance with Italian and European
Standards NTC 08, Eurocode 5 and Eurocode 8. The design analysis, as well as checks
on structural elements and connections, were carried out with traditional methods of
calculation , without referring to experimental results obtained from the investigation of
previous campaigns. The fundamental aim of the test was in fact also to validate the
current calculation methods adopted for the timber-framed building design. It is
assumed that the building placed in Ferla (Syracuse province, Italy), as this site is
characterized by the maximum reference ground acceleration a4 equal to 0.27g for a
return period of 475 years under Italian law. The choice of the behaviour factor was
carried out in accordance with the Eurocode 8, which suggests a factor equal to 5, as
reported in chapter 2. With reference to some suggestions in the literature, a prudential
factor g equal to 4 was adopted. The viscous damping was assumed equal to 5%

The design floor dead load was assumed equal to 2.5 kN/m?, whereas the live load 2
kN/m? and the snow load 0.95 kN/m?.

The building mass was equal to 367 kN (37.43 tons whereas the specimen mass
(considering also the steel base mass) was equal to 407 kN (41.51 tons), lower than the
shake table payload, equal to 140 tons.
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6.2 Specimen assembly and description of instrumentation

All primary structural elements with the exception of the roof were prefabricated. During
the assembly in the laboratory only the placement of structural elements and their
connection were performed. The phases of assembly were completed in 3 days by 5
workers.

Figure 6.6: Phases of assembly at Eucentre TreesLab

The building was tested without finish and non-structural elements. In order to simulate
additional mass relative to the dead loads and live loads, the entire stratigraphy of the
roof and the insulation of the walls, some concrete blocks on the floors, some tiles on
the roof and additional materials within the walls were placed.

The behaviour of the building was monitored by an suitable set-up of measuring
characterized of 103 instruments and an optical acquisition system, capable of detecting
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continuously the absolute displacement of control points on the eastern facade of the
building itself. The arrangement of the instruments was carried out taking into account
the unidirectional motion of the shake table, thus positioning majority instruments on the
walls parallel to the input seismic. In particular, the behaviour of 6 walls (5 in the
longitudinal direction and 1 in the transverse direction) were monitored both on the
ground floor and first one as reported in Figure 6.2. Otherwise second floor walls were
not instrumented as expected deformations had been not significant. On each monitored
wall on the ground floor 2 load cells were placed with the aim of measuring the tensile
force in the Hold-Down. On each Tie-Down (the first floor hold-down) two strain gauges
with the same aim were used .

Figure 6.7: Wire potentiometers (26), uplift LVDT (10) and Tie-down strain gauges

In order to measure the shear deformation of each monitored walls monitored two
diagonal wire potentiometers wire were positioned. The wall corner uplift and wall rigid
translation were measured by means of linear potentiometers (LVDT).
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Figure 6.8: Corner uplift and rigid translation LVDTs

The arrangement of the markers on the eastern fagade of the building allows the
knowledge of the floor absolute displacement. These measures are fundamental to
assess the inter story drifts of the building during the seismic tests. In order to validate
the hypothesis that floors and roof can be considered as wire potentiometers were used
in order to measure the floor in-plane deformation. In particular only the second floor
was instrumented since it is characterized, according to the numerical model, by the
highest seismic force. In addition to the instruments described, some displacement
transducers (LVDT) were placed between adjacent floor box elements in order to
monitor any reciprocal sliding in the direction of motion (Figure 6.9).
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Figure 6.9: Floor box element LVDTs

Twenty-three unidirectional accelerometers were used with the aim of monitoring the
accelerations at various levels of the building. The obtained measurements have
allowed both to evaluate the accelerations reached at different levels during seismic
tests (and thus the inertia forces of the floors) and to carry out the dynamic identification
of the building. In order to check that the connection system with the shaking table
avoided relative displacements between the base of the building and the shaking table
itself, displacement transducers were placed (Figure 6.10): the motion of the table is to
be transferred to the base of the building without any alteration.
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Figure 6.10: LVDT for the measure of the relative displacement of the steel basement and the base
timber beam

Figure 6.11: Infrared cameras
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Figure 6.12: Optical system marker arrangement

All seismic tests were preceded and followed by a dynamic test identification, performed
at low intensity, by means of a low amplitude 0.2-40 Hz clipped-band flat white noise,
characterized by RMS amplitude of 0.05g The sampling frequency was equal to 256Hz.
The dynamic identification was carried out with the aim of identify the dynamic
properties of the structure after each seismic test. Some possible variations of the
fundamental period of the structure are in fact excellent signs of any damage of the
structure. The seismic tests were carried out scaling appropriately the selected ground
motion to reference PGA values. The sampling frequency for seismic tests was equal to
1024 Hz.

6.3 Test design

In order to properly design the shake table test, the assessment of the specimen
suitability, its dynamic properties and its performance was carried out. With this aim a
suitable numerical model was made (Figure 6.13), according to analysis model propose
in Chapter 5.
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Figure 6.13: Timber-frame building analysis model

Three different building numerical models were carried out to consider separately the
deformation components namely the sheathing panel deformation Kp, the sheathing-to-
framing fastener Ksy, the rigid body translation K, and rigid body rotation deformation
contribution Ky. The first model (Model A) only the sheathing panel deformation
contribution Kp was considered whereas in the second one (Model B) also the
contribution of the sheathing-to-framing connection stiffness Ksy was implemented.
Lastly, an additional numerical model (Model C) was developed: the behaviour of Hold-
Down k, was added. The modelling of the floors and the roof was carried out by
assigning a horizontal diaphragm constrain to each story. Each floor mass was
concentrated in the each floor centre of mass. The properties of the three adopted
analysis models are reported in Table 6.1.
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Ka Ksh Kp Kn
Model A L L yes L
Model B L yes yes ©
Model C 0 yes yes yes

Table 6.1: Stiffness contributions for the numerical models

The evaluation of the dynamic properties of the test building was performed using only
the Model A and the Model B. This choice was taken as identification dynamic tests are
usually performed at very low input levels and hence the contribution of translation and
rigid body rotation may be negligible. The vibration mode shapes were obtained directly
from the model referring to each centre of mass. In Table 6.2 the fundamental periods
for both main direction (X and Y) are reported.

Natural period [s]

First mode shape Model A Model B
Transversal direction (x)  0.106 0.297
Longitudinal direction (y)  0.297 0.295

Table 6.2: Natural periods in transversal and longitudinal directions

The ratio between the fundamental periods of the two models is approximately equal to
3. The stiffness Kp was in fact approximately 9 times the stiffness Kgy. The structure can
be considered regular in elevation in both directions and for both models. The modal
mass of the first translational mode shape is in fact in all cases greater than 90%. The
regularity in plan, as expected, occurs only in the longitudinal direction (y). The modal
mass associated with the rotational mode shape is in fact significant only in transversal
direction (47 and 51% for the two models). Moreover, the modal shapes show how the
roof is much stiffer than the lower levels due to a reduced height of the walls and a
considerable reduction of the seismic mass.

The choice of the ground motion (input signal) was taken so that the frequency content
of the signal is significant in the range of the structure estimated frequencies. For this
purpose the 1979 Hotel Albatros-Ulcinj Montenegro Earthquake (M,, 6.9) y-direction
ground motion (Figure 6.14) was selected. The peak ground acceleration PGA is equal
to 0.224 g (equivalent to 2,199 m/s?).
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Figure 6.14: Acceleration Time-History of unscaled Hotel Albatros-Ulcinj Montenegro Earthquake y-
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Figure 6.15: Pseudo-acceleration elastic response spectrum (5%) of unscaled Hotel Albatros-Ulcinj
Montenegro Earthquake y-direction ground motion

As shown in Figure 6.15 the pseudo-acceleration elastic spectrum is characterized by a
wide amplification band (constant energy band), ranging approximately between a 0.20
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s to 0.70 s. For this reason, an incorrect assessment of the building fundamental period
do not produce high variations of the spectral values. Moreover, because after seismic
tests a building damage, and thus a structural period increase, might be expected, the
wide spectrum amplification band guarantee that the building is subjected to similar
acceleration spectrum values for all seismic tests. As reported in Figure 6.15, the period
of the model B (red vertical line) falls in the amplification band, otherwise the model A
(green vertical line) one falls in the high frequency band, characterized by a smaller
amplification. However, as reported in the shake table fidelity paragraph, the feedback
recorded signal response spectrum is characterized by an amplification band that
extends up to the high frequency values.

The assessment of the structure seismic capacity, defined in terms of base shear
strength V, and base overturning moment strength M,, was carried out to select the
amplitude scaling factors of the seismic input signal, in relation with the limit states
which are to be achieved during the seismic tests.

With this aim, the capacity curve of the structure was obtained, plotting the relation
between the base shear force V, and the control displacement d. according to the
nonlinear static analysis method (pushover). Two different load patterns: the uniform
pattern and the modal pattern. For this purpose the same numerical model of the linear
elastic analysis was used, selecting conveniently which structural elements (represented
by the springs) should have been considered in the non-linear range. This choice was
taken regarding to the results obtained from Chi-Quadrato experimental campaign on
the connection components and on the timber-frame walls and to the expected
structural behaviour. From this, only the sheathing-to-framing connection contributions
(Ksp) and the hold down (k;,) at the ground floor were represented by a non-linear curve.
All other contributions (wall translation K,, panel deformation Ky and hold-down of the
upper floors ky) are taken in the linear range. The properties for each element were
obtained by laboratory tests carried out during the Chi-Quadrato experimental
campaign. The control point was taken at the centre of mass of the building. The
ultimate displacement of the capacity curve was selected assuming the following
criteria: the hold-down tensile deformation equal to 30 mm for the model C and the wall
shear deformation (Ksy) equal to 100 mm (corresponding to an inter-story drift of 4%) for
the model B.
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According to the results provided in Table 6.3 and Figure 6.16, for both models the
capacity curve related to the modal pattern is characterized by a less strength than the
mass pattern one, but by a comparable ultimate displacement.

In the model B the ultimate displacement is obtained by the maximum acceptable shear
deformation (100 mm) of the 2.5 m length ground floor wall GL_WO07_Y. In model C
failure occurs by achieving ultimate Hold down deformation (30 mm) in the ground floor
wall GL_WO06_Y.

As expected, the maximum base shear of the model B is much higher than the model C
one.

Model Pattern Base shear strength [kN] Ult. disp. [mm] OTM [KNm]

B uniform 471 123 2104
B modal 472 133 2306
C uniform 176 122 787
C modal 157 121 787

Table 6.3: Non-linear analysis results
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Figure 6.16: Nonlinear analysis base shear vs roof displacement curves
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In order to study the response of the structure for different levels of seismic input, the
peak ground accelerations and the scale factors of ground motion, required are to be
selected to reach different limit states of the structure. After obtaining the capacity curve
the seismic displacement demand it is to be selected. The analysis method used for this
purpose is the so-called N2 method or modified capacity spectrum method (MSCM)
proposed by [Fajfar,2000] and also suggested in both Italian and European Standards.
The displacement seismic demand is obtained by the intersection of the equivalent
SDOF scaled capacity curve of the structure and the ADRS capacity spectrum, given by
reduction of the elastic ADRS spectrum by means of the behaviour structure factor,
depending on the period and the ductility of the structure (see Figure 6.17). The
analyses were carried out referring only to the “uniform” lateral pattern (a failure
interests of ground floor walls is expected). PGAs and ground motion scale factors were
calculated referring to the structure ultimate displacement and structure ‘“yield”
displacement (Table 6.4).

Modello PGA, [d] PGA, [g] q*
B 0.71 1.09 1.55
c 0.27 0.48 1.81

Table 6.4: Yield and ultimate displacement PGAs

s, 1ol

Sylm] Sym]

—— model B - capacity spectrum ——— elastic ADRS spectum PGA=109g " design ADRS spectrum q'=155 [——model ¢ - capacity spectum —— elastic ADRS spectrum PGA=0.46g =~ design ADRS spectrum q°=1.81

Figure 6.17: Structural ultimate displacement capacity spectra for model B and model C

After defining the acceleration values which represent yield and collapse structural limit
states limit, the sequence of seismic tests was decided. Firstly the design PGA values
(equal to 0.07 g and to 0.28 g) were firstly selected. The choice of the following seismic
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levels was taken in order that it was significant for both analysis models according to the
assessed PGA values in Table 6.5: Seismic test sequence.

Seismic test Ground motion Scale factor PGA (g)

1 Montenegro 0.31 0.07
2 Montenegro 1.25 0.28 ()
3 Montenegro 1.25 0.28 (1)
4 Montenegro 2.23 0.50
5 Montenegro 3.13 0.70
6 Montenegro 4.46 1.00

Table 6.5: Seismic test sequence

6.4 Analysis of results

The acquisition and sampling of signals were performed with an anti-aliasing filter, in
order to restrict the bandwidth of a signal to a Nyquist frequency equal to half the
desired sampling frequency. All signals acquired during seismic tests were appropriately
filtered in order to eliminate noises present at high frequencies and not arising from the
excitation of the structure tested. For this reason it was decided to use a low-pass
Infinite Impulse Response (lIR) filter and in particular a Butterworth filter characterized
by a cutoff-frequency (value for which the attenuation is 3 dB) equal to 25.5 Hz and a
stop-band-frequency (value for which the attenuation is 40 dB) equal to 50 Hz.

All seismic tests were preceded by a tuning phase of the shaking table control system
(very low-intensity vibrations applied to the structure) by means of an iterative process
(adaptive inverse control) in which the reference signal and the shaking table feedback
signal were compared, in order to obtain a response function as close as possible to unit
magnitude and zero phase over the entire range of frequencies of interest. During this
phase was also possible to acquire the data needed to dynamical identification of the
structure.

To investigate the fidelity of the motion reproduced from the shake table, in Figure 6.18
are reported the pseudo-acceleration response spectra (damping of 5%.) of the
reference signal (imposed to the system) and of the signal imposed by the table
(feedback signal), registered by the accelerometer placed on the table (A37).

164



CHAPTER 6

Prova 0.07 g Prova0.28 gl
02 T T T T 14 T T T T
Nk | Spettro di risposta in accelerazione Spettra di risposta in accelerazione
018 [ \ H | Spettro segnale Montenegro 12 Spettro segnale Montenegro
0.16 JA "\UJ\ \v l n
0.14 1
L l
Fal
012 ¥ 08
2 01 C]
a | ] I
08
0.08 W/ Vd Vi
0.06 04 /m.
0.04
02
0.02
| \\____\____
0 0
0 05 1 15 2 25 3 35 4 0 05 15 2 25 3 35 4
Tis) T(s)
Prova0.28gll Prova 0.50 g
14 T T T T 2 T T T T
Spettro di risposta in accelerazione | Spettra di risposta in accelerazione
12 Spettro segnale Montenegro 18 | Spettro segnale Montenegro
16
! 14
08 12 n
E] “’A\ § 4 U ﬁ(\\ ) ‘l
% os ot
- FA? v W 08 H
04 0.6
/m 04
02
02
\\__‘_“ e
0 0
0 05 1 15 2 25 3 35 4 0 05 15 2 25 3 35 4
T(s) T(s)
Prova 0.70 g Prova 1.00 g
3 T T T T 35 T T T T
Spetiro di risposta in acceleraziane Spettra di risposta in accelerazione
Spetiro segnale Montenegra 5 Spettro segnale Montenegro
25
n 25 fl
2 L,
h\ ﬂ s [ i
R i M
D 15 V‘U
* \ [
/ﬁ' \ 1
05 \ 06
\“\-\-\—-___Q: e
0 0
0 0.5 1 15 25 3 35 4 0 05 15 2 25 3 35 4

Figure 6.18: Comparison of the pseudo acceleration response spectra of the shaking table input for
each test (feedback signal in redline) with the Montenegro record (blue line) scaled at the same
nominal PGA (reference signal in black line).

The analysis of the data recorded by the accelerometers during seismic tests is really
useful for understanding both the entity of the accelerations, to which are subjected the
various floors of the building the structural and non-structural elements and occupants,
both to assess the possible amplification resulting from the dynamic characteristics of

the structure and the frequency content of the input signals.
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Position  Accelerometer Direction 0.07g 0.28gl 0.28gll 0.50g 0.70g 1.00g

Shake table A37 Y 0.12 0.63 0.53 0.80 133 143
Al Y 0.08 0.36 0.43 0.69 1.05 1.15

1° A3 Y 0.08 0.34 0.43 0.68 1.06 1.27

A9 Y 0.08 0.35 0.43 0.69 1.06 1.26

A16 Y 0.10 0.38 0.44 073 112 1.38

2° A22 Y 0.10 0.37 0.45 0.74 113 145
A24 Y 0.10 0.37 0.44 073 1.09 135

A3l Y - - 0.51 0.82 124 164

3° A33 Y - - 0.50 0.82 127 154
A35 Y - - 0.50 081 129 152

Roof ridge A27 Y - - 0.63 0.89 144 1.68

Table 6.6: Maximum accelerations recorded during seismic tests

The most important parameter for understanding the response of a structure subjected
to seismic action is undoubtedly the inter-storey drift. As a matter of fact, according to
Performance Based Seismic Design Method, damage to structural and non-structural
elements can be related to this parameter, with the aim to define a relationship between
seismic demand and expected performance of the building. The inter-storey drift is
defined as the ratio between the relative horizontal displacement between two floors and
the height inter-storey. In Figure 6.19 and Figure 6.20 the relation between the
maximum accerelation at the shake table level and the maximum interestorey dirft
recorded during each test is shown resepctively for the first and the second floor. A
linear trend is observed up to the 0.7 g PGA seismic test (maximum shake table
recorded acceleration equal to 1.33@): in the subsequent 1 g PGA test a significat slope
softnening of trend confirmed once again the transition to the non reversible phase of
the structure.
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Figure 6.19: Inter-storey drift related to the first floor
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Figure 6.20: Inter-storey drift related to the second floor
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The obtained results confirmed that for values of inter-story drift of the order of 1.5 - 2%
not visible structural damage could be associated. In order to assess the effect of the
overturning forces on each single timber frame wall, load cells have been positioned to
monitor the tensile force acting on each Hold-Down. In Table 6.7 the maximum values

recorded for each load cell are reported.

Wall Seismic test

0.07 g 0.28¢g1 0.28¢gll 0.50 g 0.70 g 1.009
GL_WO06_Y 0.0 0.0 0.0 0.2 0.9 2.4
GL_WO06_Y 0.0 0.0 0.0 3.7 9.7 26.4
GL_WO07_Y 0.0 0.0 0.0 0.9 5.0 9.6
GL_WO07_Y 0.0 3.9 3.8 14.4 25.6 28.4
GL_W08_Y 0.0 2.7 2.5 8.8 194 27.6
GL_WO08_Y 0.0 0.0 0.0 3.8 16.1 27.9
GL_WO04_Y 0.0 1.8 1.3 4.2 13.2 20.1
GL_WO04_Y 0.0 2.5 1.6 7.7 24.8 38.8
GL_W06_X 0.0 0.0 0.0 1.8 3.4 5.2
GL_WO06_X 0.0 2.5 2.0 5.2 10.2 16.3
GL_Wwo02_Y 0.0 0.0 0.0 0.7 4.5 9.4
GL_wo02_Y - - - 13.4 31.5 36.0

Table 6.7: Maximum values of traction forces registered by the Hold-Down load cells (kN)

From Table 6.7 can be deduced that, for the first three test phases, the forces can be
considered non-significant. On the contrary, in the test phase characterized by the

maximum magnitude (1 g), the role of the Hold-Down is evident.
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Figure 6.21: Vertical force values [kN] recorded by the Hold-down load cells when the maximum value
is reached at the right corner

4.6 8.2
7.2

16.1 2

Figure 6.22: Vertical force values [kN] recorded by the Hold-down load cells when the maximum value
is reached at the left corner

The activation of the Hold-Down placed to the right corner of each wall corresponds to a
very low value of force in the Hold-Down placed to the left corner of the same wall
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(Figure 6.21): similar behaviour is observed when the Hold-Down positioned in the left
corner are activated (Figure 6.22). Moreover, it is possible to observe that the hold-down
on the wall GL_WO06_X are always activated by the motion in the both directions.

Concerning with the force measured in the Tie-Down elements, only in the last two test
phases (0.7 g and 1 g) they were significantly activated (thus demonstrating their
usefulness), while in the first three test phases they recorded a force value near to zero
was recorded.

The wall rigid motion (sliding and overturning) during the test phases was monitored by
the optical system on the east facade, and by some LVDTs appropriately arranged.

Figure 6.23 shows, for seismic test at 1 g, the maximum slippage recorded values at
each wall (the outer wall GL_WO07_Y registered the maximum slip of 4.2 mm at the first
floor and of 2.2 mm at the second floor). The recorded values can be considered
virtually zero for seismic test with nominal PGA lower than 0,28 g.
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Figure 6.23: Slippage values of the walls for seismic test at 1.00 g
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Figure 6.24 shows the values of uplift at the ground floor for seismic test at 1 g. These
values are consistent with the value of the maximum force measured in the Hold-Down.

Figure 6.24: Hold-down uplift values (mm) of the walls on the ground floor to the test at 1.00 g

The wall shear deformation was measured by wire potentiometers and optical markers,
measuring the variation of the wall diagonal length. Since the instruments were
positioned on the panel and not on the frame of the wall, the most significant
contribution due to the nail deformation is non “visible” for walls formed by a single panel
(e.g. 1250 mm length walls). On the contrary, for “multi-panel” walls (e.g. 2500 mm
length walls), the nail slip contribution is part of the recorded deformation, but cannon be
directly deducted from the sheathing panel shear deformation.

In plane deformation of the horizontal diaphragms was measured by a couple of
diagonal wire potentiometers crossed arranged. We can consider the deformation of the
intermediate floors negligible since the maximum elongation recorded was equal to 1
mm. In the case of the roof diaphragm instead, the maximum elongation recorded was
equal to 4.1 mm over a total length of about 3.70 m, resulting in a deformation that is
equal to 0.1%. It is interesting to highlight this difference of the in plane deformation
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registered for the roof during all stages of the, symptom, as expected, a lower stiffness
of the diaphragm.

The slippage between the box floor elements was monitored by a couple of LVDT
transducers placed parallel the floor span. From the maximum values recorded can be
noted that such displacement can be considered negligible for all stages of the test.

After each seismic test the entire structure was visually inspected in order to assess any
structural damage. It is observed how the structure, in agreement with the data obtained
from the instrumentation arranged, showed no damage typically observed in this
structural typology in the laboratory test (residual rotation of the panels, rupture of the
panels near the corners, unthreading of the nails of the Hold-Down, etc..). The value of
the calculated maximum inter — storey drift was equal to 1.24% and consistent with
findings from the visual survey. This drift value, as observed in the laboratory tests
previously carried out on individual walls as well as reported by the studies in the
literature, is generally not associated with any type of structural damage.

Figure 6.25: Visual inspection of the building
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6.4.1 Global hysteretic response

The hysteretic response global building is described by the curve of the total force to the
base as a function of the relative displacement of the centre of the roof and has been
evaluated for all the seismic tests subsequent to the test at 0.28 g I. The force at the
base of the building was calculated by summing the contributions of inertial forces
relative to the three planes, obtained by multiplying the mass of the deck of reference for
the respective absolute accelerations measured by the accelerometers placed in
proximity of the centre of gravity of the decks. It is important to emphasize how the force
calculated represents the total inertial force of the structure and not the base shear. The
inertial forces in fact, in a damped system, are equal to the sum of the elastic forces
(cut) and those viscose. The relative displacement of the control point s was derived as
the difference between the absolute displacement of the ridge xA27 and the absolute
displacement of the vibrating table xA37. The absolute displacement signals were
obtained through a double integration of the signals recorded by the accelerometers
placed on the table (A37) and on the top (A27), filtered in the frequency band between
0.2 Hz and 40 Hz. Figure 6.26 shows, for the four seismic tests considered, the force-
displacement diagrams obtained.
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Figure 6.26: Global hysteretic response curves

Analysing the previous pictures no stiffness variation for the first three phases of the test
can be observed, while a slight degradation in the last seismic test, confirmed also by
the dynamic identification results, appears. The hysteresis loops increase with the
displacement of the structure, showing an energy dissipation also in the early stages of
testing. The maximum inertial force recorded for the test to 1.00 g is equal to 368 kN, in
correspondence of a relative displacement of 4.9 cm.

In Figure 6.27 the peak base force achieved in each of the hysteretic cycles versus the
corresponding peak roof relative displacement and the capacity curve obtained by the
numerical model B is reported. The behaviour of the tested structure is almost linear up
to the displacement reached in the test at 0.70 g and then undergoes an abrupt decay of
stiffness in the next test (1.00 g). Comparing the tested structure capacity curve to the
model one, an higher stiffness of the tested building can be observed. Moreover it would
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appear that the peak force of tested structure is lower the model one. However this does
not be stated for certain as no significant damages were observed after 1.00 g seismic
test. Likely the structure could have been tested for higher seismic input achieving the
failure conditions for higher base force peak values.
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Figure 6.27: Peak base force vs roof displacement curve

6.4.2 Modal testing

Modal test analysis was carried out to identify the dynamic properties of the specimen,
and evaluate the relation between dynamical parameters variation and damage
occurred to the building prototype. In fact an increase of the period may be related
directly to the decrease of structural stiffness of the building and hence to its damage.

During the experimental campaign two type of modal testing were performed: ambient
noise vibration tests before the first and after the last seismic test, by means of a limited
number of geophones (Figure 6.28) positioned according the configuration illustrated in
Figure 6.29; random vibration tests during the shaking table tuning phase, using data
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collected by the accelerometers (Figure 6.30) configuration shown in Figure 6.31. The
techniques used for signal analysis were made in both cases in the frequency domain.

In the case of ambient noise vibration test Output-Only techniques were adopted since
the acquisition involved only the response of the structure due to an unknown input
noise. Basic Frequency Domain (BFD) and Frequency Domain Decomposition (FDD)
techniques were adopted in this case. On the contrary, for random vibration tests during
the shaking table tuning phase, the input signal recorded by the accelerometers on the
shaking table itself was available, and in this case was possible to consider a input-
output system and therefore directly calculate the Frequency Response Functions
(FRFs).

In both methods the analysed signal can be assumed as random. For this reasons, in
order to reduce leakage, the Welch method with a Hanning window was employed. The
frequency resolution resulted equal to 0.0625 Hz.

Figure 6.28: Geophones used for the dynamical identification of the structure
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Figure 6.29: Geophones layout

Figure 6.30: Accelerometer
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Figure 6.31: Accelerometer layout

In order to identify the frequencies of the system, taking into account that the main
vibration modes are related to the flexural deformation in two different directions, the
Cross Spectra (X Spectra) of two channel pairs referring to the same direction were
analysed, reporting the amplitude, phase and coherence parameters in function of the
frequency (according to the BFD technique the peaks of amplitude of cross-spectra are
associated to the modes of the structures).
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Figure 6.32: Analysis made with BFD (a) and FDD (b) methods before the first seismic test

Referring to ambient noise vibration test performed before the seismic sequence, the
amplitude and phase of the cross-spectrum between the channels 5 and 9 (longitudinal
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direction) show a peak amplitude for a frequency equal to 6.125 Hz (Figure 6.32,a ). The
phase equal to 0 °confirmed that the motion is actually of fundamental flexural mode
shape. Similarly, analysing the cross-spectra relative to the transversal direction, a fist
flexural mode was observed at the frequency of 5 Hz. Less information is instead
provided from the graphs regarding the second flexural mode.

In order to validate the results obtained from the BFD the FDD method was employed.
In Figure 6.32 (b) is reported the Singular Value Decomposition (SVD) of the Power
spectral density (PSD) matrix of the response. It is possible to note the presence of
three peaks in correspondence of the following frequency values 5, 5.875 and 6.125 Hz.
The study of the modal shapes revealed that the frequencies 5 Hz and 6,125 Hz, as
observed with the BFD method, are actually associated with the two bending modes
respectively in the transversal and longitudinal directions. The peak corresponding to
the frequency of 5,875 Hz is not associated with any significant mode shape.

Referring to ambient noise vibration test performed after the last seismic test, a
geophone was also positioned on the roof ridge of the building, according to
configuration shown in Figure 6.33. As in the previous case, the process of dynamic
identification was carried out both through the BFD and FDD methods.
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Figure 6.33: Analysis made with BFD (a) and FDD (b) methods after the last seismic test

The amplitude and phase of the cross-spectrum between the channels 5 and 9
(longitudinal direction) show a peak amplitude at a frequency equal to 5.813 Hz (Figure
6.33,a , highlighting a slight decrease of the fundamental frequency in the longitudinal
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direction of the building, and hence the achievement of the non-linear behaviour during
seismic tests.

On the contrary, the results of cross-spectra relative to the transversal direction did not
show any variation of the dynamic properties of structures: in fact the peak value
frequency remained equal to 5 Hz, the same measured before the seismic tests.

The same results were confirmed by the FDD technique (Figure 6.33, b).

The analysis method used to performed the dynamic identification of the structure in
case of random vibration tests belongs to input-output methods. In fact, unlike the
ambient vibration test, in this case the input signal measured by accelerometer on the
sake table was available. A FRF function was obtained for each channel, monitored by
an accelerometer, as the ratio in the frequency domain between the output signal
(referred to the considered degree of freedom) and the input signal (referred to the
shake table). This process can be classified as single-input multiple-output (SIMO): the
Peak Peaking amplitude method (PP), where the natural frequencies are taken from the
observation of the peaks of the amplitude of the frequency responses function, was
adopted.

Since the structure was excited along its symmetric axis in the longitudinal direction, no
significant information was recorded by the accelerometers referred to transversal and
vertical direction. For this reason only the ten longitudinal accelerometers were
considered. However, taking into account the output only results ,no transversal natural
frequency variation was expected. An example of FRF function for the identification test
after 0,7 g seismic test, referred to the accelerometer A27 located on the top of the roof,
is reported in Figure 6.34.
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Figure 6.34: FRF function for the accelerometer A16 placed on the second floor for identification test
after 0.7 g seismic test

Only for the longitudinal direction in the various identification tests are reported in Table
5 the period and the frequency, and in figures 19, 21 and 24 the mode shapes.

Modal test Instruments  Ty[s] f; [HZ] Analysis method

before 0.07 g geophons 0.1633 6.1250 Output only BFD/FDD
after 0.28 g1 accelerometers 0.1633 6.1250 Input/output PP

after 0.28 g Il accelerometers 0.1633 6.1250 Input/output PP
after 0.50g accelerometers 0.1649 6.0625 Input/output PP
after 0.70 g accelerometers 0.1649 6.0625 Input/output PP
after 1 g geophons 0.1720 5.8125 Output only BFD/FDD

Table 6.8: Frequency and the fundamental period in the longitudinal direction in the various tests

The variation of the fundamental period after each seismic test is shown in Figure 6.35.
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Figure 6.35: Variation of the period in the longitudinal direction after each seismic test

From Figure 6.35 and Table 6.8 no variation of the natural frequency can be observed
after the seismic tests with a PGA lower than 0.28 g, and a very small change can be
associated to 0.5 g and 0.7 g seismic test. After the last test at 1 g PGA a more
significant natural frequency variation was obtained. On the contrary the mode shapes
seem not to be changed significantly for all test stages.

Figure 6.36: Fundamental mode shapes of the building at a frequency of 6,125 Hz in transversal
direction (Y)
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Figure 6.37: Lateral and from above view of the mode shapes of the building at a frequency of 5.813
Hz - Method FDD

The experimental results suggest that the dynamic behaviour of the structure can be
considered linear and elastic for all the seismic test stages performed, except for the last
one at 1 g PGA, where, as confirmed by measured reported in the previous chapter, the
structure seems to enter in the non - elastic range.

The equivalent viscous damping characteristics of the test structure can be determined
from a FRF function using the half-power bandwidth method. This method was
performed from the frequency response, previously determined through the
accelerometers for all seismic tests performed. The damping coefficient remains
approximately constant at around 4% during the tests carried further confirmation of the
fact that the structure has not suffered damage and deformation remained in the elastic
range.

6.5 Analysis of results

In this section the main results are discussed concerning with different recorded
physical parameters.

183



3-STOREY TIMBER-FRAME BUILDING SHAKE TABLE TEST

From Table 6.6 the amplification of the maximum acceleration can be obtained. This can
be defined as the ratio between the peak recorded values and the peak table
acceleration:

_ a l;max(g)
dshake table, max ( g)

(6.1)

Referring to the acceleration recorded in the centre of floors (i=9 and 22) and of the
roofs (i=27) an average equal to 0.82 and 0.88 respectively for the first and the second
floor can be calculated up to the test of 0.70 g. These values increased respectively to
0.88 and 1.01 for the test at 1.00 g. The maximum amplification of the roof is between
1.08 and 1.19.

The distribution of the horizontal accelerations registered for each storey for all the
seismic tests, except for the 1.00 g test, is uniform, which is consistent with the
symmetry of the building. The absence of torsional effects is also confirmed by very low
values of acceleration in the transverse direction of the building.

The acceleration values are increasing with the height of the building. The peak
measured acceleration is equal to 1.68g. Although the structure did not damage during
seismic tests, very high acceleration values were recorded. Therefore, particular
attention should be paid in the arrangement of furniture to avoid that they may fall over
the occupants. Advanced techniques could be designed, such us the increasing of
structural damping, in order to limit the accelerations at the top floors.

The feed-back pseudo acceleration response spectrum is consistent with the reference
response spectrum for structural periods greater than 0.8 s but in the high frequency
range the former values are greater (Figure 6.18). At the value of the building
fundamental period the feed-back response spectrum is characterized by high peaks.

For the seismic tests before 0.70 g test, the peak drift was lower than 0.8%: the
structure may have been in the elastic range with high probability. The 1.00g seismic
test was characterized by a peak inter-story displacement of 31 mm corresponding to a
drift of 1.24% (Figure 6.19).
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For the seismic tests before 0.50 g test no significant Hold — Down tensile force was
measured so that they can be considered not in-tension (Table 6.7). The 0.50 g test is
characterized by hold-down tensile force lower than 15 kN. In the last two seismic tests
(0.70 g and 1.00 g) all Hold downs worked significantly. The peak measured forced was
of 38.8 kN, corresponding to an uplift of 4.4 mm (Figure 6.24). The in-plan hold down
force distribution suggests that each wall behaves likes a cantilever with high tensile
forces. Moreover, observing the tensile forces in the building corners (Figure 6.21 and
Figure 6.22), it is assumed that the two orthogonal wall collaborate. In conclusion, from
the measurements recorded in the load cells, the positioning of the hold downs in the
proximity of door or window openings is suggested in order to prevent the rigid-body
rotation of each wall.

The dynamic identification, carried out by means of different techniques in the frequency
domain processing the signals recorded by the geophone and by the accelerometers,
allowed to assess the natural frequency of the undamaged structure in the input seismic
direction: 6.125 Hz (Table 6.2). This value is associated with a modal shape almost
linear with height (Figure 6.36). The estimated frequency remains constant for the
seismic tests with a nominal peak ground acceleration lower than 1.00 g (variation of
about 1%). After the 1.00 g test the natural frequency decreased up to a value equal to
5,813 Hz (5% variation). That obtained results shows that the structure remained in the
elastic range until the last test. The variation in the last phase suggests that the
structure entered the inelastic range even if no visible damage were observed. The
calculation of the equivalent modal damping was carried out in the frequency domain by
means of the semi amplitude method. The average value obtained from the various
channels is equal to 4% and is almost constant for all the tests, confirming no structural
damage.

The base timber beam slippage was almost zero for all test phases, confirming the
effectiveness of the adopted connection. The building did not suffer, therefore,
horizontal displacements resulting from a horizontal rigid motion. The timber wall sliding
on the ground floor results lower than 1 mm up to the 0.28 g test. The maximum peak
value, equal to 4 mm, was recorded in the last test on the outside wall at the first floor
(Figure 6.23). The sliding values of the first floor walls were always lower than the
ground floor wall ones, with a maximum peak value equal to 2.3 mm.
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Regarding to the floor in plane deformation, the signals recorded by the instruments wire
potentiometers were characterized by peak values lower than 1 mm for all seismic tests
This confirms a diaphragm behaviour of the floors according to the design hypothesis.
The elongation recorded on the roof was higher, reaching a value of 4.1 mm . The in
plane stiffness of the roof is adequate anyway, although lower , as expected, than the
floor one. The recorded sliding between the box elements of the floor ( lower than 0.6
mm) confirm the diaphragm behaviour assumption .

The base force vs displacement curve confirms that the structure remained in the
elastic range up to the 0.70 g test . In fact the global building stiffness remained
unchanged. A decrease is shown during the 1.00 g test
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The work presented in this thesis dealt with the study of the timber frame building
seismic behaviour by means of numerical modelling and a full scale shake table testing.
Three were the main objectives of the work, namely: a) the introduction of a suitable
numerical model for the linear analyses of timber frame buildings under horizontal loads,
b) the study of the nonlinear behaviour of 1-storey timber frame wall by means of an
analytical approach capable to relate the local ductility of connectors to the global
ductility of the wall and lastly, 3) the investigation of the seismic response of a timber
frame building, subjected to increasing seismic input levels, by means of the processing
and the analysis of several data recorded during a full scale shake table test. For each
of them the main conclusions are reported.

7.1 Linear backup numerical modelling (a)

In Chapter 5 an analysis model for the prediction of the linear behaviour of a series of
timber frame walls under horizontal forces was proposed. The model is based on the
simplified numerical model of a 1-storey timber frame single wall presented in Chapter 3
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and it considers all significant sources of deformation, namely: sheathing panel,
sheathing-to-frame fastener global connection, rigid body translation and rigid body
rotation. The model can be used for both linear static analyses (i.e. wind load analyses)
and linear seismic analyses, such as the lateral force method (LFM) of analysis and the
modal response spectrum method (MRS). The three main characteristics of the
proposed analysis model are summarized in this section.

Firstly, the distribution of the horizontal forces is carried out considering the real stiffness
of timber frame walls and not assuming that the wall stiffness depends only on its
length. It was demonstrated that the contribution of the rigid body rotation linearly
depends on the squared length of the wall. The more significant this contribution is
(flexible hold-down), the greater the non-linearity between the wall stiffness and the wall
length is. Moreover, the horizontal seismic forces are not distributed storey by storey but
a complete model is required. For this reason a different distribution of forces can
occurs along the height of the structure.

Secondly, it was shown that the distribution of horizontal forces strongly depends on
vertical loads, since this produces a stabilizing moment on the walls. This aspect
becomes more important for high buildings where the horizontal displacement, caused
by the rigid rotation of the wall, is significant. For this reason in the analysis model the
vertical load on the walls must be defined. If a hold-down is characterized by a
compression axial force, an updating of the model is required. The hold-down must be
substituted by a vertical axially rigid pinned beam because the rigid-body contribution
must be neglected in the analysis. When the stabilizing moment (of the vertical loads)
on the wall is greater than the overturning moment caused by horizontal loads, the wall
is in fact not subjected to a rigid rotation. For this reason an iterative process of analysis
may be necessary to get a consistent solution.

Thirdly, the application of the MRS analysis to timber frame walls was presented. In
common practice, in fact, most seismic designs of timber frame buildings are performed
by a LFM analysis, even when non regular in elevation.

188



CHAPTER 7

7.2 Analytical analysis model of 1-storey timber frame wall nonlinear behaviour

(b)

In chapter 5 an analytical approach for the prediction of elasto-plastic behaviour of a 1-
storey timber frame wall under a horizontal force was presented. The strength, the
stiffness and the ductility of the wall can be calculated from the mechanical and
geometrical properties of structural elements and connection devices by means of some
simple equations.

The main goal of this study was the definition of the relationship between the local
ductility of connectors (sheathing-to-frame fastener, hold-down and angle brackets and
the global ductility of the wall as required in common seismic design of structures. By
means of the proposed expressions the structural components of the wall can be design
to satisfy the ductility demand depending on the g factor used to calculate the seismic
force of the structure.

The key aspect of the study is without any doubt the representation of the global
nonlinear behaviour of sheathing-to-frame fasteners by means of a singular elasto-
plastic horizontal spring, which properties (strength, stiffness and ductility) are defined
depends on the mechanical properties of fasteners, their spacing the geometrical ratio
of the sheathing panels. The analytical expressions used for the definition of the
horizontal spring mechanical properties were obtained performing several elasto-plastic
analyses of fully anchored walls, considering the sequential yielding of the sheathing-to
frame fasteners. A code in MatLab was implemented.

The substitution of the sheathing-to-frame global connection with a simple elasto-plastic
horizontal spring reduces considerably the number of degrees of freedom of a single
wall numerical model. For this reason this representation can be implemented in order
to carry out static nonlinear analyses of series of walls, exactly as in case of multi-storey
series of wall linear analyses. On the contrary, a complete modelling of all fasteners
nonlinear behaviour might be time-consuming.
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7.3 Full scale 3-storey timber frame building shake table test (c)

In chapter 6 the design, the execution and the analysis of the results of a full scale 3-
storey timber frame building shake table test was presented. According to the results
reported in chapter 6, conclusions have been drawn regarding the expected and the
shown behaviour of the tested building. The key results obtained are summarized
below.

a) The visual inspections showed that the building was not visible damaged during
all seismic tests. However the analysis of the results ( dynamic identification,
capacity spectrum, inter storey drift) confirmed that during the 1.00 g test the
structure went beyond its linear elastic limit. The increase , even if modest, of
the fundamental period of the structure, the variation of slope of the force-
displacement curve, the values of the peak forces measured in the Hold- Down
load cells and the inter storey drift peak values confirm this assumption.

b) The building was designed for a peak ground acceleration equal to 0.28 g
(return period of 475 years). The behaviour factor g was assumed equal to 4
(high energy dissipation). A safety factor of 1 was used for all structural
verifications both for materials and for connections. The sizes of the building
structural elements , the type and the number of the connection devices were
chosen in order to minimize the structural over strength but in accordance with
the traditional construction practice. In order to properly comment the
relationship between the expected response of the structure and that showed
one, it may be interesting to report the over-strength values obtained in the
design phase. The longitudinal direction wall at the ground floor subjected to the
maximum action was the GL_W02_Y wall .

190



CHAPTER 7

Structural component Over strength

Fyra _ 33.1kN

Sheathing to frami ti = =2.
eathing to framing connection = 28 kN 2.59
Wall rigid body translation: inclined screws Furg _ 19-3KN 151

9 y : F; 128kN
Wall rigid-body rotation: hold down Firg _ 314KN _ 2.59

9 Y : Fpema 12.3kN ~—

. . Feoa _
Stud instability — =6.67
Kcrit'fc,o,d

Table 7.1: Over strength factors

c) According to the results of Table 7.1 the building design over-strength can be
assumed equal to 1.51. The design peak ground acceleration which for the structure
reaches its ultimate limit state should be obtained multiplying the design peak ground
acceleration (0.28 g) by the building design over strength (1.51), getting 0.42 g.
According to the assumed high behaviour factor value (q=4) a significant structural
damage is expected. The building was tested by nominal peak ground accelerations up
to 1.00 g. The building showed no damage which can be compared with the ultimate
limit state expected ones .

d) A further comparison may be made observing the prediction results obtained by the
push over analysis . This analysis was performed taking account of both the real
strength of materials and connections (obtained from experimental data ). According to
the obtained results the second building analysis model (model B), in which the Hold-
Down are fixed, is assumed the most suitable. The structural elastic limit was obtained
for a PGA of 0.70 g whereas the structure failure PGA was assessed equal to 1.00 g.

e) The seismic tests showed that an acceleration close to 1.00 g identifies the transition
from the elastic to the inelastic range. Hence the real seismic performance of the
structure can be considered higher than the predicated one. The main reasons in the
author’s opinion are given in the following:

- the design analysis method is based on simple assumptions about the seismic
behaviour of the building. The distribution of horizontal forces, the study of the
influence of orthogonal walls and the dynamic study of the structure, are just
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some of the aspects that need to be investigated more accurately in order to
make the design more accurate;

- The timber frame walls are characterized by a cantilever behaviour. The tensile
forces measured at each hold down are representative of the significant rigid-
rotation contribution;

- The over-strength of the structural components of the building is not due to an
inaccurate design but to common detailing constructive rules that guarantee a
good behaviour of the structure (the maximum spacing of connectors, the sizes
of structural elements and so on).

The design and verification criteria adopted assured the safety of the tested building
since no damage was observed for acceleration values much higher than the design
ones. However this statement cannot be generalized to the analysed structural type.
The reliability of the design criteria (especially of the behaviour factor) cannot be judged
without separating and quantifying the contributions of each structural element. An
extended campaign on several buildings characterized by different properties(the
number and the positioning of the walls, failure mechanism, etc.) should be carried out
in order to compare the role of each contribution
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