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1. Introduction

It is a well-known fact that in a seismic resistant timber structure, the timber elements have to
behave elastically during an earthquake and all of the energy dissipation has to occur in the
connections. In traditional timber structures in which the connections include conventional metal
fasteners such as nails, screws, rivets or bolts. the required ductility and energy dissipation are
provided by the connections. However, since the energy dissipation in timber connections always
involve plastic deformation of the fasteners, irrecoverable damage to the connections is highly
probable. Thus. the structure requires serious repair and may need to be dismantled. Moreover, the
stiffness and strength of the structure may significantly decrease making it highly vulnerable even
to a minor aftershock. As a result, a mixing of the timber members and novel energy dissipation
devices is required for the structure to be able to tolerate a severe seismic event and the associated
aftershocks.

Conventional slip friction connections with flat plates sliding on each other have always been
recognized to have one of the most efficient passive damping mechanisms. The provided hysteresis
which is close to an elastic-perfectly-plastic one combined with the cost effectiveness of these
devices has made them very favourable. Nevertheless, the lack of self-centring behaviour is a
major disadvantage which may result in considerable residual displacements after an earthquake.

The aim of this project is to develop damage avoidance concepts for lateral load resisting systems
in multi-story timber and hybrid structures that offer compatibility of deformations for all the
elastic timber systems in the structure and that can dissipate the energy through friction. The
performance of the conventional slip friction connections in seismic resistant structures is
investigated and the consequent damage caused by the lack of self-centring behaviour is studied.
To provide the self-centring behaviour, alternative novel solutions are proposed. The performance
of the structures containing the proposed solutions is examined by joint component testing, large
scale experimental tests and numerical analyses. Analytical design procedures are proposed and
validated by the experimental data. This report contains the summary of conducted research and
the developed solutions. Each of the following sections is a chapter in the thesis and also published
as a journal paper. A list of publications including all of the journal papers and conference papers
is presented at the end.



2. A numerical study of coupled timber walls with slip friction damping devices

In this section, the application of slip friction connections in timber coupled walls is investigated
by developing and analysing detailed numerical models. The proposed structural concept includes
rocking Cross Laminated Timber (CLT) or Laminated Veneer Lumber (LVL) walls with slip
friction hold-downs at the base and friction ductile links between the adjacent walls.

The components of the system transfer the lateral forces to the foundation while providing the
required ductility at a given drift. The walls are typically CLT or LVL which the type is generally
determined based on the required capacity. A numerical model for the proposed system is
developed and was subjected to displacement-control quasi static and non-linear dynamic time-
history simulations. Furthermore, the numerical results were compared with the results from a
similar model with the slip friction connections replaced with traditional nail plates. This
comparison showed that the proposed concept has a superior seismic behaviour relative to
traditional systems yet showed residual displacement after the seismic events. The outcomes are
published as a journal paper in Construction and Building Materials. The reader is referred to the
following link for more information.

https://doi.org/10.1016/j.conbuildmat.2016.05.160 ul

3. Seismic performance of hybrid self-centring steel-timber rocking core walls with slip
friction connections

In this section, an innovative damage avoidance steel-timber rocking core as the main lateral force
resisting system is developed to efficiently lessen the post-earthquake damage. This system
includes rocking timber walls, steel corner columns and supplementary slip friction dampers to
dissipate the seismic energy. Moreover, high strength post-tensioned steel strands were used
through the steel beams to self-centre the structure after the earthquake. The efficiency of this
system is inspected by displacement-control quasi-static and non-linear dynamic time-history
analyses. Furthermore. a design procedure based on the Displacement Based Design (DBD)
approach is introduced to design the system in accordance with the induced seismic loads. Finally.
a numerical model for the proposed timber rocking core system is developed and subjected to
dynamic time-history simulations. The results showed that the system has a fully self-centring
behaviour with a significant decrease in peak roof accelerations when compared with traditional
systems. The outcomes are published as a journal paper in the Journal of Constructional Steel
Research. The reader is referred to the following link for more information.

https://doi.org/10.1016/].icsr.2016.07.022




4. Seismic resistant rocking coupled walls with innovative Resilient Slip Friction (RSF)
joints

In this section, a damage avoidance timber coupled rocking wall system with innovative Resilient
Slip Friction (RSF) joints as the ductile links between the adjacent walls or columns is developed.
In this system, boundary steel columns at the ends of the coupled walls are considered instead of
the hold-down connectors. Owing to the unique characteristics offered by the RSF joints, this
innovative lateral load resisting system is able to provide self-centring behaviour in addition to
significant rate of seismic energy dissipation. A simple procedure for designing the joint is
presented and the results of RSF joint component tests are discussed. Furthermore, a numerical
model is developed to demonstrate the seismic performance of the proposed system. The numerical
technique used for modelling of the RSF joints is verified by the experimentally obtained data. To
investigate the efficiency of the system, the model is subjected to displacement-control quasi-static
cyclic simulations and non-linear dynamic time-history records. The results showed a fully self-
centring behaviour given no residual displacement was recorded. Moreover, the maximum
recorded displacements were within the indicated thresholds by the New Zealand standard for the
Ultimate Limit State (ULS) seismic events and Maximum Credible Earthquake (MCE). The
outcomes are published as a journal paper in the Journal of Constructional Steel Research. The
reader is referred to the following link for more information.

https://doi.org/10.1016/.jesr.2016.11.016

5. Experimental testing of rocking Cross Laminated Timber (CLT) walls with Resilient
Slip Friction (RSF) joints

This section presents the large scale experimental testing of the concept of rocking CLT walls with
RSFJ hold-downs as the lateral load resisting system. The hysteretic behaviour of this innovative
system is verified and the feasibility and effectiveness of the adopted solution for connecting the
RSF joints to the CLT wall was confirmed. Furthermore, an analytical design procedure for
predicting the hysteretic behaviour of the wall was developed and verified by comparing the
experimental results with the analytically obtained hysteretic loops. Also. a numerical tool for
modelling the structures containing the proposed concept is introduced. Overall, the test results
showed an excellent seismic performance which suggests the potential for application in seismic
resilient structures when a damage avoidance design philosophy is adopted. The outcomes are
published as a journal paper in the Journal of Structural Engineering (ASCE). The reader is referred
to the following link for more information.

https://doi.org/10.106 1/(ASCE)ST.1943-541X.0001931




6. Seismic resilient lateral load resisting system for timber structures

In this section, a seismic resilient solution for timber and hybrid timber-steel structures is
developed and investigated on the system level. The proposed system includes rocking wall panels
with RSF joints (as the hold-down connectors) and load-bearing components on the two sides of
the wall panels. This system offers adequate ductility for the building while energy dissipations
and self-centring are provided by the RSF joints. A preliminary design procedure for the proposed
system based on the Displacement Based Design (DBD) approach is also introduced. To further
investigate the seismic performance of this system, a numerical model for a five-story prototype
building was developed and subjected to non-linear dynamic time-history records. The results were
compared with those obtained from similar models in which the RSF joints were replaced with
conventional connectors such as symmetric friction dampers and nailed connections. Additionally,
the models were subjected to sequences of earthquakes to investigated the resiliency of the concept
in a series of seismic event. The results showed excellent seismic behaviour in terms of self-
centring behaviour, response accelerations and peak roof drifts. The outcomes are published as a
journal paper in Construction and Building Materials. The reader is referred to the following link
for more information.

https://doi.org/10.1016/j.conbuildmat.2017.05.112
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increasing public pressure to have low damage structural systems to minimize the destruction after severe earth-
quakes. A recent trend in the timber building industry is the use of cross laminated timber (CLT) wall systems.
CLT is a relatively novel engineered wood based product well suited for multi-story structures. Latest research
findings have shown that CLT buildings constructed with traditional steel connectors can experience high dam-

gﬂf:';.i':s,;mg walls age mainly because of stiffness degradation in the fasteners. )
Low damage It has been proven that friction joints can provide a perfectly elastoplastic behaviour and a stable hysteretic re-
RSF joints sponse. Up until now, the main disadvantage of the friction joints has been the undesirable residual displace-
Self-centring ments after an earthquake. This study presents a hybrid damage avoidant steel-timber wall system using the
Damage avoidance innovative Resilient Slip Friction (RSF) joint. The proposed system includes coupled timber walls and boundary
Resilience steel column as the main lateral load resisting members. RSF joints are used as ductile links between the adjacent
walls or between the walls and the steel boundary columns. The efficiency of the system has been investigated by
experimental joint component tests on the RSF joint followed by reversed cyclic numeral analyses and dynamic
non-linear time-history simulations on the wall system. The results confirmed that the proposed system has the
potential to be recognised as an efficient lateral load resisting system.
© 2016 Elsevier Ltd. All rights reserved.
1. Introduction overall cost. Hence, CLT has been notably gaining popularity among

building owners and designers and as a consequence, numerous CLT

Multi-story hybrid buildings built with structural timber members buildings have been built in different countries over the last decade.

are becoming progressively desirable for engineers and building owners
because of the aesthetic and environmental benefits of the wood and
engineered wood products and further for the relatively higher strength
to weight ratio of timber. Furthermore, there is an increasing public
pressure to have low damage structural systems in order to minimize
the earthquake destruction after moderate to severe seismic events.
This is important as the building could be quickly reoccupied with min-
imal business interruption and repair costs,

Cross laminated timber (CLT) is a new generation of engineered
wood product which was firstly developed in Europe in the 1990s and
then expanded globally as a reliable construction material [1]. It is a
strong, sustainable and dimensionally stable product which offers dif-
ferent structural characteristics similar to that of a pre-cast concrete
panel, yet it has relatively higher strength to weight ratio. Additionally,
CLT structures possess flexible planning and high level of prefabrication
which considerably accelerate the construction process and reduce the

* Corresponding author,
E-mail address: ahasa39@aucklanduni.acnz (A Hashemi).

http://dx.doi.org/10,1016/j.jcsr2016,11.016
0143-974X/0 2016 Elsevier Ltd. All rights reserved.

During the PRESSS ( PREcast Seismic Structural Systems) program in
the early 1990's, a new design approach for structural walls was intro-
duced which was based on the application of simple joints between
the prefabricated panels in order to localize the inelastic deformations
in those joints |2]. In addition, unbounded post-tensioned steel mem-
bers were employed to provide the self-centring behaviour. The dissipa-
tion capacity of such system is highly related to the type of the
dissipaters implemented between the walls (also known as the sacrifi-
cial fuses). For timber structures, Palermo et al. adopted a similar ap-
proach and conducted preliminary experimental tests on laminated
veneer lumber (LVL) walls with different types of fuses | 3,4]. The results
confirmed that the enhanced performance of the system was attributed
to the ductile joints between the members. Smith et al. further extended
the concept into coupled wall systems |5]. They proved that the design
flexibility of the hybrid coupled wall systems combined with the offered
speed of construction creates a significant potential for such system in
multi-story buildings. Iqbal et al. studied the application of U-shaped
Flexural Plates (UFPs) as supplementary damping devices in post-ten-
sioned LVL timber coupled rocking walls |6]. The test results exhibited
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Fig. 1. RSF joint: a) Cap plates and slotted centre plates b) Belleville springs ¢) High strength bolts d) Assembly of the joint.

an efficient energy dissipation mechanism over the deformation of the
UFPs during the earthquakes. Sarti et al. experimentally investigated
the seismic performance of the hybrid rocking walls with end columns
| 7]. Their experimental results confirmed a notable improvement in
the seismic performance of the introduced system in terms of energy
dissipation and stability of the hysteretic behaviour. Igbal et al. tested
coupled post-tensioned rocking LVL walls with sacrificial nailed ply-
wood sheets as hysteretic dissipative elements [ 8]. The experimental re-
sults affirmed the seismic performance of the system. Nevertheless,
relatively lower hysteretic stability was observed compared to the sim-
ilar systems with UFPs.

Friction based passive damping devices were originally introduced
for steel structures. Popov et al. proposed symmetric slotted bolted con-
nections which dissipate energy through friction during equilateral ten-
sion and compression cycles [9]. Popov's comprehensive experiments
exhibited stable rectangle-shaped hysteretic loops. Clifton et al. pro-
posed the asymmetric sliding hinge joint for steel moment resisting
frames which had non-rectangular yet stable force-deformation behav-
iour [10]. Khoo et al. developed design models for the asymmetric slot-
ted bolted connections based upon numerous experiments and rigorous
analyses [11].

For the first time in timber structures, Filiatrault used friction
dampers at the four corners of a traditional timber sheathed shear
wall | 12]. The results demonstrated a significant improvement in hys-
teretic behaviour of the walls while large amount of seismic energy
was absorbed through friction. Loo et al. investigated the application
of slip friction connections as the replacement of traditional hold-
downs in LVL rocking walls [ 13,14]. The experimental results showed
an excellent seismic performance in terms of hysteretic behaviour and
the minimized residual deflections. Additionally, and most importantly,
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the timber wall remained in the elastic region after several non-linear
dynamic numerical analyses. Furthermore, no substantial damage was
observed in the timber members during the quasi-static experimental
tests. Hashemi et al. introduced the application of slip friction connec-
tions in CLT coupled walls as the hold-down connections and also as
ductile links between the wall panels [15,16]. The numerical results
confirmed the efficiency of the introduced system in terms of seismic
energy absorption and durability of the hysteretic behaviour. The pro-
posed concept was further developed to hybrid rocking core walls in
which the post-tensioned joints are used as supplementary devices in
the beam-column connections to provide a self-centring system [17].
This study seeks to develop a damage avoidant CLT coupled rocking
wall system which includes innovative Resilient Slip Friction (RSF) in-
troduced by Zarnani and Quenneville [ 18] as the ductile links between
the adjacent walls or columns. Owing to the characteristics offered by
the RSF joints, this innovative lateral load resisting system is able to pro-
vide self-centring behaviour in addition to significant rate of seismic en-
ergy dissipation. A simple procedure for designing the joint is described
and the results of RSF joint component tests are presented. Further-
more, a numerical model is developed to demonstrate the seismic per-
formance of the proposed system. To investigate the efficiency of the
system, the model is subjected to displacement-control quasi-static cy-
clic simulations and also non-linear dynamic time-history analyses.

2. Resilient Slip Friction (RSF) joint

The concept of slip friction connections using flat steel plates sliding
over each other has already been recognised as an effective energy dis-
sipating structural solution and the energy absorption mechanism of
the friction joints has been known as one of the most efficient ones
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Fig. 2. Free body diagrams for a symmetric RSF joint: a) On the brink of slippage b) At ultimate deflection
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Fig. 3. Schematic load-deformation loop for the RSF joint.

among the passive devices [10,17.19]. Nevertheless, the lack of self-
centring behaviour in these joints requires the use of an additional sys-
tem to bring back the structure to its initial position after a seismic
event, which is always costly. One of the common techniques for pro-
viding self-centring is the use of post-tensioned tendons which has
two major drawbacks. Firstly, approximately 30% (or even more in
some cases) of tendon force losses can take place during the service
life of the structure which considerably reduces the efficiency of the sys-
tem | 20]. To decrease the total force loss, re-stressing of the tendons is
required which is only possible with a special type of accessible anchor-
age. Secondly, the losses highly depend on the humidity of the environ-
ment. Although controlling the humidity reduces the losses, however, it
is not possible to control it in all situations.

In recognition of the mentioned difficulties with the conventional
sliding friction devices, a novel friction joint is presented in which the
components are formed and arranged in a way that the self-centring be-
haviour is achieved as well as damping, all in one compact device. Fig. 1
shows the components and the assembly of the Resilient Slip Friction

(RSF) joint | 18]. The specific shape of the grooves combined with the
use of Belleville springs (conical disc springs) and high strength bolts
provide the desirable self-centring behaviour. The angle of the grooves
is designed in such a way that at the time of unloading, the reversing
force induced by the elastically compacted Belleville springs is larger
than the resisting friction force between the plate surfaces. As a conse-
quence, the elastic force of the springs re-centres the slotted plates to
their initial position. Note that Fig. 1 exhibits a symmetric double acting
RSF joint in which two centre slotted plate are used to maximize the
deflection.

A design procedure has been developed for the prediction of the
performance of the RSF joint based on the free body diagrams shown
in Fig. 2. The slip force (Fyp) for a symmetric configuration can be
determined by Eq. { 1}. As reported in | 21], in addition to the presented
symmetric RSF joint, there are other possible configurations such as
asymmetric and combined symmetric-asymmetric with different
assemblies and design provisions applicable for specific situations.

sinfl + . cost
F_\!,p = 2“',Fb‘w(m:ﬂ.:sm) rl.l
where Fy,, is the clamping force in the bolt due to pre-stressing of the
Belleville springs, ny is the number of the bolts on each splice (e.g. in
Fig. 1(d), nyequals 2), @ is the angle of the grooves and g is the static co-
efficient of friction. Fig. 3 shows the schematic hysteretic loop for a RSF
joint. The residual force in the joint at the end of the unloading can be
determined by Eq. (2) where g, is the kinetic coefficient of friction.

sinf—p, cosf ) 2)

Fresdual = 21y F“"( €080 + 1, sind

The ultimate force upon loading (Fyupioeding) and unloading
(Futrunioading) €an be calculated by respectively replacing i, tt and Fy
with g, 1 and F,,, in Eq. (1) and Eq. (2). The ultimate force in the bolt

(b)

Fig. 4. RSF joint component test: a) Cap plates (before attaching the stiffeners) and centre slotted plates b) Belleville springs ¢) Assembly and test setup.
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Table 1

Characteristics of the tested RSF joint.
Parameter Value
Angle of the grooves 15
Slotted whole length (each direction) (mm) 35
LT 1
1 0.19
Belleville spring thickness (mm) 6.5
Belleville spring overall height {(mm) 80
Belleville spring internal height (mm) L5
Belleville spring outside diameter {mm) 70
Belleville spring inside diameter (mm) 21
Belleville spring capacity (kN) 110
Number of the springs per bolt 18

(F.,) can be determined by Eq. (3) in which k. and A, are correspond-
ingly the total stiffness of the springs and their maximum deflection
after pre-stressing when they are fully compressed (the springs become
flat).

Fpy = Fb.pr + ksAs (3)

The maximum deflection in a RSF joint is given by Eq. (4) where n; is
the number of joints acting in a series (e.g. n; equals 1 for a single acting
joint and equals 2 for a double acting one).

Omax = ﬂj"ﬁm—ﬂ (4)

It should be noted that for achieving a self-centring behaviour in the

joint, it is necessary to satisfy tanf > 1 and L >-§gawhere Lis the horizon-
tal distance between the top and bottom of a groove,

3. RSF joint component test

In order to experimentally investigate the hysteretic behaviour of
the RSF joint, a series of joint component tests were conducted. Fig. 4
displays the components and the assembly of the manufactured speci-
men which was a symmetric double acting RSF joint comprised of two
centre slotted plates and two cap plates, All plates were manufactured
using mild steel grade 350. The angle of the grooves was 15 degrees in
order to increase the deformation capacity of the joint. Moreover, Two
20« 50 « 220 mm mild steel stiffeners were later welded to the grooved
part of the cap plates (see Fig. 4(a)) to restrain them against out of plane
bending.

The testing has been conducted using a 100 kN Instron Universal
Test Machine with a load cell mounted on the crosshead above the
RSF joint prototype to monitor the overall applied force. In order to
measure the overall displacement within the joint, a Linear Variable Dif-
ferential Transducer (LVDT) device was employed. It should be noted

Outside Inside

diameter

diameter

that the measured deflection is the relative displacement between the
two slotted centre plates which the loading heads are attached to them.

The Belleville springs that have been used in the test have a maxi-
mum capacity of 110 kN and a maximum deflection of 1.5 mm at the
flat state which equals to spring’s internal height. Two high resistant
8.8 bolts with nine springs in series per side were used | 13]. Table 1 pre-
sents the design parameters and the capacity of the manufactured RSF
joint based on the design procedure described in the previous section.
Moreover, Fig. 5 schematically shows the deformation of the employed
Belleville springs and definition of the parameters presented in Table 1.

The displacement schedule displayed in Fig. 6(a) with an average
loading rate of 0.5 mm/s was applied to the specimen with different
pre-stressing forces and different deflections. This schedule which is
based on the previous experiments carried out on the similar slip fric-
tion connections includes three reverse cycles at 20%, 40%, 67% and
100% of the maximum targeted displacement | 19]. Fig. 6 shows the ob-
tained experimental data where in each figure the overall displacement
measured by the LVDT is plotted against the applied force recorded by
the machine's built-in load cell. For the first three tests (Fig. 6(b)-(d)),
a maximum deflection of 30 mm was adopted. For the last test the tar-
get displacement was increased to 40 mm (Fig. 6(e)) to assess the per-
formance of the joint in different situations. Note that for the last test,
the displacement schedule is adjusted for the altered maximum
deflection.

The slip force (Fg;p) was 15 kN, 24 kN, 31 kN for the first three tests
and 10 kN for the fourth test. In order to achieve these forces, the Belle-
ville spring were compacted using the turn-of-nut method, in which the
number of rotations of the nut required to achieve a targeted deflection
was determined by dividing this deflection to the pitch of the threaded
bolts.

It should be pointed out that for all of the tests (except for the last
one), the specimen was only subjected to tension as would be the
case if the device were implemented as a hold-down connection for a
shear wall. However, the specimen was manufactured in a way that it
is able to accommodate up to 15 mm of deformation in compression
as well. Accordingly, to evaluate the response of the joint in compres-
sion, the final test was carried out in both directions where the maxi-
mum displacement in tension and compression was 40 mm and
15 mm, respectively. Nevertheless, previous experimental tests by the
authors proved that the RSF joint is capable of providing symmetrical
hysteretic response in both directions (tension and compression) if it
is designed for such a purpose [22]. Note that a specific lubricant is
used between the cap plates and centre plates to increase the durability
of the sliding surfaces by controlling the possible galling and rusting. In
this way, a coefficient of friction of 0.19 was found for the tested device.

From Fig. 6(b)-(e), it can be seen that the load-deformation behav-
iour of the RSF joint represents “flag-shaped™ hysteretic curves which
imparts the self-centring behaviour as well as a significant rate of ener-
gy dissipation. It is apparent that the bounded area between the hyster-
etic loops, which represents the dissipated energy, is increasing at a
constant rate. In other words, as the deflection within the joints

g . Spring overall
Spring == height
thickness 3 Spring internal
height
(b)

Fig. 5. Tested Belleville spring: a) Top view b) Section view before deflection ¢) Section view at the ultimate deflection (flat state).
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Fig. 6. RSF joint component test results: a) The applied displacement schedule b) Hysteretic behaviour for Fy, = 15 kN and comparison to the analytical prediction c) Hysteretic behaviour
for Fyi, = 24 kN d) Hysteretic behaviour for F,s, = 31 kN e) Hysteretic behaviour for Fy,, = 10 kN in tension and compression.

increases, the absorbed energy through friction increases as well which
vividly demonstrates a damage avoidant behaviour. This is because the
joint maintains its stiffness and strength through numerous cycles of
loading and unloading.

Furthermore, the red dashed line in Fig.

6(b) shows the behaviour prediction of the joint determined by fol-
lowing the analytical design procedure described in the last section.
It can be seen that the proposed design equations can closely predict
the behaviour of the joint. A similar close agreement between the an-
alytical prediction and the experimental data was also observable for
all other tests. This makes the designer capable of confidently
predicting the hysteretic behaviour of the structure.

It should be noted that as the pre-stressing force in the bolts (and
consequently Fy;,,) increases, the maximum displacement capacity of
the joint decreases. This is because of the defined pre-compression
force of the Belleville springs to provide the targeted slip force.
Therefore, an optimized relationship between the slip force and the
desired ultimate displacement should always be targeted in order
to the have an efficient design for the connection. Another important
observation from the test results is the stable behaviour of the
connection. Flat slip friction connections, in which the external
mild steel plates slide directly against the hard steel slotted centre
plates, have previously demonstrated a good performance in terms
of maintaining strength, stiffness and hysteretic stability [13,19].
The mentioned characteristics, which play significant roles when a
damage avoidant seismic solution is aimed for, are observed as well
for the RSF joint in addition to the self-centring behaviour. Taken
together, these results suggests that RSF technology has a high
potential for the application in seismic resistant structures specially
when a resilient damage avoidant design is required in order to

protect the structures from major seismic events and the associated
aftershocks.

Fig. 7 shows the configuration of the tested RSF joint before and after
slippage. It can be deduced that the compaction of the Belleville springs
allows the device to be expanded (see Fig. 7(b)) and the preserved force

(a)

Fig. 7. Deformation of the tested RSF joint: a) At the zero displacement b) At the maximum
displacement.

(b)
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Fig. 8. CLT coupled walls with RSF joints: a) Before rocking b) After rocking c) RSF joint to CLT panel connection.

in the springs brings back the centre plates to their original position
upon unloading.

4. Hybrid coupled wall system with RSF joint
4.1. The concept of hybrid CLT coupled walls with RSF joints

This section describes the concept of CLT coupled walls with RSF
joints. The proposed system consists of coupled CLT walls, boundary
steel columns and RSF joints as ductile links. The RSF joints connect
the walls to any adjacent rocking CLT walls and/or the boundary
columns. The steel columns are used to de-couple the perpendicular
walls in-bidirectional rocking motion. Moreover, they can be used as
the gravity load resisting members. A schematic view of the proposed
concept is displayed in Fig. 8. It can be seen from the figure that the
RSF joints are positioned in the notches within the CLT panels. The
vertical slip in the connection between the RSF joints and the panels
may affect the performance of the system. Hence, a rigid and non-slip
connection is required to transfer the vertical forces from the wall
panels to the RSF joints. In this case, self-tapping screws are recognised
as one of the most efficient solutions. In the proposed approach for
connecting the RSF joints to the CLT panels, steel flanges are attached
to the two centre slotted plates to construct T-sections and then these
flanges are connected the edge of the adjoining CLT walls by inclined

screws (see Fig. 8(c)). The hatched parts in Fig. 8(c) indicate the T-sec-
tions. Note that the bolts and Belleville springs are not shown for better
clarity. For the RSF joints connected to a boundary steel column, a
welded connection between the flange and the column is considered.
A similar configuration was previously proposed by the authors for
connecting regular flat slip friction ductile links to CLT wall panels |15,
17).

On the brink of rocking, the acting forces on each wall include: the
horizontal slip force applied at the top which triggers the sliding in
the RSF joints and consequently rocking movement in the walls (F,);
the sum of RSF ductile link slip forces (3_ F;); and the vertical loads
(W). It should be pointed out that this concept is mainly proposed for
structural systems where the lateral load resisting system is separated
from the gravity load resisting members. Therefore, the only considered
vertical load is the self-weight of the CLT walls. Nevertheless, the

Table 2

Design parameters for the Damper - Friction Spring Link element.
Parameter Value
Loading slipping stiffness (N/mm) 833
Unloading slipping stiffness (N/mm) 276
Pre-compression displacement (mm) —-173
Stop displacement (mm) 30
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Fig. 9. Comparison of the numerical data obtained from the Damper - Friction Spring Link
element in SAP2000 and the experimental results,

introduced system is able to mitigate all other types of the gravity loads
including permanent and imposed loads.

Taking the moments about the rocking point of each wall, the sum of
slip forces of the RSF joints ( 3_ F;) can be determined by Eq. (5). In other
words, the overturning moment in each wall which is induced by the
applied lateral loads is resisted by the resistant moments produced by
the RSF joints and the self-weight of the wall. In the case of the system
shown in Fig. 8, the induced overturning moment (M,) for each wall
equals to the applied lateral load (F,) multiplied by h. It should be
noted that the total slip force (Fip to1a) 1S sum of the slip forces for
each of the walls within the system. If the walls are not identical, the
slip force for each one can be separately specified by following the
same procedure with different h and b. In the case of a multi-story sys-
tem, the total overturning moment is the sum of the moments produced
by the lateral seismic forces in all story levels.

SFjh - Ma—? (5)

The relationship between the slip force (Fg;;) and the maximum
force in the joints (Fpaxjeading) depends on the type and properties of
the employed Belleville springs and also the maximum desired deflec-
tion. Thus, a balanced relationship between the mentioned parameters
1s required to have an efficient design for the joints. An effective ap-
proach for determining the slip threshold for the system (M,) is that
when the applied lateral forces exceed the Ultimate Limit State (ULS)
earthquake forces, the joints start to slide and the system starts to
rock |23]. This philosophy will be used further in this paper for design-
ing the joints within a coupled wall system. Note that the maximum
stress at the compression toe of the CLT rocking walls should be limited
below the allowable compressive stress of the wall material [6]. The
connection between the RSF joints and the timber walls has to be de-
signed with an over-strength factor to provide a relatively stiff connec-
tion to avoid any slipping during the rocking motion | 24). Moreover, the
shear capacity of the CLT panel needs to be checked for the wall to be
able to tolerate the shear stresses induced by the lateral loads. A special
type of shear key should also be considered at the base of the walls to
transfer the shear forces to the foundation while it is able to accommo-
date the uplift due to the rocking movement. Loo et al. proposed a shear
key concept that can be considered as one possible solution [13].

Table 3

Design parameters for DBD approach [24,26).
Parameter Value
Design inter-story drift 1%
Damping (elastic and hysteretic) (%) 13
Effective design displacement (m) 0.07
Effective mass (tonnes) B4
Effective height (m) 7.0
Effective stiffness (kN/m) 5042
Base shear (kN) 370
Base moment (kNm) 2630
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Fig. 10. The scaled displacement spectrum and the effective period (T, = 1.1 5),

The slot length for RSF ductile links connecting two adjacent walls has
to be twice as it is for the RSF ductile links connecting a wall to a boundary
column, The reason is that they are designed to slide in both upward and
downward (tension and compression, respectively) directions while the
RSF joints connecting the walls to the steel columns are only supposed
to move upward (tension only). Accordingly, the slot length for the joints
connecting the walls (2S) and ones connecting the walls to the columns
(S) can be determined by Eq. (6) with respect to the required lateral dis-
placement (A) (see Fig.8(b)). If the walls have different geometry, the slot
lengths for the connections within each one of them should be calculated
separately.

b
S:Ao-ﬁ (5]

4.2. Numerical modelling of the RSF joints using Damper - Friction Spring
link element

In order to model the RSF load-displacement behaviour, the Damper -
Friction spring Link element in SAP2000 software package is adopted [25].
For this link element, which is available in version 17 and above, several
parameters need to be identified. In order to model the RSF hysteretic be-
haviour, these parameters should be accurately calibrated in accordance
with the design parameters of the RSF joint such as slip force, loading stiff-
ness, maximum loading force, maximum unloading force and the residual
force. To verify the accuracy of this link element in the prediction of a RSF
joint behaviour, a numerical model in SAP2000 is developed based on the
experimental data of the tested RSF specimen with a slip force of 15 kN
(see Fig. 6(b)). The calibrated parameters for the friction spring link
element are presented in Table 2. These parameters were determined in
accordance with the characteristics of the tested RSF joint and the speci-
fications of the associated Belleville springs. The pre-compression dis-
placement should be multiplied by the loading stifness to determine the
slip force. The stop-displcement is the maximum deflection of the joint
which is 30 mm for this case.

Table 4

Desing parameters for the RSF deutile links.
Parameter Value
Angle of the grooves (degrees) ]
Coefficient of friction 0.19
Number of bolts 2
Capacity of the Belleville washrs (kN) 110
Number of the springs per side per bolt 10
Total displacement of the joint (mm) 75
Futip (kN) 32
F:rlf.inﬂnll'n; (RN] 80
Fun.m!bomllruz {kN) 15
Fresiauen (KN) 3]
Maximum Top displacement (mm) 337.5
Slot length for the RSF joints connecting two walls (mm) 150

Slot length for the RSF joints connecting the walls to the columns (mm) 75
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Fig. 11. The designed hysteresis for the RSF ductile links.

The numerically obtained hysteretic loop is compared with the ex-
perimental results, as shown in Fig. 9. It can be seen that the Damper
— Friction Spring Link element can accurately predict the load-displace-
ment behaviour of a RSF joint. As mentioned, a RSF joint can represent a
similar behaviour in tension and compression (if it is designed for this
purpose). In such case, the Damper - Friction Spring link element can
accordingly be defined to respectively work in both directions.

4.3. Reversed cyclic quasi-static analysis of the hybrid CLT coupled walls
with RSF joints

In order to study the seismic performance of the proposed coupled
wall system, a three story building was considered as the case study
prototype. It was assumed that the building had an approximate plan
of 13 min the longitudinal direction and 8 m in the transverse direction
with an approximate floor area of 104 m? per floor. An overall height of
9 m with 3 m of height for each story was presumed. Also, the seismic
weight assigned to each story was assumed as 320 kN. The Ultimate
Limit State (ULS) earthquake forces were calculated using the Displace-
ment Based Design (DBD) procedure [26] for soil type D (deep or soft
soil) and 500 years of return period in Christchurch, New Zealand. The
hazard factor (Z), the spectral shape factor (N) and the return period
factor (R) were respectively determined as 3.0, 1.0 and 1.0 according
to NZ51170.5 (New Zealand standard for earthquake actions [27]).
Table 3 shows the calculated parameters based on the DBD method
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including the specified parameters for the equivalent single degree of
freedom (SDOF) structure. Fig. 10 displays the scaled displacement
spectrum and the resultant effective period of T, = 0.81 s. Based on
the described approach, the base shear of 370 kN and the base moment
of 2630 kNm were found.

A system comprised of three 9 by 2 m CLT walls connected by RSF
joints was assumed to be the main lateral load resisting system for the
prototype building. The CLT panels were assumed to have five layers
(three longitudinal layers and two transverse layers) with 40 mm thick-
ness for each layer resulting in an overall thickness of 200 mm. Addi-
tionally, two 200 « 200 « 16 mm steel box columns were considered as
the boundary elements at the two ends of the system (see Fig. 8). It
was assumed that MSG8 (Machine Stress Graded timber with grade 8
|28]) is used for the timber boards within the CLT wall panels.

The RSF joints were designed with respect to Eq. (5) and considering
the fact the three walls are identical and the total calculated overturning
moment can be equally shared by them (M, = 2630 /3 = 877 kNm).
Considering the density of MSG8 timber as 5.29 kN/m”, the self-weight
of each wall was found as W = 19 kN. By implementing three RSF duc-
tile links up the height of the wall panels (similar to the schematic con-
figuration shown in Fig. 8), a slip force of F,;;, = 32 kN was found for the
joints. In this study, Fy, is considered as 40% of the maximum load in the
joint (Fuax joading)- However, in general, the relationship between the slip
force and the maximum force has to be defined in accordance with the
ULS seismic forces (which indicate the slip threshold) and the maxi-
mum displacement of the exploited Belleville springs. Table 4 shows
the design parameters for the RSF joints and Fig. 11 displays the de-
signed hysteresis. The maximum top displacement was considered as
337.5 mm corresponding to 3.75% of lateral drift recommended by
NZS1170.5 as the near collapse limitation [27]. The slot lengths for the
RSF joints were determined by Eq. (6) (2S for the joints connecting
two wall panels and S for the joints connecting the walls to the bound-
ary columns). The key parameters such as the angle of the grooves, the
coefficient of friction and the springs were kept similar to the tested
specimen described in Section 3.

Fig. 12(a) shows the general arrangement of the numerical model
developed in SAP2000 for the described CLT coupled wall system. The
RSF joints were modelled using the Damper - Friction Spring link ele-
ment with the design parameters tabulated in Table 5. These parame-
ters were calibrated in accordance with the design parameters

Beam to wall

connection
Displacement-control 400
Stiff spring N BRE
E
g 2001 |
5
= cLT g =1
Steel B wall <
column J a =0T
-400
Gap Time (Sec)
element
(b)
RSF joint

Fig. 12. Numerical model of the CLT coupled walls with RSF joints: a) General arrangement b) Displacement-control load schedule.
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Table 5

Calibrated design parameters for the RSF ductile links,
Parameter Value
Loading slipping stiffness {N/mm) 640
Unloading slipping stiffness (N/mm) 120
Pre-compression displacement (mm -50
Stop displacement (mm) 75

presented in Table 4. The CLT wall panels were modelled by layered
shell element. The material properties of all layers were specified
based on the mechanical properties of MSG8 timber. The arrangement
of the layers were determined in a way that the longitudinal layers
were oriented perpendicular to the direction of the applied lateral
loads in order to increase the efficiency of the CLT panel for wall appli-
cations. Gap elements with a zero gap were used at the base of the
walls to represent the foundation in which the walls are not allowed
to move below that level. For each wall, the horizontal degree of free-
dom of the gap elements was restrained to represent the shear keys
transferring shear forces to the foundation. A 10 mm intentional dis-
tance was considered between the walls and between the walls and
the boundary steel columns to prevent them from pounding on each
other during the rocking movement.

The modified version of the 1SO 16670 loading protocol which was
originally defined for shear walls was adopted for the quasi-static simu-
lations [29]. The loading regime was applied through a displacement-
control stiff spring at the top of the wall system to a stiff beam element
representing the floor diaphragm and then through beam to wall con-
nections which were able to transfer the forces to the wall panels in
the horizontal direction.

The numerical response of the wall system subjected to cyclic quasi-
static simulations is illustrates in Fig. 13. It can be seen that the RSF duc-
tile links represent a flag-shaped hysteretic behaviour (see Section 3). It
should be emphasized that the only considered vertical load in this
model is the self-weight of the wall. This means that the provided
self-centring behaviour does not rely on the gravity loads. This is

100
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60 +
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0 — b : —

.30 § 10 20 30 40 50 60 70 T\

-40
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particularly beneficial for the structural systems in which the lateral
load resisting system is separated from the gravity load resisting system.
By comparing Fig. 13(a) and (b), it is apparent that the joints connecting
the walls to the boundary columns are working in one direction while
the joints connecting two walls are working in both tension and com-
pression. Therefore, when designing the joints, the dimensions of the
ones connected to columns are less than those connecting two adjacent
rocking walls.

Moreover, Fig. 13(c) evidently demonstrates the low damage char-
acteristic of the introduced system as the lateral strength remained in-
tact after numerous cycles of loading and unloading. Similar to what
was observed during the joint component tests, the bounded area be-
tween the hysteretic loops (the absorbed energy through friction)
steadily increased over time. This clearly represents a significant rate
of energy dissipation which further confirms the potential to have a re-
silient and damage avoidant seismic solution. The presented system is
applicable for both framed structures with shear walls as the lateral
load resisting members and hybrid steel-timber panelised structures.

4.4. Non-linear dynamic time-history analyses of the hybrid CLT coupled
walls with RSF joints

Non-linear dynamic time-history analyses were carried out on a nu-
merical model similar to the one described in the last section (see Fig.
12(a)) without the displacement-control stiff spring, lateral load trans-
ferring beam and the beam to wall connections. Considering 320 kN of
seismic weight for each story, a seismic mass of 10,900 kg was assigned
to each of the walls at the three story levels. A suite of five conventional
earthquake records were selected and scaled in accordance with
NZS1170.5 [27] to match the Christchurch 500 year return period for
ULS and 2500 year return period for the Maximum Credible Earthquake
(MCE). Table & presents the selected seismic events and the associated
scaled peak ground motions. The scaled acceleration records were ap-
plied at the base of the wall system.

The roof displacement responses for the five MCE simulations are
shown in Fig. 14. It is evident that the structure returned to its initial

Force (kN)

-

Top Displacemenl (mm)

(b)

2

Force (kN)

Top Displacement (mm)
()

Fig. 13. Hysteretic response of the CLT coupled wall system with RSF joints: a) RSF joint connecting the walls to the boundary columns b) RSF joint connecting two walls c) Total system.
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Table 6
The slected ground motions and scaling.
Event Year PGA (g) Scaled PGA (ULS) Scaled PGA (MCE)
El Centro 1940 03 0.31 0.56
Morthridge 1994 0.23 033 0.59
Kobe 1995 0.82 0.41 0.74
Landers 1992 0.28 0.34 0.64
Christchurch 2011 0.48 0.38 053

position at the end of all simulations. This confirms the fully self-
centring behaviour which can be attributed to the RSF joints imple-
mented in the system. It should be emphasized that this behaviour is
achieved without relying on any additional vertical loads such as the
force from the post-tensioned cables [7] or the gravity loads [15].

The New Zealand standard recommends a drift of 2.5% as the
upper bound limit for the structures subjected to ULS earthquakes
[27]. It also suggests that this limit can be increased to 3.75% in
case of a MCE event (with 1/2500 annual period of exceedance).
These limitations are indicated in Fig. 15. From the figure, it is
apparent that the maximum displacements for the MCE events are
significantly higher than those for the ULS events. The uppermost
recorded displacement among the MCE events is for Landers event
which is approximately 3.4% of lateral drift. For ULS events, the
maximum displacement was recorded for the Christchurch (2.3%).
It can be seen that all of the recorded displacements are below the
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defined maximum allowable limits which indicates the efficiency of
the proposed system in terms of mitigating the drift demands.

Fig. 16 shows the hysteretic response of one of the RSF ductile links
subjected to the Landers MCE event. The joint was implemented be-
tween two of the adjoining CLT walls thus it is working in both tension
and compression. It can be seen that the general hysteretic behaviour of
the joint is consistent with results of the quasi-static analysis (see Fig.
13(b)). The maximum displacements are 33 mm in compression and
68 mm in tension which the latter is close to the designed capacity for
the joint (75 mm). Furthermore, the figure confirms that the RSF joint
maintained its stiffness during the numerous cycles of seismic loading
and unloading. Also, the rate of absorbing the earthquake energy is am-
plified as the deflection in the joint increased. These facts strongly imply
that the proposed lateral load resisting system has the potential to be
further developed as an efficient solution for seismic resilient buildings.

5. Conclusions

From this study, it can be concluded that there is potential to
significantly improve the seismic performance of hybrid timber-steel
structures by using the innovative Resilient Slip Friction (RSF) joints. It
is experimentally confirmed that this joint is able to provide a self-
centring behaviour in addition to a significant rate of seismic energy
dissipation through friction. Experimental joint component tests carried
out on a RSF joint specimen with different levels of slip force exhibited
stable flag-shaped hysteretic loops demonstrating the re-centering
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Fig. 14. Roof displacement response for MCE events: a) El Centro b) Northridge ¢) Kobe d) Landers e) Christchurch.
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capacity. The Damper - Friction Spring link element in SAP2000 is
adopted to represent the RSF joints in numerical modelling and its
accuracy was validated by comparing the numerical results with the
experimentally obtained data.

A new type of hybrid lateral load resisting system comprised of
rocking CLT walls and RSF ductile links along the edge of the panels
is introduced. This system also includes steel boundary columns to
carry the gravity loads and also to de-couple the vertical movements
of the perpendicular walls due to bi-directional rocking motion. The
preliminary numerical results of displacement-control quasi-static
analyses confirmed the potential to have a new resilient structural
system for hybrid structures. Furthermore, non-linear time-history
dynamic simulations on a three story prototype structure showed a
fully self-centring behaviour as no residual damage was recorded.
Moreover, the maximum displacements were within the thresholds
indicated by the New Zealand standard for the Ultimate Limit State
{ULS) seismic events and Maximum Credible Earthquake (MCE).

Owing to the reason that the resilience of the system is attributed
to the hysteretic behaviour of the RSF joints, the proposed structural
system can effectively be extended to steel and reinforced concrete
structures. To augment the finding of this research, large scale
experimental testing is planned to further investigate the
performance of this new introduced seismic resistant hybrid coupled
wall system.
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Experimental Testing of Rocking Cross-Laminated Timber
Walls with Resilient Slip Friction Joints

Ashkan Hashemi'; Pouyan Zarnani®; Reza Masoudnia®; and Pierre Quenneville, M.ASCE*

Abstract: Allowing a wall to rock and uplift during a seismic event can cap the forces and minimize the postevent residual damage. Slip
friction connections comprised of flat steel plates sliding over each other have been experimentally tested as the hold-down connectors in
timber shear walls and performed well in terms of the hysteretic behavior and the energy dissipation rate. However, the main disadvantage of
these joints is the undesirable residual displacements. In recognition of this fact, a novel type of friction joint called a resilient slip friction
(RSF) joint is proposed. The innovative configuration of this joint provides the energy dissipation and self-centering behavior all in one
compact package. This paper describes the large-scale experimental test conducted on a rocking cross-laminated timber (CLT) wall with RSF
joints as the hold-down connectors. Additionally, a series of capacity equations are presented and validated by comparing the analytical
results with the experimental data. The results confirmed that this technology has the potential to provide a robust solution for seismic-
resilient structures. DO 10,106 1/(ASCE)ST.1943-541X.0001931. © 2017 American Society of Civil Engineers.

Author keywords: Rocking walls; Cross-laminated timber: Resilient slip friction (RSF) joints; Self-centering; Damage avoidance;

Resilience; Shear key; Wood structures.

Introduction

Cross-laminated timber (CLT) is a relatively new engineered wood
product made of several layers of timber boards stacked and glued
crosswise (Gagnon and Pirvu 2011). This product was first devel-
oped in Austria in the 1990s and then in other parts of the world.
Cross-laminated timber has many advantageous characteristics
such as easy handling, high level of prefabrication, and a relatively
higher strength-to-weight ratio compared with similar products
made with other materials (such as precast concrete panels). Owing
to these reasons, CLT has been becoming more well known in com-
mercial and residential applications during the last two decades
especially in midrise buildings. The common practice in CLT con-
struction is the use of traditional steel connectors with mechanical
fasteners such as nails, bolts, rivets, and screws. However, the latest
research findings show that these connections are subjected to ir-
recoverable damage during an earthquake. The shake table tests on
a 7-story building made of CLT panels proved that the serious dam-
age in the connections, particularly in the hold downs, is likely to be
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the governing failure mode for the building (Ceccotti et al. 2013).
Moreover, high response accelerations with a maximum of 3.8y
were recorded during the tests, which confirmed the necessity of
implementing additional damping devices to provide energy dissi-
pation for the structure.

Ajrab et al. (2004) proposed the application of rocking walls in
lieu of traditional fixed-base shear walls. They concluded that the
use of rocking walls is the most suitable solution for low-rise to
midrise buildings. However, this concept may be considered as an
unreliable solution for high-rise structures owing to the lack of
energy dissipation mechanism and the consequent large lateral dis-
placements. The reason is that in a rocking wall, the force reactions
are almost entirely taken by the connections and the rocking ele-
ments are designed to remain as elastic rigid bodies. Ajrab et al.
(2004) also concluded that introducing supplementary damping de-
vices to the system may overcome this deficit. Marriot et al. (2008)
dynamically tested posttensioned precast concrete walls with mild
steel elements as damping devices attached to the walls. Sarti et al,
(2012) introduced and tested the concept of posttensioned timber
shear walls with U-shaped flexural plates (UFPs) in addition to
mild steel fuse type dampers at the base. The last two concepts
demonstrated an acceptable seismic performance. Nevertheless,
it should be noted that energy absorption occurs through plastic
deformation or yielding of the devices. Thus, the dampers are most
likely to be repaired or replaced, which adds to the cost and may be
impossible depending on the physical location of the devices in the
building. In recognition of this fact, damage-avoidant energy dis-
sipaters such as slip friction connections or high-force-to-volume
(HF2V) dampers were developed (Wrzesniak et al. 2016).

Loo et al. (2014b, 2015) introduced and tested slip friction con-
nections as the hold-down connectors at the two base corners of a
rocking laminated veneer lumber (LVL) wall. Friction devices date
back to the 1980s (Baktash et al. 1983; Pall et al. 1980) and have
been proven to have one of the most efficient energy dissipation
mechanisms, which occurs due to sliding of flat steel plates
(Bora et al. 2007; Khoo et al. 2015; MacRae et al. 2010; Popoy
et al. 1995). The experimental tests of Loo et al. (2014a) confirmed
the previous findings. Nevertheless, such systems have a major
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drawback, the undesired residual drifts after the earthquakes
(Hashemi et al. 2016a, b; Loo et al. 2012). It means that an addi-
tional mechanism is required to bring back the structure to its initial
position. Hashemi et al. (2016¢) proposed the use of posttensioned
beam-to-column joints to recenter the shear walls with slip friction
connections. The most common solution is the use of posttensioned
cable up the height of the timber walls, which was tested in several
different configurations (Igbal et al. 2015a, b; Sarti et al. 2015a;
Smith et al. 2007). Nevertheless, the loss of posttensioning force
due to shrinkage in timber potentially requires the restressing of
the cables, which is always costly and only possible with a special
type accessible anchorage (Wanninger ctal. 2014). Wrzesniak et al.
(2016) proposed the application of HF2V dampers for a glue-
laminated timber wall. The results asserted the low damage char-
acteristic; however, the self-centering behavior was lost for lateral
drifts more than 1.3%.

This paper presents the results of displacement-control quasi-
static experimental tests on a rocking CLT shear wall with new
resilient slip friction (RSF) joints [P. Zarnani and P. Quenneville,
“A resilient slip friction joint,” U.S. Patent No. 7083 (2015)] as
hold-down connectors. The RSF joint is a novel type of friction
connection that, as a result of its special configuration, can provide
energy dissipation in addition to self-centering behavior, all in one
compact package with no postevent maintenance (Zarnani et al.
2016). This joint is able to offer a flag-shaped hysteresis represent-
ing fully self-centering behavior. A simple analytical procedure is
described to predict the capacity of the proposed system. Moreover,
a new type of shear transferring device is introduced and tested.
This device was specially designed to effectively eliminate the slip
between the wall and the foundation by mitigating the uplift occur-
ring at the base of the rocking wall while efficiently transferring the
shear forces to the foundation.

The main objectives of this study are (1) to investigate the effi-
ciency of the proposed concept as the lateral load resisting system;
(2) to study the hysteretic behavior of a rocking CLT wall with RSF
joints; (3) to evaluate the feasibility and effectiveness of the
adopted solution for connecting the RSF joints to the CLT wall;
(4) to evaluate the performance of the proposed shear transferring
device; (5) to investigate the accuracy of the proposed capacity

Cap plates

Centre plates

equations for predicting the hysteretic behavior of the wall by
comparing the experimental results with the analytically obtained
hysteretic loops; and (6) to introduce and verify a numerical tool for
modeling the structures containing the proposed concept.

RSF Joint and Design Equations

As can be seen in Fig. |, a RSF joint is comprised of grooved outer
cap plates and the center slotted plates clamped together by high-
strength bolts and Belleville springs (conical disc springs) (Hashemi
et al. 2016d; Zarnani et al. 2016). When the applied force to the joint
overcomes the frictional resistance between the surfaces, the center
slotted plates start to slip and energy will be dissipated over friction.
The specific shape of the grooves together with the use of Belleville
springs provide the self-centering characteristic. In other words, the
reversing force due to compaction of the springs, which is higher
than the friction force between the sliding surfaces, mobilizes the
center plates and makes them return to their original position.

A series of capacity equations has been developed to predict the
load-deformation behavior of the RSF joint. This paper focuses on
the symmetric configuration of RSF joints to be used as hold-down
connectors for a shear wall. Thus, only the capacity equations for
symmetric RSF joints are described in this section. This concept
is able to be used in asymmetric and combined symmetric-
asymmetric configurations as well. Zarnani et al. (2016) gives more
information about other applications of RSF joints and the associ-
ated design procedures. Fig. 2 shows the acting forces on a sym-
metric RSF joint before slipping and at the ultimate deflection.
Based on the free body diagrams displayed in the figure, the slip
force (Fgsp oip) can be determined by Eq. (1)

sin @ + ji, cost)
cos f — p sindl

(n

FR.\'F..\I:;J = lanb.w (

in which # = groove’s angle; j1, = coefficient of static friction;
Fy, pr = bolt clamping force as a result of being prestressed: and
n, = number of bolts on each splice (in Fig. 1, n, equals 2).
The residual force at the end of unloading (Fpgs ,usiuat) 18 given
by Eq. (2), where 1 is the coefficient of kinetic friction. which can

High strength

f bolts

Belleville springs

Slotted hole

(©)

Fig. 1. RSF joint (data from Hashemi et al. 2016d; Zarnani et al, 2016): (a) cap plates and center slotted plates; (b) schematic longitudinal section view

of the joint and the associated components; (c) assembly
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Fig. 2. Symmetric RSF joint: (a) acting forces before slipping; (b) acting forces at the end of slipping; (c) hysteresis

be assumed as 0.85y, (Hashemi et al. 2017a). Fig. 2(¢) illustrates
the analytically predicted hysteresis for the RSF joint

sinf — py cosf
cos 0 + ji sinf)

(2)
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The ultimate force on the bolt (Fy,) is given by Eq. (3), in
which k, is the stiffness of the stack of springs on the bolt and
A, is the maximum possible deflection for them

Fou= Fh.p: + kA (3)

The maximum deflection in a RSF joint can be determined by
Eq. (4), where n; is the number of center plates acting in a series
(c.g., n; equals | for a single acting joint and equals 2 for a double
acting one). To exemplify, the RSF joints shown in Fig. | contain
two slotted center plates, thus n; = 2

Bax = Ny —= 4

e Jitan @ )
For the joint to be self-centered, it is essential to satisfy tan ¢ > i,

and L > A,/ tan#, where L is the horizontal distance between the

top and bottom of a groove. The first equation is to make sure that
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the force in the bolt due to the compaction of Belleville springs is
sufficient to overcome the frictional resistance between the sliding
surfaces and the second one is to check that the Belleville springs
are fully compacted (and the RSF joint is locked) before the sliding
plates reach the end of the ramp [Fig. 2(b)].

RSF Specimen and Joint Component Test

In the presented research, the RSF joints were meant to be used as
replacements of traditional hold-down connectors for a CLT shear
wall. For this purpose, two symmetric RSF joints were manufac-
tured with two cap plates and two center plates made of mild steel
Grade 350. The angle of the grooves was 15° and the slotted length
for each of the two center plates was 35 mm, which led to a maxi-
mum displacement of 70 mm in tension (uplift). Additionally, a
20-mm gap was considered between the two center plates. In this
way, the joint was able to accommodate up to 20 mm of deflection
in compression [Fig. 4(b)]. The three-dimensional rendering and
the geometry of the manufactured plates are shown in Fig. 3.
The Belleville springs had an outside diameter of 70 mm, an
inside diameter of 21 mm, a thickness of 6.5 mm, a maximum de-
flection of 1.5 mm, and a maximum load capacity of 110 kN at the

J. Struct. Eng.



Fig. 3. Three-dimensional renderings and geometric properties of the manufactured RSF joints (dimensions in millimeters): (a) cap plate before

attaching the stiffeners: (b) center slotted plate

20 mm
2ap

(b)

Fig. 4. RSF joint component test: (a) manufactured plates before at-
taching the stiffeners to the cap plates (b) test setup and assembly of the
joint

flat state. Two 20-mm-diameter 8.8-grade bolts (with 800-MPa
yield strength) with nine disc springs per bolt per side were used.
The springs were stacked in a series arrangement to increase the
total deflection while maintaining the desired tension in the bolts.
Previous tests on the springs showed that they approximately re-
present a linear load-deformation behavior. Therefore, the turn-
of-nut method was used to compact the springs. In this method,
the number of rotations of the nut required to achieve a specific
compaction level is specified by dividing the target deflection
by the pitch of the threaded bolts. A depth micrometer device is
also used to monitor the deflection of the stack of springs. A special
type of grease (applicable for high pressures) was used between the
sliding plates to control the possible galling effect.

The Instron (Melbourne, Australia) universal testing machine
with a maximum load capacity of 100 kN was used for the
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experiments. The load was controlled by the machine’s built-in load
cell and the displacement was monitored by a LVDT fixed to the two
cap plates. The loading heads were connected to the two cap plates.
An average loading rate of 0.5 mm/s was adopted for all tests. Fig. 4
displays the manufactured plates and the test setup. Two 20 x 50 x
220 mm mild steel stiffeners had later been attached to each cap plate
to avoid the possible out-of-plane deformation.

Altogether, five tests were conducted. Fig. 5 shows the applied
load schedule and the load-deformation behavior of the joint for
one of the tests as a representative of the general performance
of the RSF joint. Hashemi et al. (2017a) provides more information
about the conducted joint component tests including all of the re-
sults and a detailed discussion.

The applied loading regime was based on previous experiments
of Loo et al. (2014b) on conventional slip friction connections,
which include three reversed displacement cycles at 20, 40, 67, and
100% of the ultimate deflection. As can be seen from Fig. 5(b),
the maximum deformations of the joint in tension and compression
are 40 and 15 mm, respectively, because the device is built to ac-
commodate a relatively larger deflection in tension as would be the
case for a hold-down connector. This will be further explained in
“Testing Methodology.”

With respect to the data in Fig 5(b), the joint performed as ex-
pected in accordance with the hysteresis predicted by the proposed
capacity equations [Fig. 2(c)] (Hashemi et al. 2017h). Needless to
say, the flag-shaped load-deformation curves demonstrate a fully
self-centering behavior. Furthermore, stable and repeatable loops
confirm the low damage characteristic because the joint maintained
its strength over several displacement cycles. Although the ultimate
displacement was different for tension and compression in the
tested joint, it has been experimentally proven that the RSF joint
can produce a symmetrical hysteresis if it is designed for such a
purpose (Hashemi et al. 2016d).

Test Specimen and Details

Key Structural Elements

Fig. 6 shows the general arrangement of the test setup including
a schematic view of the wall and a picture from the test setup.

J. Struct. Eng.
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Fig. 5. Results of the RSF joint component test: (a) applied load schedule; (b) load-deformation behavior

This section describes the components of the test rig shown in
Fig 6(b) and the instrumentation details.

CLT Wall

The CLT wall used for testing was a 5-layer panel 6 m high,
2.025 mm wide. and 200 mm thick. It had three vertically oriented
longitudinal layers and two transverse layers. The width of the tim-
ber boards within the panel was 185 mm. The local CLT manufac-

turer who supplied the panel indicated an elastic modulus of

8,000 MPa [machine-graded timber with Grade 8 (MSGB8)]
(Buchanan 1999) for the longitudinal and transverse layers with
a density of 510 kg/m? for all of the boards (corresponds to a total
weight of 1,200 kg for the wall panel). In order to connect the RSF
joints, two 480 by 345 mm blocks were removed from the corners
of the wall and two steel brackets were positioned in the notches. To
provide a rigid connection between the RSF devices and the wall,
eight fully threaded self-tapping screws 550 mm long and 11 mm in

2025
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|
>
—r‘ I " % m % 8% B w 1!
Forece transferring —T
| channels connected to
| the actuator
[
l CLT wall
2835
1315| | |
| | 345
e RSF joint
| Screwed s
[ oonnwtiun
|
= k&y j l
480 | | Foundation
- | [vov0] It D
I | 1 w e
810 860 860
(a)

diameter were inserted from beneath to attach the steel brackets to
the wall. It was experimentally verified that this solution is capable
of providing sufficient stiffness for the connection (Wrzesniak et al.
2016; Masoudnia et al. 2016). The RSF joints were pinned to the
steel brackets later. Fig. 7 shows the schematic section of the tested
CLT panel and the details of the screwed connection.

RSF Joints

Two identical RSF joints similar to the one that was subjected to
joint components testing (described in “RSF Specimen and Joint
Component Test™”) were used as the hold-down connectors for the
CLT wall. In order to eliminate any bending moment induced on the
joints, a double-pinned assembly was designed. For each RSF joint,
two 20-mm high-strength steel pins were specified to connect the
RSF joints to the top and bottom steel brackets. The top steel
bracket was attached to the CLT panel by screws and the bottom
steel brackets were bolted to the foundation plates [Fig. 8(c)].

Safety Channels

Out of plane
restraint

(b)

Fig. 6. CLT wall test with RSF joints (dimensions in millimeters): (a) elevation of the wall exhibiting the geometric properties of the test setup and

configuration of the components; (b) general arrangement of the test setup
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Fig. 7. Tested CLT specimen (dimensions in millimeters): (a) schematic cross section; (b) steel bracket connecting the RSF joint to the wall (plan
view): (c) steel bracket connecting the RSF joint to the wall (side view): (d) position of the brackets at the notches and the screws: (¢) assembly of the

bracket connecting the RSF joint to the CLT panel

These hinges had an approximate tolerance of 0.02 mm between
the pin and the pin hole to minimize any possible slopping effect
during the tests. Fig. 8 shows the assembly of the RSF joints.
Threaded holes had already been drilled in the steel foundation
plates where the bottom steel brackets were positioned.

As mentioned in the previous section, the devices were manu-
factured in a way to be able to accommodate a maximum deflection
of 70 mm in tension and 20 mm in compression. To be more spe-
cific, when the wall rotates in one direction, the deflection in the
opposite joint is comparatively smaller, which is attributed to the
lower eccentricity.

Three 36-mm-thick steel plates were used as the foundation
under the wall. Each of the plates was anchored to the lab’s strong
floor by four 27-mm high-strength steel rods with an approximate
posttensioning force of 100 kN. In this way, sufficient frictional
resistance was provided between the lab’s concrete strong floor
and the foundation plates to avoid any possible sliding movement.
Several threaded holes were created in the foundation to connect
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the RSF joints and the shear transferring devices to the foundation.
The details of the foundation plates are displayed in Fig. 9. The
position of the wall on the foundation was determined in accor-
dance with the space limitations of the test hall.

Shear Transferring Devices

The full-scale experimental investigations of Popovski and Gavric
(2015) and Yasumura et al. (2015) on CLT buildings built with con-
ventional metal connectors demonstrated that the horizontal sliding
between the CLT panel and the foundation (or the floor below) has
the highest contribution in the horizontal deformation of the wall
panel. This sliding movement, which usually is accompanied by
irrecoverable damage in the connectors, significantly reduces the
lateral strength of the system. Therefore. a special type of shear
transferring device is required to not only eliminate the consider-
able contribution of the sliding movement in the overall lateral dis-
placement but also to accommodate the uplift occurring at the base
of the rocking wall. In recognition of this fact, different solutions

J. Struct. Eng.



Top steel bracke

connecting the RSF

joint to the wall

20 mm diameter
pin

20 mm diameter
pin

Bottom steel bracket
connecting the RSF

joint to the foundation

1375 240 375
; . .3 A ')
[ 1
S0/ \_': ]_//12‘
0 O 062 -~
“iﬂi - /’7/_1_..” r\
(a)
[35] 20.02
100 -
11 300 e )
i
157.5 157.5
(b)

(©)

Fig. 8. RSF joint assembly (dimensions in millimeters): (a) steel bracket connecting the RSF joint to the steel foundation (plan view); (b) steel bracket
connecting the RSF joint to the steel foundation (side view); (¢c) RSF joint assembly
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Fig. 9. General arrangement of the foundation plates (dimensions in millimeters)

for shear keys were adopted by researchers. Loo et al. (2014a) pro-
posed and tested a new type of shear key comprised of steel plates
attached to the foundation and steel rods attached to the wall to
transfer the horizontal forces from the timber wall to the base.
Wrzesniak et al. (2016) used steel angles at the corners of the wall
to provide shear resistance. Sarti et al. (2015b) employed 40-mm-
thick steel plates at the sides of the wall to prevent the in-plane
sliding.

In this paper. a novel type of force-transferring device is presented
to be used as the shear keys [A. Hashemi and P. Quenneville, “A
shear anchor for a structural member,” U.S, Patent No. 728725
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(2017)]. The proposed device is comprised of conventional
high-resistance bolts to transfer the horizontal loads from the wall
to the foundation through a steel plate made of mild steel. Under
loading, the device performs as intended, providing adequate lateral
resistance, while at the same time allowing the wall to rock in the
intended manner. The special shape of slots allows the wall to ac-
commodate any uplift at the base level while the wall rocks. The
bolts are connected to the timber wall and are always in contact
with the slotted plate, making them capable of efficiently transfer-
ring the lateral loads to the base. The manufacturing cost of the
proposed device is not much different from a regular bolted

J. Struct. Eng.
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Fig. 10. Shear key [data from New Zealand Patent No. 728725 (2017)] (dimensions in millimeters): (a) front view: (b) top view: (c) side view;

(d) image of the device

connection owing to the fact that no special or expensive compo-
nent is employed.

The shape of the slots can be determined in accordance with the
geometry of the rocking wall. The slots can be designed assuming
the highest possible lateral drifts (4-5%) to make sure that the bolts
do not touch the end of the slot unless in extreme situations, for
instance, when a maximum credible earthquake (MCE) takes place
(New Zealand Standards 2004). Fig. 10 shows the shear key de-
signed and manufactured for the current test. The shape of the slots
corresponds to 5% of lateral drift for the wall. Two devices were
used on the two sides of the CLT wall and four M20 bolts were
implemented through the wall and the devices to transfer the hori-
zontal forces from the wall to the foundation. The devices were in
contact with the CLT wall: however, the contact surfaces were lu-
bricated with grease to avoid any extra frictional resistance while
the wall was rocking. Additionally, the same type of lubrication
was used in the contact surface between the bolts and the slots.

Experimental Facilities and Equipment

A hydraulic actuator with a maximum stroke of 250 mm was em-
ployed to apply the lateral force to the wall at a vertical distance
of 3,315 mm from the foundation [Fig. 6(a)]. The force from the
actuator was transferred to the CLT panel by two 1,400 by 125 by
65 mm steel channels with 4.7-mm web thickness. The load-
transferring channels were connected to the CLT wall by six
M24 bolts. To avoid slopping, the bolts were subjected to tensile
forces on one side by implementing Belleville springs with 50-kN
capacity. The bolts were tightened until the springs became flat,
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resulting in a frictional resistance of 227 kN between the channels
and the wall (static coefficient of friction between wood and steel
was assumed as 0.65). which is approximately five times higher
than the maximum expected lateral force. For safety reasons, the
wall was placed between two steel channels that were bolted to
a strong column themselves [Fig. 6(b)]. In order to restrain the
out-of-plane movement of the wall, two pieces of 120 by 1.200 mm
sawn timber were positioned between the safety channels and the
CLT wall. These timber members were bolted to the safety channels
and a commercial grease was used in the contact surface between
them and the CLT panel to avoid any unpredicted frictional resis-
tance during rocking. Fig || shows the load-transferring channels
and out-of-plane restraints.

Fig. 12 shows a diagram of the instruments used to measure
force and displacements during the test. The experiment was a
displacement-control setup in which a 300-kN load cell integrated
with the actuator was employed to measure the applied racking
force. A LVDT capable of recording deflections up to 150 mm was
used to measure the main horizontal displacement of the CLT wall
at the height at which the racking force was applied. In addition, a
string pot device was used as the backup instrument for the top
LVDT. The vertical uplift occurring at the toes of the wall (where
the RSF joints are positioned) was gauged by two spring-loaded
LVDTs attached to the surface of the CLT panel. Another two
LVDTs were employed to monitor the horizontal slip between the
CLT wall and the steel foundation, which were placed as close as
possible to the shear keys. Fig. 12 displays the instruments and their
positions. In addition to the previously mentioned devices, two dis-
placement gauges were also placed where the top steel brackets

J. Struct. Eng.



Safety Channels

Six M24 bolts with
Relleville springs

Fig. 11. Load-transferring channels and out-of-plane restraints

were screwed to the CLT panels with the purpose of measuring the
possible deformation of the screwed connections.

Testing Methodology

Altogether, seven tests were carried out on the CLT wall with RSF
joints in which the joints had two different arrangements with 9 or
11 Belleville springs per bolt on each side. The general configura-
tion of the RSF joints was similar to the tested specimen described
in “RSF Specimen and Joint Component Test.” The tests were con-
ducted by applying different prestressing forces to the springs to
evaluate the performance of the system in different circumstances.
Table | shows the test matrix including the prestressing forces and
the number of disc springs. The stack heights presented in the table
were measured by the depth micrometer device.

The adopted displacement schedule was comprised of three re-
versed cycles applied at increasing amplitudes of 15, 45, 70, and
100% of the ultimate targeted lateral deflection. The maximum dis-
placement was specified as 100 mm, which corresponds to 3% of
lateral drift for the wall at the same height where the hydraulic

2025
== _\.__.‘,_
LVDTI
— — |
String Pot
LVDT2 | \r’Dl‘i. in front and LVDT3|
T LYDTS5 in behind R |
(Bl -oE Y
A=h . ].‘.Q-! __ A0 '
(a)

Table 1. Test Matrix

Number Initial Stack height

of springs stack after Slip force
Test per bolt on height prestressing for the
code cach side (mm) (mm) wall (kN)
Test | 11 88.0 76.5 11
Test 2 11 88.0 69.7 16
Test 3 11 88.0 59.0 24
Test 4 9 72.0 72.0 2.5
Test 5 9 72.0 60.5 13
Test 6 9 72.0 56.0 17
Test 7 9 72.0 47.2 25

actuator was positioned. This threshold was determined to satisfy
most of the building codes around the world including the
New Zealand standard, which indicates 2.5% drift as the upper-
bound limit for ultimate limit state (ULS) design (New Zealand
Standards 2004). Nevertheless, it should be pointed out that the
RSF joints can be designed to achieve higher lateral drifts providing
that other parts of the building can accommodate those deflections,
Fig. 13 illustrates the applied displacement schedule. The adopted
loading rate was approximately 0.5 mm/s, which was manually
maintained by controlling the oil pressure within the hydraulic
actuator.

Results and Discussions

Analytical Prediction for the Lateral Strength of a
Rocking CLT Wall with RSF Joints

Fig. 14 shows the acting forces on a rocking CLT wall with RSF
joints and the predicted hysteretic behavior for the hold downs. It
can be seen that the deflection of the joints corresponds to their
lever arm, which is the horizontal distance between the centroid
of the RSF joints to the rotating edge of the wall panel. Thus,

Loﬁd cell

Fig. 12. Instrumentation: (a) schematic configuration; (b) location of the devices
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Fig. 13. Applied displacement schedule

Apsri/ADgspa = Ly /Ly, where Aggp and L are, respectively, the
deflection within the RSF joints and the associated lever arms
[Fig. 14(a)].

Taking the moments about the rotating point, the horizontal
force applied at the top which triggers the rocking movement
(F\,p.sip) can be determined by Eq. (5), where H is the height of
the wall, W is the applied vertical loads, Ly is the lever arm for the
vertical loads, and F g o, is the slip threshold of the RSF joints.
It is assumed that the employed RSF joints are identical

1
Fmp..\fe';- = E[WLW - FRSF,:HP(‘Ll T L2)] (5)

After slippage, the force within the RSF joints corresponds to
the deflection within them. Therefore, the lateral strength of the
wall can be accordingly specified by Eq. (6), where Fggpr; and
Frsr, are the forces within the ascending and descending RSF
joints, respectively. The relationship between Frgp | and Fpgpo
can be determined by Eq. (7) during the loading of the wall.
During the unloading of the wall, this relationship can be calculated
using the same equation [Eq. (7)], with Fggr 4, replaced with

B
Fiop —p
L
f—1+; H
4 ;
Frst.1 l Tl'h\‘r:z
Ly Iz

(a)

FR.S'F.re’.Ndim." The value of FH,\'F.N.\'M’MGI is qu.lill for the two RSF
joints. For the lateral direction of movement indicated in Fig. 14(a),
the ascending RSF joint is in tension and the descending one is in
compression. The schematic hysteretic curves are illustrated in
Figs. 14(b and ¢). By employing Egs. (6) and (7), the overall
load-deformation behavior of the wall can be determined

1
H
and during the loading of the RSF joints

Fiop == (WLyw + FrspaLy + Frspala) (6)

L,
Frspa = = (Frsea — Frsesiip) + Frsestip (7)
|

The residual force in the wall (F,,, . iguqr) can be determined
by Eg. (5) by replacing Fggr i With Frgp esiguar- The described
analytical approach is based on the assumption that the wall panel
represents a rigid body during the rocking motion. In other words, it
was presumed that the screwed connection is sufficiently rigid and
the bending and shear deformation of the CLT panel can be ne-
glected when compared with the overall displacement of the wall.
The correctness of these assumptions are investigated in the follow-
ing section.

Hysteretic Behavior of the CLT Wall

Fig. 15 shows the obtained load-deformation behavior from the
seven conducted tests. In all diagrams, the horizontal force mea-
sured by the load cell is plotted against the displacement measured
by LVDTI (Fig. 12). As can be seen, the stability of the peak
forces (slip force and ultimate force) is excellent in all cases
and the forces were capped under the predicted levels, It is appar-
ent from the figures that the wall exhibited a flag-shaped hyster-
etic behavior demonstrating a fully self-centering characteristic.

Fase stip
F i ressuat |

A

(b)

(c)

Fig. 14. Rocking CLT wall with RSF joints: (a) acting forces: (b) left RSF joint hysteresis (for the left to right direction of rocking); (¢) right RSF joint

hysteresis
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Fig. 15. Experimental results of the quasi-static tests: (a) Test 1: (b) Test 2; (¢) Test 3: (d) Test 4: (e) Test 5; (f) Test 6; (g) Test 7

This was achieved respecting the fact that the only vertical loads
applied to the wall were the self-weight of the CLT panel, half of
the weight of the actuator, and the weight of the actuator steel
parts (12.5 kN in total measured). This clearly confirms the sig-
nificance of the proposed concept because in similar concepts,
the re-centering behavior has always been reliant on additional
vertical loads, which could be the gravity loads (Loo et al. 2015)
or the load produced by the posttensioned cables (Sarti et al.
2015b).
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The maximum top wall displacement for all tests was 100 mm,
which corresponds to a drift level of 3%. This threshold was de-
termined mainly because of the size of the CLT panel and the con-
straints within the test hall. Nevertheless, it should be noted that the
system could be redesigned to achieve a higher drift level if it is
required for a specific structure,

The CLT wall was monitored during all tests and no damage or
unanticipated behavior was observed. Moreover, the wall did not
exhibit any ratcheting effect. This phenomenon usually takes place

J. Struct. Eng.



Table 2. Specified Parameters for Test |

Description ltem Value
Geometric properties of the system H (height of the wall) 3,315 mm
B (width of the wall) 2,025 mm
L, (lever arm for the ascending RSF joint) 1,522 mm
L5 (lever arm for the descending RSF joint) 188 mm
Ly (lever arm for the gravity loads) 668 mm
Target RSF joint specifications Fgsgnp (slip force of the RSF joints) 16.5 kN
FR$E toading (Maximum force of the RSF joints upon loading) 47 kN
FREF untoading (Maximum force of the RSF joints upon unloading) 1.2 kN
Fr$F residuat (residual force of the RSF joint) 5.1 kN
AR (maximum deflection of the RSF joint) 46 mm
Target hysteretic parameters for the wall Fiop.stip (horizontal slip force of the wall) 11 kN
F e ading (Maximum horizontal force of the wall upon loading) 252 kN
F o antoading (Maximum horizontal force of the wall upon unloading) 8 kN
Frop.residquar (horizontal residual force of the wall) 5.2 kN
100 mm

AL (maximum deflection of the RSF joint)

when the applied vertical loads (gravity loads or the forces from the
posttensioned elements) are relatively low and the wall panel rises
on the dampers (Wrzesniak et al. 2016). This damper ratcheting
phenomenon is typically prevented by inclusion of additional ver-
tical loads in the design. However, in this study, the self-centering
characteristic offered by the RSF joints efficiently prevented this
phenomenon, which affirms the efficiency of the proposed lateral
load resisting system.

It can be seen from the figures that the largest racking force
applied to the wall was nearly 35 kN, and for a 3315 by
2,025 mm CLT wall with layer arrangement described in “Key
Structural Elements™ and the self-weight of 12.5 kN, the sum of
elastic bending and shear deformation is approximately 0.5 mm,
which can be ignored when compared with the overall horizontal
displacement of the wall (100 mm). This confirms the validity of
the rigid body motion assumption for the CLT wall, and as a result
the hysteretic behavior of the wall can be presumed to be almost
entirely dependent on the behavior of the RSF joints. For the pro-
posed system, higher lateral resistances are achievable by increas-
ing the capacity of the RSF joints. At 100 mm of horizontal
displacement. a small vertical force is created due to the slight ro-
tation of the hinge at the actuator level (Fig. 6). This small amount
of force does not affect the overall performance of the system and
can be ignored.

In order to verify the accuracy of the analytical approach de-
scribed in the last section, the hysteretic parameters for Test | were
determined using Eqs. (6) and (7). Table 2 presents the geometric
properties of the tested wall system, the target hysteresis for the
RSF joints, and the analytically calculated hysteretic parameters
for the wall. Similar to the joint component tests, the turn-of-nut
method was employed to achieve the target hysteresis for the
RSF joints.

Fig. 15(a) compares the analytically obtained load-deformation
behavior for the wall with the experimental data. It is apparent
from the figure that the provided capacity equations are capable
of accurately predicting the hysteretic behavior of the rocking
CLT wall with RSF joints. This makes the engineer able to con-
fidently determine the behavior of such a system. The horizon-
tal reaction in the shear key is slightly above the foundation
level (90 mm). The small moment caused by this eccentricity
does not affect the overall behavior of the system and can be
neglected.

Overall, from observations of the hysteresis curves, it is con-
cluded that the energy dissipation potential of the RSF joints and
the self-centering behavior offered by the system are promising.
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Performance of the RSF Joints

The stable hysteretic behavior of the wall panel, as shown in
Fig. 15, attests to the fact that the RSF joint performed as ex-
pected with excellent preservation of both stiffness and strength.
The nearly symmetrical hysteretic curves confirm that the use of
the turn-of-nut method allowed the RSF joints to achieve very
similar strengths, which confirms the efficiency of the adopted
technique.

Fig. 16 shows the deformed shape of the RSF joints in tension
and in compression. As expected, due to the relatively larger level
arm, the deflection in tension is substantially higher when com-
pared with the deformation in compression. The horizontal distance
between the cap plates increases as the joints deform. For the
adopted configuration in this study, no physical barrier existed
to interfere with this deformation. However, this geometric toler-
ance needs to be taken into account when implementing RSF joints
in real structures.

Fig. 17 illustrates the vertical displacements recorded by
LVDT2 and LVDT3 in Test 6 (as a representation for all tests),
which, respectively, correspond to the left and right RSF joints
[Fig. 12(a)]. It can be seen that the joints deformed as expected
in accordance with the displacement schedule applied to the top
(Fig. 13). More to the point, the figure demonstrates that the
damper ratcheting effect has effectively been prevented because
the ascending and descending RSF joints are deforming as pre-
dicted in a stable and continuous manner.

Despite the large cumulative traveling distance of the RSF
joints during the tests, which was approximately 19 m for each
joint (including the joint component tests, the trial tests, and the
final tests in which the results are presented), they still per-
formed as predicted by the end of the last test. No significant
damage was observed to the slipping surfaces with no galling or
wearing effect.

The behavior of the screwed connections was observed during
and after the experiments, and no damage or slip was noticed.
Furthermore, the displacement gauges attached to the screwed
connections have not recorded any significant deformation, which
highlights that the connection used was able to provide sufficient
rigidity. However, some minor rotation of the upper center plate
(relative to the cap plates) was observed. which can be attributed
to the frictional resistance between the pin and the hole in the upper
hinge. This extra resistance can be effectively prevented by using a
lubricant between them. Nevertheless, the observed rotation has not
affected the overall behavior of the joint.

J. Struct. Eng.
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Fig. 16. RSF joints in deformation: (a) tension: (b) compression
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Fig. 17. Vertical displacements at left and right RSF joints for Test 6

Fig. 18. Deformed shape of the shear key

Performance of the Shear Keys

Fig. 18 shows the deformed shape of the shear key while the CLT
wall rocks. It is apparent that the device was able to efficiently ac-
commodate the uplift occurring as a result of the rocking motion.
Furthermore, the maximum horizontal slip recorded by either
LVDT4 or LVDTS [Fig. 12(a)] was slightly under 2.5 mm, which
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clearly highlights the effectiveness of the proposed solution. In
other words, the shear key provided adequate lateral resistance while
at the same time it allowed the CLT wall to rock in the anticipated
manner.

Morcover, the deformation of the shear keys was closely moni-
tored and no damage or inconsistency in either the timber wall or
the device itself was observed. At the end of the tests, the bolts were
removed and inspected and no damage was noticed in them. In fact,
the shear keys performed as expected with a behavior similar to a
conventional timber-bolted connection. Overall, the experimental
results suggest that the proposed shear transferring device has
the potential for application in rocking structures as a simple, effi-
cient, and economical solution.

Numerical Modeling

A numerical model was developed in the SAP2000 software
package in order to investigate the seismic performance of the

J. Struct. Eng.



Table 3. Design Parameters for the Damper-Friction Spring Link Elements

Parameter Value
Loading slipping stiffness 663 N/mm
Unloading slipping stiffness 133 N/mm
Precompression displacement —24.9 mm
Stop displacement 46 mm

introduced wall system. The damper-friction link element, which is
available in SAP2000 or above, was adopted to model the RSF
joints. This element has been proven to be able to accurately predict
the hysteretic behavior of the RSF joint. Hashemi et al. (2017b)
provides more details. The parameters for the RSF joints were cali-
brated to represent a similar configuration to the joints in Test |
(Table 3). Fig. 9(a) shows the general arrangement of the developed
numerical model. The CLT panel was modeled using the layered
shell element with the mechanical characteristics of MSG8 timber
as the material properties (Buchanan 1999). Gap elements with
zero gaps were considered at the toes to define the foundation level
which the wall is not allowed to move below. The displacement
schedule in Fig. 13 (which was also used for the experimental tests)
was applied to the top of the wall through a displacement-control
stiff spring. The horizontal degree of freedom of the middle joint of
the CLT panel at the base level was restrained to represent the shear
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keys. Because the height of the tested CLT panel was 6,000 mm,
the unit weight of the timber was increased to 9.6 kN/m? to take
the self-weight of rest of the panel (above the 3.350-mm height)
into account and to achieve a total self-weight of 12.5 kN, which
is the overall weight considered in the experiments.

The results of the quasi-static simulations are shown in
Figs. 19(b and c). As can be seen, the RSF joints performed as
expected and the hysteretic behavior of the wall [Fig 19(c)] is con-
sistent with the experimental data, which highlights the reliability
of the developed numerical model. The presented numerical tech-
nique for modeling the wall system with RSF joints is extendable
for other types of structural systems that involve RSF technology.
This allows the designer to be able to model, analyze, and design
the desired structure with a commonly used numerical software
package such as SAP2000.

Conclusions

This paper highlighted the experimental results of a series of
displacement-control quasi-static tests on a rocking CLT wall with
innovative RSF joints as the hold-down connectors installed at the
corners of the wall panel. Furthermore, a new type of shear trans-
ferring device is proposed to transfer the horizontal shear forces
from the wall to the foundation while accommodating the uplift
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Fig. 19. Numerical modeling and results of the quasi-static simulations: (a) general arrangement; (b) RSF joint hysteresis: (c) total system hysteresis

in comparison with the experimental data
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occurring at the base of the wall due to the rocking motion, Several

slests were conducted, and in spite of large travel distance of the
sliding surfaces, no damage was observed in the CLT panel or
in the RSF joints.

The experimental results confirmed that the proposed system
can provide a robust solution when a seismic resilient design is
aimed for. Despite the fact that the no additional vertical load was
applied to the wall, the wall achieved a fully self-centering behavior
that can be attributed to the unique characteristic of the RSF joints.
Moreover, the stable hysteretic response of the system demon-
strated a significant rate of energy dissipation through friction,
which cumulatively increases as the deflection in the joints in-
creases. The damper ratcheting effect, which is a common and
undesirable phenomenon in structural walls with dampers, has ef-
ficiently been prevented by the use of RSF joints. Self-tapping
screws were employed to connect the RSF joints to the CLT panel
and the experimental data confirmed the effectiveness of this sol-
ution because it was able to provide sufficient rigidity.

The shear keys performed as predicted, allowing the wall panel
to move in the intended manner, while the shear forces were effi-
ciently transferred to the foundation. The performance of the shear
keys was similar to a conventional bolted connection, thus repre-
senting an efficient yet economical solution for application in rock-
ing structural members.

A series of analytical equations were proposed for designing the
rocking walls with RSF joints, The analytical results were com-
pared with experimental data and it was proven that the provided
equations can accurately predict the lateral strength of the system.
Additionally, a numerical model in the SAP2000 software package
was developed and validated to be used for numerical modeling
of similar systems.

Future research will involve testing a similar configuration with
higher loading rates to evaluate the performance of the system in
rapider movement. Overall, the proposed concept showed an excel-
lent behavior, which suggests potential for application in seismic-
resilient structures when a damage-avoidant design philosophy
with no postevent maintenance is considered.
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Conventional light timber frame buildings made with metal fasteners such as nails, screws, rivets or bolts
usually use traditional plywood sheathed shear walls as the main lateral load resisting members. During
an earthquake, these structures are prone to large inelastic deformations in the fasteners which lead to
drastic stiffness degradation for the system. A damage avoidant seismic solution is being developed to
provide the required lateral drift capacity while mitigating the damage through controlled rocking
motion. This system includes lateral load resisting members consist of rocking timber panels made of
Laminated Veneer Lumber (LVL) and innovative Resilient Slip Friction (RSF) joints as the hold-down con-
nectors at the base. Moreover, a novel type of shear key is introduced to transfer the lateral forces to the

Keywords:
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Iﬁ;;vj:?::: o foundation. A prototype building is designed and numerically modelled. To investigate the seismic per-
Self-centring formance, non-linear dynamic time-history simulations were carried out on the system and on similar
Resilience systems with existing seismic solutions. The results confirm a promising seismic performance in terms
Energy dissipation of ductility, energy dissipation and self-centring behaviour.

Damping © 2017 Elsevier Ltd. All rights reserved.
Friction

1. Introduction

Convectional timber framed buildings made with metal fasten-
ers such as nails, screws, rivets or bolts containing traditional ply-
wood sheathed shear walls as the main lateral load resisting
members are designed to allow for inelastic damage in the connec-
tions and crushing in the wood fibres as long as the collapse of the
building is prevented. The permitted damage is expected to be
repaired. However, it may not be possible (due to accessibility
issue of the damaged components) or it might be possible but
would be highly uneconomical. Moreover, the damage occurred
during a major seismic event significantly reduces the strength
and stiffness of the building making it considerably vulnerable to
the aftershocks. The results of the shake table tests on a seven story
timber panelised structure made with the traditional steel connec-
tions asserted to the fact that these connections are prone to
irrecoverable plastic deformation |1]. Additionally, high accelera-
tion recorded at top stories (up to 3.85 g) highlighted the need
for supplementary damping devices in the system to absorb the
seismic energy. These facts have motivated many researchers to
start developing alternative solutions that can provide adequate
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ductility while dissipating the seismic energy through fuses imple-
mented throughout the structure.

Igbal et al. studied the application of U-shaped Flexural Plates
(UFPs) as supplementary damping devices in post-tensioned LVL
timber coupled rocking walls [2]. The concept had later been
experimentally investigated and a design procedure for a proto-
type building was proposed |3|. The test results demonstrated an
efficient energy absorption rate through inelastic deformation of
the UFPs. Sarti et al. experimentally investigated the seismic per-
formance of hybrid rocking walls with end steel columns [4]. The
experimental results highlighted the flexibility and acceptable
seismic performance of the system accompanied by stable load-
deformation behaviour with minor stiffness degradation in the dis-
sipaters. Igbal et al. tested coupled posttensioned rocking LVL walls
with sacrificial nailed plywood sheets as hysteretic dampers [5].
Although the system did not provide a stability similar to UFPs, it
was concluded that it could be considered as a low cost alternative
solution. Kramer et al. tested rocking Cross Laminated Timber
(CLT) walls with steel energy dissipaters at the base and post-
tensioned cables up the height of the wall panels [G]. Loo et al.
introduced and experimentally investigated the application of slip
friction connections as hold-downs for a rocking LVL wall | 7]-]9].
The experimentally obtained data highlighted the efficiency of
the system since it exhibited a stable hysteresis close to an
elastic-perfectly-plastic one. However, it was proven that the
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system requires an additional mechanism such as gravity loads to
self-centre the wall panel at the end of a seismic event [10].
Hashemi et al. further developed the concept into a coupled wall
system. Their numerical studies showed that such system is likely
to exhibit considerable residual displacements especially in
absence of gravity loads [11,12]. Wrzeniak tested damage-
resistant glue laminated timber walls with High Force to Volume
(HF2V) dampers at the base [13]. The results confirmed the low
damage characteristic. Nevertheless, the self-centring was lost for
lateral drifts more than 1.3%. Hashemi et al. introduced rocking
core walls in which the energy is dissipated by slip friction connec-
tions while self-centring is provided by post-tensioned beam to
column connections |14/

This study seeks to develop a seismic resilient solution for tim-
ber and hybrid timber-steel structures. The proposed system
includes rocking wall panels with Resilient Slip Friction (RSF) joints
[ 15] (as the hold-down connectors) and load-bearing components
on the two sides of wall panels. This system offers adequate ductil-
ity for the building while energy dissipations and self-centring are
provided by the RSF joints. Additionally, the rocking walls are
anchored to the foundation by a new type of shear transferring
device. This paper presents a preliminary design procedure for
the proposed system based on the Displacement Based Design
(DBD) approach. To further investigate the seismic performance
of this system, non-linear dynamic time-history simulations were
carried out and the results are compared with those obtained from
similar models in which the RSF joints are replaced with conven-
tional connectors.

2. Rocking timber wall with RSF joints

Conventional friction dampers with flat plates slipping on each
other have always been renowned for having one of the most effi-
cient energy dissipation mechanisms. The provided hysteresis
which is close to an elastic-perfectly-plastic one combined with
the cost effectiveness of these devices has made them very favour-
able. Nevertheless, the lack of self-centring behaviour is a major
disadvantage for the structures containing these dampers which
may result in considerable residual displacement after an earth-
quake. To compensate this issue, a novel energy dissipation device

(c)

Fig. 1. RSF joint: [a) Cap plates (before attaching the stiffeners) and centre slotted plates (b) Belleville springs (c) Assembly (d) Theoretical hysteresis.

entitled Resilient Slip Friction (RSF) joint is developed. The compo-
nents of the RSF joint are configured in a way that energy dissipa-
tion and self-centring can be achieved all in one compact device.
Fig. | shows the components and assembly of a RSF joint. The angle
of the ridges is designed in a way that at the time of unloading, the
reversing force caused by the elastically compacted Belleville
springs is larger than the resisting friction force between the sur-
faces. Thus, the slotted plates are re-centred to their original posi-
tion while energy dissipates over sliding. RSF joint exhibits a flag-
shaped hysteresis which is experimentally confirmed by the
authors [14,16]. Fig. 1(d) displays the theoretical hysteretic loop
of the RSF joint. The slip force and the residual force in the joint
can be determined by Eqs. (1) and (2).

(1)
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where F,,, is the clamping force in the bolts originated from the
pre-stressing of the Belleville springs, n,, is the number of bolts,
is the angle of the ridges, y is the static coefficient of friction and
iy is the kinetic coefficient of friction which can be assumed as
0.85 pis | 14,16}, The ultimate force in loading (Fy joading) and unload-
ing (Fuiunioading) €an be calculated by replacing p; and Fy,p, in Egs. (1)
and (2) by p and Fy,, respectively. The ultimate force in the bolts
(Fy.) can be determined by Eq. (3) in which k; and 4, are respec-
tively the total stiffness of the stack of springs and the maximum
deflection when they become flat. These equations are analytically
derived which the details can be found in [17].

Fpy = Fopr + kA (3)

Experimental tests were carried out by Hashemi et al. on a CLT
wall with RSF joints as the hold-down connectors. A summary of
the test setup and an example of the obtained results are presented
in order to demonstrate the functionality of the proposed concept.
More details about the experiments can be found in [18]. Two
identical RSF joints were installed in the notches at the bottom cor-
ner of the CLT wall. Each joint consists of two centre slotted plates
and two cap plates made with mild steel grade 350. The angle of

(b)
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(d)
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the ridges was 15 degrees and two 220 mm by 50 mm by 20 mm
stiffener plates had later been welded to the cap plates to reinforce
them against out of plane bending (see Fig 1(c)).

Fig. 2 shows the general arrangement of the test setup. The RSF
joints were designed and fabricated to be able to accommodate a
maximum displacement of 65 mm in tension and 15 mm in com-
pression. This was because of the relatively larger displacement
demand in tension compared to compression in a hold-down con-
nector. The tested CLT panel had five 40 mm thick layers made of
MSGS8 timber [19] (200 mm of thickness in total). Each RSF joint
had two bolts and 11 Belleville springs per bolts per side. The
springs had a maximum load capacity of 110 kN and a maximum
displacement capacity of 1.5 mm at flat state | 14|. The loading pro-
tocol displayed in Fig. 2(a) was applied to the wall at the height of
3350 mm with an approximate loading rate of 1.25 mm/s. To
demonstrate the performance of the proposed concept, a maxi-
mum drift amplitude of 3% was considered.

During the tests, no damage was observed to the wall with no
evidence of deterioration in strength or stiffness of the RSF joints.
Fig. 3(b) shows the typical hysteresis for the wall as a representa-
tive for the test results. As can be seen, the pre-stressing force is
approximately 50% of the maximum force. The flag-shaped hys-
teresis in Fig. 3(b) clearly highlights the self-centring behaviour,
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It should be pointed out that the self-centring was independent
from the gravity loads considering the fact that the only applied
vertical load was the self-weight of the panel.

3. General concept of rocking timber wall with RSF joints

This section describes the general concept of rocking timber
walls with RSF joints as lateral load resisting members for seismic
resilient structures. It should be emphasized that this study
focuses on timber buildings, however, the proposed concept can
be adopted for other types of structures including reinforced con-
crete. Fig. 4 schematically illustrates the concept. It includes a
rocking timber wall panel connected to the foundation by RSF
joints as hold-down connectors. In addition, lateral load bearing
components are considered to transfer the lateral shear forces from
the columns to the wall panel. It should be remembered that these
devices may develop a frictional resistance while transferring the
lateral forces. Despite the fact that this frictional resistance might
increase the energy absorption rate of the system, they may
behave unstable or unpredictable. Therefore, they can affect the
overall behaviour of the system and even endanger the
self-centring behaviour. To avoid this, a nearly frictionless configu-
ration is required. Sarti et al. used a shear transferring device

(b) (c)

Fig. 2. Experimental testing of a rocking CLT wall with RSF joints | 13]: {(a) General arrangement (b) An image of the test setup (c) RSF joint as a hold-down connector.
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consisting of a LVL block connected to the column and a high den-
sity polyethylene sheet attached to the wall to decrease the friction
in the devices as much as possible |4]. A similar solution can be
adopted here as well.

In Fig. 4, Ly, is the width of the wall at top, H is the height of the
wall, B is the width of the wall at the base level, W is the self-
weight of the wall panel, Fgsg; and Fyseg are respectively the force
produced by the left and right RSF joints, Lgss; and Lgsg g are respec-
tively the lever arm for the left and right RSF joints (the horizontal
distance of the centroid of the RSF joints from the rocking pivot),
Ly is the lever arm for W and F, to F; are the lateral seismic forces.
The philosophy adopted in this study is that the RSF joints should
start to slide and the wall start to rock when an Ultimate Limit
State (ULS) earthquake takes place. Therefore, the overturning
moment triggering the movement in the system equals 3} ,Fh,
where F; represents the ULS earthquake force applied at each story
level and n is number of stories. Taking the moment about the
rocking pivot, the slip force within the RSF joints can be found by
Eq. [4). Note that it is assumed that the two RSF joints are identical.

o Z?_.|F4hi = WLW

0 = s+ D X

{ _L'I.ulcml load beanng

/J_. RSF joint

| 6 o

Frsraip l T Frsranp

(b)

Fig. 4. The concept of rocking timber wall with RSF joints: (a) Before rocking (b) After rocking.

It should be pointed out that the wall is isolated from the floors.
Otherwise, the vertical displacement incompatibility occurring at
the wall to floor connections may severely damage the floor dia-
phragms [20].

A novel type of shear key is considered at the base of the wall to
transfer the shear forces from the wall to the foundation [21]. This
device is capable to efficiently transfer the shear forces while
accommodating the uplift caused by the rocking movement. As
can be seen in Fig. 5, the bolts are installed in the timber wall while
the slotted plate is attached to the foundation. When the rocking
motion initiates, the bolts are dragged by the wall but the special
shape of the slotted holes allow the bolts to stay in contact with
the slotted surfaces during the rocking movement. Thus, the device
is able to transfer shear forces with a mechanism similar to a con-
ventional bolted connection.

4. Prototype building

To demonstrate the behaviour of a structure containing the pro-
posed concept, a prototype building is considered. This structures
is a five-story residential building designed for a shallow soil (type
C) based on New Zealand standard for structural design actions

(a)

(b)

Fig. 5. The shear key |21]: (a) The concept (b) The manufactured device for large scale testing.
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|22]. The overall height of the building i1s 15.5 m with 3.5m of
height for the first story and 3 m of height for the other four stories.
As can be seen in Fig. 6, the building has six spans with 6 m of span
length in each direction. A series of simplifying assumptions were
made to evaluate the gravity loads and associated seismic masses.
The building is assumed to be a hybrid framed building with steel
hollow section columns, LVL beams and light timber floors. The
permanent loads including ceiling, services, light partitions, work-
stations, floor panels {(made with plywood sheets and light timber
box joists), self-weight of the exterior walls, the weight of the
beams and the weight of the columns are considered as 1.35 kPa
for the first level, 1.25 kPa for levels two to four and 0.84 kPa for
the roof. The imposed loads are assumed as 2 kPa for the first level,
1.5 kPa for levels two to four and 0.5 kPa for the roof | 22]. The asso-
ciated seismic masses are 2.24 * 10° kg, 1.78 * 10° kg and 1.14* 10°
kg for the first story, stories two to four and the roof, respectively.
Eight rocking walls with RSF joints made with 240 mm thick LVL
panels with the arrangement outlined in Fig. 6 are considered to
be used as the lateral load resisting members. The LVL members

shear walls. Table 2 shows the calculated seismic forces applicable
for each wall.

Fig. 6(b) illustrates the configuration considered for the rocking
walls. From the figure, Lgspp=4.7 m, Lggpp =0.2 m and Ly = 2.25 m.
The self-weigh of the wall is calculated as W = 104.8 kN. Following
Eq. (4) and with respect to the forces specified in Table 2, the slip
force for the RSF joints is specified as Frergip = 420.54 kN. Other
design parameters for the RSF joint (Table 3) are determined based
on Egs. (1) to (3) with regard to the specifications of the tested Bel-
leville springs (see Section 2). In this design, the slip force is con-
sidered as 30% of the maximum force upon loading. Nevertheless,
the relationship between the slip force and the maximum force
has to be determined according to the ULS seismic forces (which
dictates the slip threshold) and the maximum deflection of the disc

Table 2
Calculated seismic forces applied to a wall.

. . 3 Story Height (m) Force (kN) Base moment (kNm)
were assume as LVL 13.2 [ 19] with a density of 5.31 kN/m", s s T P
The ULS seismic forces (with a return period of 500 years) were 3 125 5353 £69.74
calculated for the prototype building using the Displacement Based 3 95 4072 386,84
Design (DBD) method targeting 2% design drift and soil type C 2 6.5 27.86 181.10
(shallow soil) located in Christchurch, New Zealand [10,23], The 1 35 18.89 66.12
design specifications are shown in Table 1. Su 19948 ane
With respect to the symmetric arrangement of the building plan
and shear walls, the centre of mass and the centre of resistance are
assumed to be coincident. Thus, only 10% of accidental eccentricity Tabie’3
was considered for calculating the lateral forces applied to the g barameters for the RSF hold-downs.
Parameter Value
Table 1 Angle of the ridges (degrees) 15
Design specifications for the prototype building. Coefficient of friction 0.18
Number of bolts 2
Caamene Yajue Number of Belleville springs per bolt per side 23
Design inter-story drift 2% Maximum displacement of the joint in tension (mm) 183
Damping (%) 13 Maximum displacement of the joint in compression (mm) 8
Effective design displacement (m) 0.21 Slip force in tension and compression (kN) 4216
Effective mass (fonnes) 7139 Maximum force for loading in tension (kN) 1351.5
Effective height (m) 10.70 Maximum force for unloading in tension (kN) 258
Effective stiffness (kN/m) 3348 Maximum force for loading in compression (kN) 4623
Effective period (sec) 2.90 Maximum force for unloading in compression (kN) 88.3
Base shear (kN) 715.6 Residual force in tension and compression (kN) 80.5
- 5.3m -
[l I
6 (@ 6m = 36m
— -
. ]
| L
The tributary area for
2.25m
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N
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Fig. 6. The prototype building: (a) Plan view (b) Specifications of the rocking walls.
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Fig. 7. The designed hysteresis for the RSF joints.

Table 4
Calibrated design parameters for the Damper - Friction
Spring link element.

Parameter Value
Loading slipping stiffness (N/mm) 5087
Unloading slipping stiffness (Nfmm) 972
Pre-compression displacement (mm) -82.9
Stop displacement (mm) 183

springs. The maximum displacement of the RSF joints (183 mm) is
specified to meet the 3.75% of lateral drift which is recommended
by the New Zealand standard as the near collapse limit. Note that
183 mm displacement in tension in the right RSF joint corresponds
to approximately 8 mm of deflection in compression in the left one
(see Fig. 5(b)). Thus, the maximum displacement capacity of the
RSF joints in compression is specified as 8 mm. The coefficient of
friction was considered as 0.18 which is experimentally obtained
by the authors [24]. Fig. 7 shows the designed hysteresis.

437

5. Numerical modelling of the rocking timber walls with RSF
joints

This section describes the numerical model developed for the
rocking timber walls with RSF joints and compares it with sim-
ilar systems where the RSF joints are replaced with conventional
connectors. The LVL wall is modelled in SAP2000 [25] software
package as a 15.5m high by 4.5m width shell element with
the material properties related to LVL13.2 (Ejy = 13,200 MPa
[19]). The RSF joints were modelled by “Damper - Friction
spring” link element which is available in SAP2000 version 17
and above. Hashemi et al. showed that this link element is able
to accurately predict the hysteretic behaviour of the RSF joint.
This was confirmed by comparing the RSF joint component test
results with the numerical data |26]. The calibrated parameters
for the design specifications in Table 3 are shown in Table 4. A
series of Gap elements (compression-only link elements) with
the gap set to zero were employed to represent the lateral load
bearing components. Similar Gap elements were used at the
rocking pivots (at the base of the wall) to represent the

k-
Iua.s]
:‘z_‘. 8mm 183mm
g -1p0 50 50 100 150 200 2%0
w
; \ |-¢u.s|

Displacement (mm)

Fig. 9. The designed hysteresis for the symmetric friction dampers.
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Fig. 8. General arrangement of the numerical model developed for the timber rocking wall with RSF joints.
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foundation level. The boundary steel columns were modelled as
mild steel box members with 400 mm * 400 mm * 12 mm section
for the first three stories and 350 mm * 350 mm * 10 mm section
for the two upper stories. The shear key is modelled by restrain-
ing the horizontal degree of freedom for the two of the nodes at
the base level. Fig. 8 shows the general arrangement of the
developed numerical model.

In the numerical models, the only non-linear behaviour is in the
RSF joints and the lateral load bearing components. The rest of the
structural members were modelled as linear elastic elements.

The application of symmetric friction dampers in rocking tim-
ber structures was comprehensively studied by Loo et al. with rig-
orous numerical analyses and large scale experimental tests
[7.8.10,27]. They concluded that the systems containing symmetric
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Fig. 10. Numerical results for the quasi-static simulations: (a) Applied displacement schedule (b) RSF joint hysteresis (c) Hysteresis for the total system with RSF joints (d)
Symmetric friction damper hysteresis (e) Hysteresis for the total system with symmetric friction dampers (f) Traditional connection hysteresis (g) Hysteresis for the total
system with traditional connections.



A. Hashemi et al. / Construction and Building Materials 149 (2017) 432-443 439

2000
1800

— RF it 4

s == Friction damper /

1600 === = = = Traditional Bracket /
1400

1200
1000
800

400
200

Cumulative dissipated energy (ki)

0 50 100 150 200 250 300 350 400

Time (sec)

Fig. 11. The dissipated energy for the quasi-static simulations.

friction dampers can confidently be considered as low damage
structures. However, the system lacked self-centring behaviour.
In order to compare the performance of the introduced concept
as a damage avoidant seismic solution with similar systems which
contains conventional connectors, another two numerical models
were developed with the RSF joints replaced with equivalent sym-
metric friction dampers (as a well-known low damage concept) in
one model and equivalent traditional nailed connections (as a high
damage concept) in the other one. The slip threshold and the slot
length of the symmetric friction dampers was considered as same
as they were for the RSF joints. The reader is referred to [11] for
more details about the numerical modelling of symmetric friction
dampers and nailed connections.

Symmetric friction dampers were modelled using multi-linear
plastic elements with a kinematic hysteresis type. This numerical
technique has previously been validated by Loo et al. [10.28]. To
model the traditional nailed connections, multi-linear plastic links
with pivot hysteresis type were adopted. Hashemi et al. validated
this technique by comparing the numerical results with the exper-
imentally obtained data | 1 1]. The hysteresis of the dampers used in
the second model is shown in Fig. 9. Since one of the major objec-
tives of this study was to develop a system in which the lateral load
resisting members are isolated form the gravity load resisting com-
ponents, the only considered vertical load was the self-weight of
the LVL panel.

The three described models were subjected to quasi-static
displacement-control simulations by applying the load protocol
in Fig 10(a) at the top of the wall. This load schedule is based on
1S016670 standard for reversed cyclic tests of vertical shear resis-
tant elements |29]. The maximum applied displacement is
387.5 mm which corresponds to 2.5% of lateral drift required for
the ULS seismic design [22]. With a load rate of 6 mm/s, the simu-
lations had a total length of 400 s.

Fig 10(b) and (c) show the hysteresis for one of the RSF joints
and the total system, respectively. As can be seen, the RSF joint

Table 5
The selected ground motions and scaling {30,

Fig. 12. The general arrangement of the numerical model for the five story
prototype building.

performed as anticipated with an approximately 115.2 mm dis-
placement in tension and 7.07 mm in compression. These displace-
ments are consistent with the analytically calculated
displacements (117.5 mm and 8 mm, respectively) which confirms
the nearly rigid body motion of the LVL wall. The flag-shaped hys-
teresis in Fig. 10(c) highlights the self-centring behaviour for the
system. Furthermore, it is observable that the system retained its
stiffness and strength during 400 s of loading and unloading. Minor
fluctuations in the curves are associated with the elastic deflection
of the LVL panel which can be ignored when compared with the
displacements due to the rocking movement. Note that the maxi-
mum force within the RSF joint (see Fig. 10(b)) is less than the
maximum capacity (1351.5 kN) because the latter corresponds to
3.75% of lateral drift while the quasi-static simulation targeted
2.5% which relates to the ULS demand.

Fig 10(d) and (e) respectively illustrate the hysteresis for one of
the hold-down connections and the total system when the RSF
joints are replaced with symmetric friction dampers. The data sug-
gests that the maximum force in the hold-down is capped under a
certain limit which is the slip force of the dampers. The nearly
elastic-perfectly-plastic hysteretic loops for the wall (Fig. 10(e))
asserts to the fact that the system lacks self-centring behaviour
and requires an additional mechanism (such as gravity loads or
the force produced by previously implemented post-tensioned
cables) to bring it back to its original position. This will be further
investigated in the next section. Similar to the system with RSF
joints, general stability and minor fluctuations are observable in
the hysteretic loops. Accordingly, the system maintained its stiff-
ness and strength which demonstrates the low damage
characteristic.

Fig 10(f) and (g) display the hysteretic loops for the third model
where the traditional nailed connections were used as hold-downs.

Event Year PGA (g) Scaled PGA (ULS) Scaled PGA (MCE)
El Centro 1940 031 0.25 0.47
Northridge 1994 023 0.28 0.48
Kobe 1995 0.82 024 0.41
Landers 1992 028 0.28 051
Christchurch 2011 048 0.24 0.48
San Fernando 1971 0.21 029 0.55
Loma Prieta 1989 053 021 0.42
Chi Chi 1999 0.23 0.30 055
Chihuahua 1979 025 0.25 0.45
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From these figures it is apparent that when the displacement
increases, the stiffness of the system deteriorates and the strength
of the wall significantly reduces in comparison with the first two
models. This is evidently because of the pinching phenomena usu-
ally occurred at the traditional nailed connections. The maximum
provided lateral strength in the third model (Fig. 8(g)) is compara-
ble to what was observed in the first model (Fig. 8(c)). Neverthe-
less, it rapidly dropped when the displacement in the system
increased.

Fig. 11 demonstrates the cumulative dissipated energy for the
three developed numerical models. The dissipated energy is
found by calculating the total area enclosed by the hysteretic
curves. It can be seen that the energy dissipation rate is steady
for the first two models with RSF joints and friction dampers
which is due to low damage characteristic of these devices, How-
ever, for the system with traditional hold-downs, the rate of
energy dissipation is dramatically decreased after 200 s. This is
the result of severe stiffness degradation in the system due to
pinching behaviour.

As anticipated, the cumulative dissipated energy in the sys-
tem containing RSF joints is less than the system with symmet-
ric friction dampers (almost 500 k] lower). This is because of the
fact that flag-shaped hysteresis of the first model covers two of
the quadruplets in the load-deformation diagram while the sym-
metric friction dampers cover all four quadruplets (although
with a lower force). It should be pointed out that this compar-
ison is for the RSF joints with Fyyp/Fyuaxieading = 0.33. If this ratio is
subjected to change, the energy dissipation rate would be
altered.

WRSF joint
DFriction Damper
QOTraditional connection

Lateral drift (%)
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6. Non-linear dynamic time-history analyses of the prototype
building

A suite of nine ground motions scaled to ULS and MCE (Maxi-
mum Credible Earthquake) were selected for non-linear dynamic
time-history simulations (18 analysed cases in total). They are
scaled to match the Christchurch 500 year return period for ULS
and 2500 year return period for MCE. Table 5 tabulates the earth-
quakes and the scaled peak ground motions.

Similar to the rocking wall models described in Section 5, three
numerical models were developed for the prototype building in
which the only difference between them was the type of the
hold-down connectors. RSF joints, symmetric friction dampers
and traditional nailed connections were employed as hold-downs
in the three developed numerical models, respectively. Fig. 12
illustrates the general arrangement of the numerical models. The
beams were modelled as 63 mm * 400 mm timber beams made
with LVL13.2. The columns were modelled as mild steel boxes with
a 400 mm * 400 mm * 12 mm section for the first three story and a
350 mm * 350 mm * 10 mm section for the upper two stories. The
floors were modelled as 150 mm thick shell members with the
material properties specified to represent the assumed light timber
flooring system described in Section 4. The rocking walls were
modelled similar to the ones explained for quasi-static simulations
(see Section 5).

The records were applied to the three developed models in the
two major directions. Fig. 13 shows the peak roof drifts of the ULS
and MCE events, Generally, it can be seen that the peak roof drifts
of the building with RSF joints are slightly higher than the one with
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symmetric friction dampers. For ULS events, none of the structures
demonstrated a drift more than 2.5% which is the recommended
limitation for the ULS seismic design |22]. The maximum drift
was for the model with traditional connections subjected to
Christchurch event which is slightly higher than 2%. For MCE
events, the structure with traditional connections experienced
peak roof drifts as high as 5.8% which probably would result in glo-
bal collapse of the building in a real case. This can be attributed to
the significant stiffness degradation in the connections due to
pinching phenomena. For the structures with RSF joints, the peak
roof drifts remained under the recommended limit (3.75%) except
for the Christchurch and Chi Chi which the difference is under 8%
and may be considered as acceptable. None of the structures with
symmetric friction dampers experienced peak roof drifts more
than 3.45% which can be the results of the relatively higher energy
dissipation ratio in the dampers. In terms of maximum lateral drift,
it can be concluded that structures with RSF joints and symmetric
friction dampers performed well while the buildings with tradi-
tional connections are prone to collapse specially when a MCE
event takes place.

Fig. 14 displays the residual displacements for the ULS and MCE
events. As can be seen, the residual displacements for the structure
with asymmetric friction dampers are drastically higher than the
other two models. This asserts to the fact that the considerable
post-event displacements for these dampers is a major disadvan-
tage which may cause severe damage to structural and non-
structural elements. The highest residual displacement is for the
Christchurch which is 251 mm for ULS and 535 mm for MCE (cor-
responding to 1.61% and 3.45% of lateral drift). It should be empha-
sized that even in cases where the building is not highly damaged,
the dampers may need to be opened up for the structural elements
to return to their original position. This procedure is likely to be
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extremely costly and involves many uncertainties. On the contrary,
the systems with RSF joints exhibited no residual displacements
which was expected due to the flag-shaped hysteretic behaviour
of the joints. The systems with traditional connections demon-
strated insignificant levels of residual displacements. It was also
expected because of the fact that the stiffness of the structure con-
siderably reduces in each cycle and as a consequence, the restoring
forces from seismic excitations and self-weight of the lateral load
resisting members are sufficient to re-centre the building.

Fig. 15 illustrates the peak roof accelerations. Despite the fact
that it has previously been proven that timber structures with tra-
ditional connections may demonstrate an acceptable seismic per-
formance, the peak roof accelerations for them are much higher
than those with dissipative devices such as RSF joints or symmetric
friction dampers. During the shake table tests within the SOFIE
project, it was concluded that additional energy dissipation devices
are required to decrease the earthquake induced accelerations [ 1].
In average, the results in Fig. 15 confirms that the use of RSF joints

Table 6

The applied seismic sequences.
Analyze case Events
Sequence 1 Christchurch (ULS) = Christchurch (MCE)
Sequence 2 Kobe (ULS) - Kobe (MCE)
Sequence 3 Chi Chi (ULS) = Chi Chi (MCE)
Sequence 4 Landers (ULS) - Landers (MCE)
Sequence 5 San Fernando (ULS) - San Fernando {MCE)
Sequence 6 Christchurch (ULS) = San Fernando (MCE)
Sequence 7 Kobe (ULS) = Christchurch (MCE)
Sequence B Chi Chi (ULS) - San Fernando (MCE)
Sequence 9 Landers (ULS) - Chi Chi (MCE)
Sequence 10 San Fernando (ULS) - Christchurch (MCE)
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and symmetric friction dampers contribute to 41% and 58% reduc-
tion in the peak roof accelerations, respectively. It can be seen that
for the structures with traditional connections subjected to MCE
events, the recorded peak roof accelerations are much higher than
those with RSF joints or symmetric friction dampers. Undoubtedly,
this is owing to the dramatic decrease in the lateral stiffness of the
building through the excitations. From the numerical data in
Fig. 15, it can be concluded that the use of more advanced connec-
tors such as RSF joints or symmetric friction dampers can highly
decrease the seismic induced accelerations.

Fig. 16 shows the base shear in the X direction of the prototype
building models (see Fig. (i(a)). It is observable that the recorded
base shears are higher than the analytically calculated one (715.6
kN) which is consistent with the findings of Loo et al. for timber
rocking walls with friction dampers [10]. More to the point, a
dynamic amplification factor needs to be considered to account
for the effect of higher modes of vibration when designing the
structural members. As can be seen from the figure, a base shear
dynamic amplification factor of 2.5 can be suggested for the sys-
tems containing rocking walls with RSF joints.

An important motivation for developing damage avoidant seis-
mic solutions is the fact that the structure should tolerate multiple
seismic events. In fact, if the lateral strength of a structure dramat-
ically decreases in a severe earthquake, even a minor aftershock
may contribute to collapse of the building. In order to further
investigate the seismic performance of the systems described in
this study, the models were subjected to sequences of earthquakes.
Each sequence included an ULS earthquake followed by a MCE
event. This situation is similar to what happened in Christchurch,
New Zealand in 2010 and 2011. Table 6 shows the selected
sequences.

Since it was affirmed that the models with traditional connec-
tions can barely survive the MCE events, the sequence of earth-
quakes were applied only to the two first models (the models
with RSF joints and symmetric friction dampers). Fig. 17 shows
the obtained results for maximum lateral drifts and maximum
residual displacements at the top. It can be seen that the average
of maximum drifts for the model with RSF joints is still under
the indicated threshold. However, for the symmetric friction dam-
pers, it reached a peak of 5.2% which is far above the allowed lim-
itation. This observation confirms that a system with symmetric
friction dampers can exhibit unfavourable seismic performance
in spite of having a relatively high energy dissipation rate.

For the structures with friction dampers, significant residual
displacements were recorded for most of the seismic sequences.
The maximum is for sequence 4 which is 665 mm (corresponds
to 4.29% of lateral drift). For sequence 9 and sequence 10, the resid-

ual displacement is close to 400 mm (corresponding to 2.58%). It
can be concluded that a structure with friction dampers that
already reached a considerable residual displacement is likely to
yield even more residual displacement under the second seismic
event.

On the contrary, the model with RSF joints resulted in no resid-
ual displacement confirming the self-centring behaviour under
sequences of earthquakes. From the numerical results, it is hard
to escape the obvious conclusion that the structural system includ-
ing symmetric friction dampers yield poor seismic performance in
terms of post-event residual displacements and the associated
damage. The systems with RSF joints maintained their efficiency
and robustness during single and multiple seismic events.

7. Conclusions

This paper explains the development of a new type of lateral
load resisting system which includes rocking timber walls and
Resilient Slip Friction (RSF) joints as hold-down connections. This
system provides self-centring in addition to energy dissipation.
Non-linear cyclic and dynamic simulations were performed to
demonstrate the seismic performance of the introduced system.
In order to evaluate the efficiency of the proposed concept on the
system level, a five story prototype building was designed based
on the Displacement Based design (DBD) procedure. To compare
the concept with existing seismic solutions, another two numerical
models were developed with RSF joints replaced with equivalent
symmetric friction dampers and traditional nailed connections.
The results of the time-history simulations highlighted the good
seismic performance of the proposed concept in terms of maxi-
mum lateral drifts, residual displacements and peak roof accelera-
tions. On the contrary, the systems with traditional connections
exhibited significant reduction in lateral strength and the systems
with symmetric friction dampers revealed notable residual dis-
placement which even increased after applying sequences of seis-
mic events to the model. Overall, the results of this preliminary
study confirmed that the proposed concept has the merit to be
considered as a damage avoidant seismic solution. Further experi-
mental investigations may be required in future to confirm the
findings of this study for new seismic resilient structures or for ret-
rofitting existing buildings.
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In rocking timber structures, the traditional connections such as nailplates may need to be replaced by
damping devices to provide the required lateral resistance and dissipate the seismic energy. This study
seeks to investigate the seismic behaviour of coupled timber walls with slip friction connections. Slip fric-
tion connections present a low damage solution as they do not suffer from stiffness degradation and can
be used after a seismic event. The seismic response of the described system is compared to those with
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Energy dissipation

solution for timber structures when a low damage design is targeted.
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1. Introduction

The potential for structural systems with prefabricated mem-
bers in seismic applications has significantly increased in the last
two decades. This was mostly due to the introduction of jointed
ductile connections in precast concrete. In the United States in
the early 1990’s, the PRESSS (PREcast Seismic Structural Systems)
program was initiated in order to develop design recommenda-
tions for precast construction in seismic zones and also to intro-
duce novel concepts and technologies in precast concrete
structures |1]. As an important outcome of the program, precast
concrete walls were recognised as being significantly effective
lateral load resisting members. Later, in order to minimise the
observed residual damage during the experiments, a coupled wall
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E-mail address: ahas439@aucklanduni.ac.nz (Ashkan Hashemi).

http://dx.doi.org/10.1016/j.conbuildmat.2016.05.160
0950-0618{D 2016 Elsevier Lid. All rights reserved.

system with energy dissipative devices was introduced as another
part of the program [2].

In a typical coupled wall system, two or more prefabricated
walls are connected to each other with special energy dissipative
connectors along the vertical edges. In a seismic event, the walls
are allowed to rock restrictedly at the base and then return to their
initial position. The vertical joints dissipate energy by experiencing
inelastic deformations under lateral forces. The system can accom-
modate large lateral drifts while residual damages are minimised.
This concept has later been adapted to timber structures by
Palermo et al. [3]. Igbal et al. [4] further developed the concept
and tested coupled timber walls with mild steel U-shaped Flexural
Plates (UFPs) as the vertical joints. They concluded that the U-
shaped plates offer an effective energy absorption mechanism
through metal yielding during rocking of the walls.

Passive friction-based energy dissipater devices were originally
utilised for steel structures. Popov et al. [5]| introduced the
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symmetric slotted bolted connection which dissipates energy
through friction during equilateral tension and compression cycles.
It consists of a main plate sandwiched by two outer plates
connected together by bolts. The connection is designed such that
at a predestined force, sliding will be initiated. The slippage force is
function of both the clamping force of the bolts and the coefficient
of friction of the surfaces enclosed by the two outer plates.

Clifton et al. (6] proposed the Asymmetric sliding hinge joint for
steel moment resisting frames which had non-rectangular yet
stable hysteretic behaviour. In the asymmetric assembly, when
the applied force rises above the frictional resistance of the first
surface, sliding will be triggered while the bottom plate remains
still for a short period of time. Subsequently, the bottom plate
starts to slip and the sliding shear and the stiffness of the connec-
tion will be doubled. Therefore, bolts are forced into a double cur-
vature state and the joint renders a pinched hysteretic behaviour
| 7]. This is advantageous for minimising the post-seismic residual
drifts but it is not beneficial for stiffness retention after a seismic
event. Khoo et al. [8] developed the design models for asymmetric
slotted bolted connections based upon numerous experiments and
also rigorous analyses.

For timber structures, Most of the proposed seismic solutions
were based on energy dissipation through deformation and yield-
ing of the fasteners (such as nails or screws) and crushing of the
wood fibres [9-12]. Filiatrault |13] utilised friction dampers for
timber sheathed shear walls. The analytical studies demonstrated
a noticeable improvement in the hysteretic behaviour of the walls
compared to traditional timber shear walls. Large amount of dissi-
pated energy was also observed at different lateral drifts up to
1.5%. Loo et al. | 14,15] investigated the application of slip friction
connections as a replacement of traditional hold-downs for timber
Laminated Veneer Lumber (LVL) walls. Their experiments showed
significantly improved seismic performance compared to tradi-
tional systems in terms of hysteretic behaviour stability and resid-
ual deflections | 16]. Additionally, and most importantly, the timber
wall remained in the elastic region after several quasi-static and
dynamic numerical analyses that was also confirmed by experi-
mental tests.

This study seeks to investigate the application of sliding fric-
tions passive dampers (slip friction connections) in coupled timber
walls. Towards this purpose, a new configuration is proposed. The
slip friction connections developed and tested by Loo et al. [14,15]
are used as hold-down connectors. Additionally, a new type of slip
friction connector for vertical joints inspired by previously pro-
posed slip friction hold-downs is presented. A symmetric configu-
ration is considered for both hold-downs and vertical joints

Timber Jointed Wall System: @
(1) Foundation

(2) Dissipative Hold Down

(3) Timber Wall

(4) Special Dissipative Connector

®
)

@

between the adjacent walls. Nonetheless, the asymmetric concept
undoubtedly has the potential for further studies in timber struc-
tures. General arrangement of the proposed system is shown in
Fig. 1.

In order to determine the slip force which triggers the rocking
movement in the system, a numerical simulation has been con-
ducted on the timber walls. Henceforth, the efficiency of the pro-
posed coupled wall system is investigated through displacement
control quasi-static and dynamic time-history analyses. To com-
pare the seismic performance of the introduced concept with the
conventional systems, similar numerical models with equivalent
nailplate connections in lieu of slip friction devices are developed
and analysed.

2. Lateral resistance of Cross Laminated Timber (CLT) and
Laminated Veneer Lumber (LVL) walls

Cross laminated timber is a new generation of engineered wood
product which was firstly developed in Europe in the 1990s and
then adopted in other parts of the world [17]. It consists of typi-
cally three, five, or seven layers of dimensioned lumber oriented
orthogonally to each other and then glued to create a structural
panel. It is a strong, sustainable and dimensionally stable wood
product. It offers almost similar characteristics to that of a pre-
cast concrete panel yet has a much more advantageous strength
to weight ratio. More than that, efficient planning during construc-
tion and a high level of prefabrication are the two key advantages
which significantly accelerate the construction process. Thus, CLT
has been notably gaining popularity among the building owners
and the designers around the world and numerous CLT buildings
have been built in different countries during the last decade.

Generally, in all low damage timber structural systems, the key
point is that timber elements must remain in the elastic region and
any possible pinching phenomena in the connections which may
cause non-recoverable plastification in the wood should be
avoided. Thus, the first step in design and modelling of CLT shear
walls with slip friction connections is to decide on a rational
method to determine the maximum tolerable lateral force (and
the consequent overturning moment) at which the wall can remain
in the elastic region (Fg). If a lateral force is applied to the top of a
rocking CLT wall (see Fig. 3(b)), the movement should be initiated
before the stress in any of the timber boards exceeds the allowable
characteristic strength. Loo et al. used a similar approach to specify
the slip threshold for a rocking LVL wall with slip friction
hold-downs |15].

Fig. 1. The concept of coupled timber walls with slip friction connections.
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While there are numerous analytical methods or numerical
models for analysing LVL walls (and consequently determining
Fg), there is a lack of research studies about CLT walls under lateral
forces with the focus on the timber boards. Most of the previous
numerical models for CLT panels were focused on the behaviour
of the connections rather than the panel itself. Bogensperger et al.
proposed a cubic numerical model to assess the bearing capacity
of the CLT panels [18]. Fragiacomo et al. developed a numerical
model for CLT floors containing two isotropic materials for layers
parallel and perpendicular to the main floor direction [19]. Pozza
et al. used a simplified two dimensional assembly to analyse the
hysteretic behaviour of CLT shear walls with traditional connec-
tions [ 20]. Yasumura et al. developed a numerical model for a three
story CLT building which the CLT panels and the connections were
expressed as shell and spring elements, respectively | 10].

In this paper, series of finite element analyses on different con-
figurations for CLT walls have been carried out using the ABAQUS
software package [21]. In each wall, the lateral force applied at
the top is increased until the normal stress in one of the timber
boards exceeds its permissible characteristic strength indicated
in Table 1. Additionally, three LVL wall models with different
widths were investigated to look over the benefits of a hybrid
CLT-LVL coupled wall system.

A five layer CLT panel with three 40 mm thickness longitudinal
layers and two 40 mm thickness transverse layers with 200 mm
width for all boards is assumed in all models. To optimise the effi-
ciency of CLT wall applications, panels have been placed with their
outer layers parallel to the gravity loads [17]. The elastic modulus
parallel to grain of all the boards within the CLT members was set
to 8000 MPa and the elastic modulus of LVL veneers was set to
13,200 MPa [22] (see Table 1 for more details). The mechanical
properties are assigned to timber boards according to the principal
axes illustrated in Fig. 2.

Six different height to width ratios for CLT panels and four for
LVL walls were analysed. In the numerical models, 8-node solid
element C3DBR (a linear 3D hex-structured shape element) was
adopted for timber boards [23]. In Fig. 3, the numerical assembly
of the CLT wall and the stress distribution are shown. In addition
to the self-weight of the walls, a 25 kN per wall's width vertical
load is applied to the models at two elevations as an approximate
estimation for permanent and live loads for a timber shear wall.
Details of different wall configurations and the results are given
in Table 2. In this table, Ag represents the elastic deformation at
the top due to the corresponded Fp.

As expected, Fg for the LVL walls is approximately 40 to 50%
higher than that of the CLT walls with the same geometry (see
Fig. 4). This may be beneficiary for coupled timber walls comprised
of different engineered wood panels (CLT-LVL) when geometric
limitations are restricting the designer. Furthermore, it can be
derived from Fig. 4 that while the thickness of the CLT panel
remains constant, the lateral elastic stiffness has almost a linear
relationship with the height to width ratio. In this study, these
results are used to determine the slip threshold for the slip friction
connections, however, there is still room to investigate the
relationship between the lateral stiffness of CLT walls with
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Fig. 2. Principal axes of a single timber board within the CLT numerical model.

Ap
e

(b)

(a)

Fig. 3. CLT Numerical model: a) Numerical assembly b) Wall elastic deformation.

different arrangement of the layers or with different material prop-
erties for the timber boards.

3. Proposed configuration for coupled timber wall system with
slip friction connections

Fig. 5 illustrates a schematic view of the proposed configuration
for the coupled timber wall system with slip friction connections.
The components of the system transfer the lateral forces to the
foundation while providing the required ductility at a given drift.
The walls are typically made of CLT or LVL panels which the type
is generally determined based on the required lateral resistance.
The bottom connections are Slip Friction Hold-downs (SFH) com-
prised of several parts (Fig. 5(c)). The centre plate (the wall embed-
ded plate) is attached to the timber wall with mechanical
fasteners. The connection between the timber wall and the centre
plate is meant to be very stiff since the inelastic behaviour of the
system is provided by the slippage of the friction devices. It has
been analytically and experimentally verified that rivets can pro-
vide such stiffness with their relatively higher load per unit trans-
fer capacity in comparison to bolts or screws. Furthermore, no
timber cross section reduction needs to be considered for the rivet
hole which in this case, with respect to the number of friction
joints, will indubitably be an advantage [24].

Table 1

Material properties of the LVL member and CLT boards [22].
Component E Ex Er Vir vn Vik VaL ViR Vit fc f;
LVL 13,200 600 600 0.35 0.030 0.35 0.030 035 035 45 33
CLT boards (MSG8") 8000 363 363 0.20 0.018 0.15 0.018 021 0.18 18 6

E = Elastic Modulus.

v = Poison’'s ratio,
MPa for all modulus for LVL and CLT.
* MSG8 refers to grade 8 machinery graded sawn timber |22].
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Table 2
Configuration of the wall models and results.
Material Model Height Width Thickness Width to Axial load Fe Ag
number Height Ratio
cm 6000 2400 200 1/25 60 49.7 18.3
coz 6000 2000 200 13 50 394 19.3
ar co3 6000 1600 200 1/3.75 40 293 209
co4 6000 1500 200 1/4 375 26.5 212
Ccos 6000 1200 200 1/5 30 194 2341
o6 6000 1000 200 1/6 25 14.7 237
L G000 1600 200 1/3.75 40 515 10.7
VL Loz 6000 1500 200 1/4 375 46.9 109
Lo3 6000 1200 200 1/5 30 334 122
Lo4 6000 1000 200 1/6 25 25.1 13.7

Millimetres for all dimensions and displacements.
kN for all loads and forces.
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Fig. 4. F; for the CLT and LVL walls.

The three plates within the SFH (the two outer plates and the
centre plate) are bolted in a manner that the centre plate is sand-
wiched by the outer plates. When the imposed vertical force to the
hold-down overcomes the frictional resistance between the two
surfaces, the centre plate starts to move and energy will be dissi-
pated through sliding. The efficiency of this connector has been
experimentally validated in timber shear walls [16] and also in
precast concrete structures |[25].

In the proposed system, two or more rocking walls with above-
mentioned configuration will be connected together by special
ductile links which are the source of significant energy dissipation
from the relative vertical movement between the adjoining walls.
In this study, a new type of Slip Friction Joint (SF]) is proposed.
Similar to SFHs, three plates are bolted and clamped together in
a way that the centre slotted plate is attached to one of the walls
by using a steel flange (see Fig. 5(b)). The two outer plates are con-
nected to the other wall with a similar assemblage. When the ver-
tical force at one direction exceeds the frictional resistance
between the two surfaces, the centre plate starts to slide and
energy will be dissipated over the joint. Correspondingly, for the
other direction, the centre plate remains still and cover plates will
be dragged along by the friction bolts. The slip threshold for the
SFH or the SF] is given by Eq. (1) where u is the coefficient of fric-
tion between the two surfaces, ny, is the number of bolts and Ty is
the tension force in each bolt.

Faip = 2y Ty (1)

The purpose of slip friction connectors is to protect the wooden
members from inelastic damage while the ductility of the system is
provided by rocking behaviour. Towards this purpose, Fg for each
wall has been determined in accordance with the numerical results

SFls:
— (1) Slotted centre plate, connected to one wall
(D (2) Outer plates, 1 1o opy dj wall

(3) Bolt(s) through slotted plate and outer plates

and Belleville washers (conical spring washers)
| (4) Embedded flanges, fixed to the wall

(5) Fixed bolt(s) (for symmetric configuration)

(b)

SFHs: /
(5) Slotted centre plate (c)
(6) Outer plates

(7) Balts through slotted plate and outer plates

and Belleville washers (conical spring washers) /
(8) Fixed boli(s) (for symmetric configuration)
(9) Foundation

Fig. 5. Proposed configuration for a coupled timber wall system with slip [riction connections: a) General arrangement b) Slip friction joints (5F]s) c) slip friction hold-downs

(SFHs).
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from Section 2. By that, the slip threshold for all connectors (which
are acting together) is defined in a way that the resultant applied
force on the top of each timber wall is limited to F.

As shown in Fig. 6(a), the acting forces on each wall within a
system comprised of three identical walls are slip friction hold-
down force (Fy), the sum of slip friction joint forces (3°F) and
the vertical loads (W). Fg, Fg; and Fg, in Fig. 6(a) are the maximum
tolerable forces at the top of each wall for the trailing wall, the
intermediate wall and the leading wall for the left to right direction
of rocking. It should be noted that at the opposite direction, the
roles of the leading wall and the trailing wall are reversed (thus,
the acting forces on them are also reversed) while the role of the
intermediate wall(s) does not change. Providing that the walls
are identical, Fg, = Fg; = Fg,. Taking the moments about the rocking
point of each wall and assuming that the slip force (F;,) is set in a
manner that sliding will be triggered when the lateral force applied
at the top of the wall is equal to its Fg, the gross slip force in the
connections (Fy + 3_F;) can be calculated from Eq. (2).

h
Fut YF=Fen -2 @

where W includes the applied gravity loads and the self-weight of
the wall. The stiffness of a slip friction connection is as same as a
rigid connection before sliding. Therefore, the system performs as
a wide single shear wall before slippage. As the applied lateral force
exceeds the slip force of the system (sum of slip forces of all of the
walls), the devices are mobilised and the walls rock (Fig. 6(a)).
During the rocking motion, the system provides a stable lateral
resistance owing to the reason that the force within each of the fric-
tion connectors remains constant.

The friction devices can be designed by Eq. (2) taking into
account the fact that for each wall, the sum of slip friction joint

T JI

|
4 S AN 0L N

strengths (3°F;) ought to be equal or less than the slip friction
hold-down force (Fy). Otherwise, the sliding would firstly initiate
in the hold-downs and the adjacent walls may be locked together.
If there is more than one intermediate wall in the system, the slid-
ing force is equal for all of them provided that the geometry and
material properties, thus Fg, for all are the same. For the trailing
wall, only Fy, is acting as the friction force and as a result, it has a
lower lateral resistance compared to the leading and intermediate
walls. If the walls in the system have different geometry or mate-
rial properties, the slip force for each one can be separately derived
by following the same procedure with different h and b for each
one of them.

Note that the slot length for SFJs has to be twice as it is for the
SFHs for the reason that they are designed to slide in both upward
and downward directions while SFHs are supposed to move only
upward. In other words, if the centre plate in a SF] moves upward
in one direction of rocking, in the opposite direction, it stays still
whilst the outer plates are dragged downward by the friction bolts.
Fig. 6(b)-(d) shows the position of the centre plate and the friction
bolts before and after rocking.

Since the elastic lateral deformation of the timber walls itself is
much lower than the lateral displacement due to the sliding of the
connections (see Table 2), it can be neglected. Accordingly, the slot
length for all SFHs (S) and SF]s (2S) for each wall can be determined
by Eq. (3) with respect to the required lateral displacement (A)
(see Fig. 6(a)). If the walls have different geometry, the slot lengths
for the connections within each one of them should be calculated
separately.

b
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Fig. 6. Coupled timber wall system: a) Acting forces and rocking movement b) Position of the centre plate and the friction bolts before rocking c) Position of the centre plate
and the friction bolts after rocking in one direction d) Position of the centre plate and the friction bolts after rocking in the opposite direction.
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4. Numerical modelling of coupled timber walls with slip
friction connections and nailplates

The method which has been developed by the authors for
numerical modelling of coupled timber walls with slip friction con-
nections is described here. To model the hysteretic behaviour of
the slip friction hold-downs in the SAP2000 software package
| 26], different link elements have been employed [15]. For SFHs,
a multi linear plastic link with a kinematic hysteresis is used to
represent the hysteretic behaviour of a symmetric friction connec-
tion without stiffness degradation through the cycles of loading
and unloading. A gap element (with zero gap) is employed to pre-
vent the connection from moving below the base. Additionally, a
hook element is considered to restrict the maximum displacement
to the calculated slot length.

A similar method is used to model the SFjs. However, because
the upward and downward displacements of the SFjs are equal
in both rocking directions, the connection is allowed to positively
and negatively deform through gap and hook elements. For CLT
walls, layered shell element is employed to model a five layer sec-
tion with three longitudinal layers in the vertical direction. The
standard material properties of MSG8 timber is used for each layer
as indicated in Table 1. For the LVL panels, standard linear shell ele-
ment is employed (Fig. 7).

To compare the efficiency of the proposed system as a low dam-
age option with a similar system including common available

Timber coupled wall system numerical assembly:

(1) Slip friction hold-downs:
Multi Linear Plastic Link
Gap
Hook

(2) Slip friction joints:

Multi Linear Plastic Link
Gap
Hook

(3) Cross laminated timber:

Nonlinear layered shell
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metal connections (as a high damage solution), another series of
numerical models is also developed for coupled timber walls with
nailplates in lieu of SFHs and SFJs. In other words, slip friction con-
nectors are replaced with equivalent nailplates to compare the
seismic performance of the two options.

In 2012, Loo et al. proposed a methodology for the numerical
modelling of nail-slip behaviour [14] based on the use of
hysteretic parameters obtained from previous test data [27]. In
this study, an analogous methodology has been adopted to
model the nailplate connections with the same capacity as their
equivalent slip friction connections. The developed model is
similar to the one in Fig. 7 but with the slip friction link
elements replaced by nailplate link elements. The timber ele-
ments for both models are identical. For the multilinear plastic
link, a pivot hysteresis has been selected representing the stiff-
ness degradation of the nails under the cycles of loading and
unloading. In Fig. 8, the hysteretic curves obtained from the
developed numerical model for a nailplate hold-down comprised
of twelve nails with 4 by 60 mm dimensions are compared with
the experimental data [12].

5. Cyclic response of timber coupled wall system

It should be admitted that there is a higher level of interest in
the use of CLT in design and construction of multi-storey
timber buildings compared to LVL. However, owing to the higher

Fig. 7. Numerical model for a coupled timber wall system with slip friction connections.
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Fig. 8. Force-displacement curve for a naiplate hold-down: a) Numerical model b) Experimental data (Garvic et al. [12]).
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Table 3
Configuration of the model wall systems.

Item Value
51 52
> | |

Arﬁngement ar Var | ar
L m [ll I

Total height 6000

Width of the leading wall 1200

Width of the intermediate wall 1200

Width of the trailing wall 1200

Thickness 200

Millimetres for all dimensions.

Table 4

Slip force calculations for the friction connections,
Item Value

51 52

Self-weight of the side walls 7.6 6.35
Self-weight of the intermediate wall 7.6 12.24
Gravity loads on the side walls 30 25
Gravity loads on the intermediate wall 30 40
Fy for the side walls 54 32
Fy; for the intermediate wall 54 127
Number of joints between the adjacent walls 3 3
F 8 13.33
Required lateral drift 4% 4%
Ultimate displacement 240 240
Slot length (S) for the side walls 48 40
Slot length (S) for the intermediate wall 48 64

Millimetres for all dimensions.
kN for all loads and forces.
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Fig. 9. Displacement-control loading regime for the quasi-static analyses.
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Fig. 11. Comparison of the dissipated energy for the 51 system with different
connectors.

resistance of LVL, it may have a potential in hybrid CLT-LVL wall
applications. This is more important when the architectural limita-
tions enforce the designer to keep the member sizes under a cer-
tain level. The specifications of the two numerically investigated
coupled wall arrangements are presented in Table 3. The 51 system
is comprised of three identical CLT walls (CO5 model in Table 2)
while the S2 system includes two CLT side walls (CO6 model in
Table 2) and one LVL intermediate wall (LO1 model in Table 2).

For the S1 model, all SFHs are identical and the slip threshold
for them is determined with respect to Table 1 and Eq. (2). For
the S2 system, the slip forces are calculated in the similar way
but this time the calculated Fy for hold-downs are different for
CLT and LVL walls because of the different characteristics of the
wall panels. Three SFjs are positioned between any two adjacent
walls for both systems and their slip force is specified by Eq. (2).
The resultant forces are provided in Table 4. Note that for both
systems, an intentional 10 mm gap is considered between any
two walls in to avoid any undesirable frictional resistance due to
a possible panel to panel contact.

The modified 1SO16670 loading protocol for reversed cyclic
tests for shear resistance of vertical elements (Fig. 9) was adopted
for the quasi-static analyses | 28], The only modification is that the
120% of the ultimate displacement which is recommended by the
protocol is ignored here. This is because the slot length of all slip
friction connections is determined in accordance with the required
ultimate displacement (Eq. (7)) and all timber elements are meant
to represent rigid bodies during rocking. Considering 4% lateral
drift for all simulations, the ultimate displacement at the top of
the walls has been limited to 240 mm.

Force (N)

Force (N)

Displacement (mm)
(a)

Fig. 10. Hysteresis curves for the 51 system with: a) Slip friction connections b) Nailplates.

Displacement {(mm)
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Fig. 13. Comparison of the dissipated energy for the 52 system with different
connectors.

Fig. 10 compares the cyclic behaviour (applied force at the top
against the base shear) of the S1 model with slip friction connec-
tions with a similar model with nailplates. Fig. 10(a) readily
demonstrates that the 51 system with slip friction connections
maintained its strength through several cycles of loading and
unloading. Furthermore, the maximum lateral force within the

......... Nailplate
Slip friction

Time (Sec)
(a)

Fig. 14. Force in the middle wall's hold-down for: a) 51 system b) 52 system.

Force (N)
%

Displacement (mm)
(b)

Fig. 12. Hysteresis curves for the 52 system with: a) Slip friction connections b) Nailplates.

system is kept under a certain level which makes the designer
capable of predicting the behaviour of the system at a targeted
lateral drift.

The quasi-static simulation on the S1 system with nailplate
connections (Fig. 10(b)) clearly shows that the connection layout
governs the cyclic behaviour of a coupled wall system. The
hysteretic loops are found to evidently exhibit the “pinching”
behaviour in addition to large inelastic deformations. It can be seen
as the displacement increases, the stiffness of the system expedi-
tiously deteriorates.

Fig. 11 compares the cumulative absorbed energy for the S1
system with different connectors. It is observable that the wall
system with nailplate connections reached in relatively higher
resistance, nevertheless, on the ground of severe stiffness
degradation, its absorbed energy is much lower than the one with
slip friction connections. It should be emphasised that for the
system with slip friction devices, the higher rate of damping is
provided without any substantial damage. This is the key charac-
teristic of a low damage system such as the one which has been
introduced by the authors.

Fig. 12 illustrates the quasi static response of the S2 system sub-
jected to the displacement control load protocol in Fig. 9. Similar to
the S1 system, it can be seen that the system with slip friction

- Nailplate

Force (N)

Time (Sec)

(b)
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connections demonstrated a stable quadrangular cyclic behaviour
while the classic “pinching” phenomena is observable for the
system with nailplates. Note that this phenomena causes non-
recoverable crushing in the wood fibres which is exceedingly
unfavourable for a low damage seismic solution. In comparison
to the 51 system, the maximum forces (for both connection
layouts) is relatively higher owing to the premier lateral elastic
resistance, therefore higher slip force, for the intermediate LVL
wall.

Similar to the S1 system, the cumulative absorbed energy for
the 52 system with slip friction connections is notably higher than
the one with nailplates (almost 4 times). This significant difference
can be attributed to severe rate of stiffness degradation in the nail-
plates which drastically reduces the area bounded by the hys-
teretic loops (see Fig. 13).

In Fig. 14, the force in the slip friction hold-down of the middle
wall for both S1 and S2 systems is compared with the force in the
equivalent nailplate. It can be seen that the maximum forces
within the slip friction connections (which affects the wall) is lim-
ited to the slip threshold of the connections (54 kN and 127 kN for
S1 and S2 systems, respectively). However, for the nailplates, the
maximum forces are as high as 117 kN for S1 system and 302 kN
for the 52 system. These relatively higher forces cause pinching
phenomena accompanying by irrecoverable damage to the nails
and also crushing in the timber.

6. Seismic response of coupled timber walls
6.1. Timber coupled walls under earthquake loading

In this section, the seismic response of the introduced timber
coupled wall systems (51 and S2) with slip friction connections
are compared to those with equivalent nailplates. A seismic mass
of 11,000 kg are assigned to all walls in the S1 model at two eleva-
tions up the height of the walls (top and middle). For the 52 sys-
tem, seismic masses of 7000kg to the CLT side walls and
13,000 kg to the LVL middle wall have been assigned. The slip
thresholds of 76 kN and 102 kN are respectively determined for
the S1 system and the S2 system by following the procedure
described in Section 3.

Four conventional time-history acceleration records were cho-
sen for the earthquake loading. In accordance with NZ51170 [29],
each record was scaled to match the Christchurch 2500 year return
period for Maximum Credible Earthquake (MCE) and 500 year
return period for Ultimate Limit state (ULS). A type C soil (shallow
soil site) was selected for ground motion scaling. Scale factors were
determined with regards to numerically obtained fundamental
period of 0.37 s for the S1 system and 0.31 s for the S2 system.
The fundamental frequencies were determined as 2.68 Hz and
3.16 Hz, respectively. The scaled peak ground motions for both sys-
tems are presented in Table 5. An equivalent viscous damping of 2%
was adopted for all modes of vibration to represent a massive tim-
ber structure [30].

Table 5
Earthquake records and scaling [31].
Event Year PGA  Scaled Scaled Scaled Scaled
(g) PGA PGA PGA PGA
(ULS) for (MCE) (ULS) for (MCE)
s1 for 51 s2 for 52

El Centro 1940 0313 0251 0.407 0251 0.407
Northridge 1954 0231 0278 0.508 0303 0531
Kobe 1995 0.821 0.246 0.575 0.325 0.655
Christchurch 2011 0438 0219 0.526 0.262 0.569

6.2. Force-displacement behaviour

Considering the lateral stiffness of the system as a damage
index, Fig. 15 clearly demonstrates that the S1 system with nail-
plates suffered from large amount of stiffness degradation (thus
significant inelastic damage) while in case of slip friction connec-
tions, the initial stiffness remained almost intact and the systems
approximately exhibited elasto-perfectly-plastic behaviour with
nearly square shaped force-deformation loops. For the S1 system
with nailplates, some elastic behaviour is noticeable in the first
cycles of excitements for El Centro and Northridge events. Never-
theless, the system incurred significant damage at the end. For
Kobe and Christchurch events, less elastic behaviour is noticeable
and the system experienced prompt decline in strength just after
a few cycles and the extensive loss of stiffness resulted in relatively
large displacements.

Despite the acceptable rate of energy absorption of the coupled
wall systems with nailplates (which is however lesser than those
with slip friction connections) they cannot be comparatively con-
sidered as reliable since the nails would almost certainly need to
be replaced after a severe seismic event mainly because of the
drastic reduction in their characteristic strength.

The seismic response of the S2 system with nailplate connec-
tions is similar to the S1 one. However, a higher lateral resistance
is achieved that can be attributed to the high contribution of the
middle LVL wall to the total lateral resistance of the system
(Fig. 16). In other words, the stiffer middle wall with greater funda-
mental frequency (and higher slip force) predominantly governs
the seismic response.

Both S1 and 52 systems with slip friction connections per-
formed as expected under MCE loadings. They maintained their
lateral stiffness to end of the seismic event. This means the connec-
tors remain operational and a structure built with these devices
can quickly be reoccupied even after a severe earthquake.

Lateral resistance of the systems were restricted to the certain
level which can be determined by the formulas in Section 3. The
S2 system behaves in a very similar manner to the S1 one. How-
ever, the hysteretic loops for S1 under all load cases contain lower
shear forces compared to the 52 curves. Likewise, the superior con-
tribution of the centre LVL wall is likely to be the main reason for
that.

6.3. Maximum and residual displacements

The maximum horizontal displacements at the top of the wall
systems are shown in Fig. 17. In accordance with NZ51170.5, the
maximum deformation limit of 2.5% is the reference upper bound
applicable to the ultimate limit state (1/500 annual period of
exceedance for ordinary structures) for all buildings. This limit is
imposed to minimise the probability of any instability in a struc-
tural system. For the conventional buildings under the MCE (with
a 1/2500 annual period of exceedance), the deflection limit is rec-
ommended to be increased to 3.75% [29] to represent the near col-
lapse limitation. These deformation limits are indicated in Fig. 17.

Fig. 17 shows that both S1 and 52 systems with nailplate con-
nections have met the criteria for the ultimate limit state drift
threshold (2.5%). For the systems with slip friction connections,
the criteria is satisfied for all cases except for the Christchurch
event for the S2 system which the difference is within 5% and
can be considered as acceptable. For MCE events, none of the sys-
tems with nailplate connections reached the threshold. However,
for the S1 system with slip friction connections under the Kobe
event, the lateral displacement met the drift limit as it is almost
3.75%. For the S2 system, it is slightly beyond the limit. Neverthe-
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less, the variation is within 5% and it can be considered as satisfac-
tory. In general, the systems with slip friction connections (the low
damage solution) have shown more flexibility compared to the
high damage systems with traditional nailed connections.

Fig. 18 illustrates the horizontal residual displacements. The
worst case is for the Christchurch event which is 27 mm (0.45%
drift) for the S1 system and 39 mm (0.65% drift) for the S2 system.
For the other load cases, the residual displacement is under 20 mm
(0.3% drift). It should be noted that the residual drift (representing
the self-centring behaviour) is highly dependent on the vertical
loads and greater vertical loads compared to those in the models
presented in this paper are highly probable in real structures.
Therefore, even lower residual drifts can be expected for a real sit-
uation. In other words, to achieve a self-centring system, a bal-
anced relation between the total slip force and the vertical loads
should be aimed for.

7. Conclusions

The potential for structural systems with prefabricated mem-
bers in seismic applications has significantly increased in the last
two decades due to the introduction of jointed ductile coupled
walls. In this system, two or more single prefabricated walls are
connected to each other with special energy dissipative connectors
along the vertical joints. In a seismic event, the walls are allowed to
rock restrictedly at the base and then return to their initial
position.

In this study, the application of passive sliding friction dampers
(slip friction connections) in coupled timber walls is introduced. A
new configuration comprised of symmetric slip friction devices as

hold-down connectors and also as vertical joints between the adja-
cent walls were presented. To compare the seismic performance of
the proposed system with the conventional timber wall systems,
another series of numerical models were developed with the slip
friction connections replaced with equivalent nailplates.

The results of the numerical analyses evidently proved that the
slip friction connections can notably improve some aspects of the
seismic performance of coupled timber walls. The quasi-static cyc-
lic simulations showed that the systems with slip friction connec-
tions efficiently limit the stresses in the timber members below a
certain level thus protecting them from non-repairable inelastic
damage. From the dynamic time-history analyses, it can be noticed
that the earthquake performance of coupled timber walls will sig-
nificantly be improved by replacing the traditional nailed connec-
tions with slip friction devices. Under the selected earthquake
loadings, the wall systems with nailplate connections incurred sig-
nificant inelastic damage while the same systems with slip friction
devices, were able to avoid those notable inelastic deformations
while maintaining their stiffness during the seismic event.

Overall, the results represent the potential for a highly damage
avoidant structural system in timber buildings. The coupled walls
with slip friction connections exhibited considerably lower stiff-
ness degradation, extremely more stable hysteretic behaviour
and significantly higher rate of energy absorption. They remain
operational even after a severe seismic event. Thus a structure built
with connectors can be quickly reoccupied and business disruption
is minimised.

Further experimental investigations are required to confirm the
efficiency of the proposed system in real applications and to iden-
tify its potential limitations.
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While structures with conventional lateral force resisting systems are designed to meet the life safety criteria for
the residents during and after a seismic event, they are allowed to tolerate the expected structural damage. This
damage might be because of the residual displacements after the earthquake or the lack of ductility in the system.
Despite the fact that the allowable damages are intended to be repairable, however, in most cases the repairs are
highly uneconomical. A self-centring hybrid steel-timber rocking core wall system (SC-RW) is developed to pro-
vide sufficient ductility in addition to a significant amount of energy dissipation while it limits the residual drift
and the associated damage. This system is comprised of one or more rocking cross laminated timber (CLT) walls
with slip friction connections as the main lateral resisting system and steel beams and columns to resist against
gravity loads, Horizontally oriented post-tensioned strands through the beams provide additional moment resis-
tance at the beam-column interface to re-centre the structure after the earthquake. The efficiency of the proposed
system is investigated under cyclic and seismic loading regimes, Furthermore, a preliminary displacement based
design approach for a SC-RW system is introduced. Dynamic time-history simulations confirm an excellent be-

Steel strands

haviour in terms of drift capacity, residual displacement and peak roof accelerations.
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1. Introduction

Structural walls provide excellent seismic resistance and are com-
monly used as the main lateral resisting system in buildings. During
the past seismic events, these walls were found to represent superior
seismic performance compared to other alternative structural members
| 1-3]. Those walls constructed with prefabricated components have ad-
ditional advantages including offsite fabrication, improved quality and
speed of construction. During the 1994 Northridge earthquake, several
commercial precast parking structures experienced significant damage
|2], however, this damage was mainly because of incompatibilities be-
tween the lateral and gravity resisting systems and no considerable
damage was observed in the walls themselves. Furthermore, during
the 1995 Kobe earthquake, precast concrete buildings with structural
wall systems performed well with negligible post-earthquake damages.

Recently, there has been an extensive interest towards the design
and construction of multi-story timber structures with engineered
wood products such as Cross Laminated Timber (CLT) and Laminated
Veneer Lumber (LVL) panels. However, the application of these prod-
ucts in seismic regions as the primary lateral resisting system was lim-
ited firstly due to the lack of information about their seismic
behaviour, secondly the subsequent restrictions imposed by the design
codes and thirdly because of their non-ductile behaviour which leads to

* Corresponding author.
E-mail address: ahas439@aucklanduni.ac.nz (A. Hashemi),

hitp://dx.doiorg/10.1016/ jcsr.2016,07,022
0143-974X/© 2016 Elsevier Ltd. All rights reserved,

relatively high response accelerations. During the large-scale experi-
mental investigation of a seven story building made of CLT panels with-
in the SOFIE project, accelerations as high as 3.8 g were recorded [4].
Despite the fact that these accelerations may be acceptable for human
health, they are uncomfortable and unpleasant for the habitants. As an
important outcome of the SOFIE project, other research studies were
commenced in order to mitigate the earthquake damage by developing
new solutions to absorb the seismic energy and decrease the ensuing re-
sponse accelerations.

This study seeks to develop an innovative steel-timber rocking core
as the main lateral force resisting system to efficiently lessen the post-
earthquake damage. This system includes supplementary slip friction
dampers to dissipate the seismic energy along with high strength
post-tensioned steel strands through the beams to self-centre the struc-
ture after the earthquake. The efficiency of this system is inspected
through displacement control quasi-static analyses. Furthermore, a dis-
placement based design approach is introduced to design the system in
accordance with the induced seismic loads. Finally, the designed system
is subjected to dynamic time-history simulations to investigate its seis-
mic performance in terms of provided ductility, self-centring capacity
and the peak roof accelerations.

2. Research background

Rocking mechanism for earthquake protection dates back to the
Greek era, where segmental construction of columns led to gap opening
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at the joints when exposed to seismic activity. However, it was not until
1950s that it had been studied for application in seismic resistant struc-
tures. Housner is recognized as the first researcher to investigate the
rocking behaviour to describe why many slender and tall structures sur-
vived the 1960 Chilean earthquake [5]. Palermo et al. proved that utiliz-
ing the "controlled rocking” concept in bridge systems is an effective
alternative for the traditional systems |6]. The possibility of accommio-
dating the inelastic demand at the specific elements (mild steel bars
in that case) when rocking takes place, led to a significant damage re-
duction in the pier component. Ma et al. proposed simplified mathemat-
ical expressions derived from the equation of motion [7]. As a practical
example of the application of rocking behaviour in seismic resistance
structures, the South Rangitikei rail viaduct in New Zealand can be men-
tioned [8,9]. That structure was designed to allow for rocking of the
piers on the pile cap which resulted in notable decrease in the base
shear demand.

Henry et al. proposed the PreWEC system (precast concrete wall
with end columns) for earthquake resistant structures [ 10]. This system
comprised of single or multiple precast concrete walls attached to end
columns with special energy dissipative connectors. The efficiency of
the proposed system has later been validated by experimental tests
[11]. Igbal et al. studied the application of U-shaped Flexural Plates
(UFPs) as supplementary damping devices in post-tensioned LVL tim-
ber coupled rocking walls [ 12]. The system had later been experimental-
ly investigated and a design procedure was proposed |13]. Sarti et al.
tested coupled LVL walls with UFP connectors and also with fuse type
damping devices at the base of the walls [ 14]. The results was promising
in terms of energy dissipation rate and the residual damage.

Loo et al. introduced the application of symmetric slip friction hold-
downs for LVL rocking timber shear walls [15]. A symmetric slip friction
hold-down offers a bidirectional hysteretic behaviour results in efficient
energy dissipation. Furthermore, it provides constant resistance force
against the overturning moment. The proposed configuration had
later been experimentally tested and demonstrated a stable hysteretic
behaviour which is the key characteristic of a low damage system | 16].

After the Northridge earthquake, multiple new concepts for steel
frames were developed which were intended to lessen the onsite
welding as much as possible and also to avoid high inelastic deforma-
tions caused by the yielding of the members [ 17]. Ricles et al. proposed
an alternative moment connection for steel structures with significant
reduction in residual damage in the beams and little remaining lateral
drift after an earthquake [18]. In the proposed concept, high strength
steel strands are employed to self-centre the structure, Additionally,
the inelastic deformations were localized at the connections by the
opening of the gap in the beam-column contact surface. This concept

SC-RW system components:

(1) Foundation

{2) Rocking timber wall

(3) Slip friction hold-down (SFH)

(4) Slip friction joint (SFJ)

(5) Steel floor to wall connection

(6) Post-tensioned beam-column connection
(7) Steel beam

(8) Gravity steel column

o—|

was further developed by several researchers on account of its simplic-
ity and excellent behaviour under quasi-static and dynamic loads in
terms of stiffness, strength and deformation capacity. Garlock et al. in-
troduced a step by step design approach for steel PT frames based on
the lateral applied forces [19]. Tsai el al. designed and tested four PT
steel moment frames under cyclic loads [20]. They reported stable and
efficient performance providing that the lateral drift is under 5%. Kim
et al. combined the PT frames with frictions dampers installed on the
top and bottom flanges of the beams [21]. The experimental results ex-
hibited stable cyclic response, insignificant strength degradation and al-
most no residual drift. Lin et al. developed and tested a full scale PT steel
moment frame with friction dissipative devices attached to the bottom
flange of the beams [22].

Most of the previously developed self-centring mechanisms for hy-
brid rocking walls were focused on the application of vertical post-ten-
sioned cables up the height of wall while they are anchored to the
foundation. Although this system demonstrated a promising self-
centring behaviour, however, the relaxation of the cables because of
the imminent creep in the wood lessens the efficiency of the system
|23,24]. This study presents an alternative low damage rocking core
wall system that can efficiently absorb the seismic energy through slip
friction damping devices. Additionally, the system is able to accommo-
date the uplift and rotation incompatibility at the floor to wall connec-
tion which might cause a substantial damage to the floor diaphragm.

3. Self-centring Rocking Wall (SC-RW) system with friction dampers

In this paper, a novel system consisting of rocking timber walls with
slip friction damping devices and beam to column post-tensioned con-
nections is proposed. As Fig. 1 shows, the Self-centring Rocking wall sys-
tem, referred in short as SC-RW system, is comprised of different
structural components: (i) rocking timber walls which normally are
massive wooden panels such as Cross Laminated Timber (CLT) or Lam-
inated Veneer Lumber (LVL) (they are the main lateral load resisting el-
ements in the system) (ii) slip friction connections which connects the
wall to the base and to the adjacent walls or columns (these connections
absorb the energy through sliding) (iii) special steel beam (or floor) to
wall connection which transfers the horizontal loads from the dia-
phragm to the walls yet is isolated from relative vertical movement be-
tween the floor and the rocking wall. These connections can
accommodate the displacement incompatibility between the floors
and the walls during rocking (iv) steel columns designed to resist the
gravity loads transferred through steel beams (they are pin jointed to
the base) (v) post-tensioned connections between the beams and

Fig. 1. General arrangement of the SC-RW system.
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columns to re-centre the structure by the generated moments due to
gap opening in the connection and elongation of the strands.

While there is no limitation on the panel length, however, it is rec-
ommended that the aspect ratio of the panels be restricted to minimum
value of 2.0 to ensure the flexural behaviour is the dominating mecha-
nism [11]. When wider walls are required, two or more walls can be
used with or without steel columns between them. In that case, dissipa-
tive friction devices can be placed between any two adjacent panels.

Fig. 2 displays the details of each component within the SC-RW sys-
tem. An assemblage introduced and tested by Loo et al. for LVL rocking
walls is employed in the system for the Slip Friction Hold-downs (SFHs)
[15,16).

In the SFH, the outer plates are clamped down on the centre slotted
plate with Belleville washers (conical disc springs). When the imposed
axial force to the SFH dominates the frictional resistance between the
two clamped surfaces, the centre plate starts to move and the energy
will be absorbed by friction through cycles of sliding (see Fig. 2(a)). A
symmetric force-displacement behaviour for SFHs is considered to min-
imize the stiffness degradation. By that, the friction bolts are in tension
only. This is different from the asymmetric configuration where bolts
are in tension and shear |25]. Refer to | 16] for more details about the dif-
ferences between the symmetric and asymmetric slip friction

SFHs:

(1) Slotted centre plate

(2) Outer plates

(3) Friction bolts with Belleville washers through the
slotted plate and the outer plates

(4) Fixed boli(s) (for symmetric configuration)

(5) Foundation

31

PT connection

(1) Steel beam

(2) Reinforcing plate

(3) Shear slotied plate

(4) Bearing plate

(5) Steel column

(6) Column stiffener

(7) High strength post-tensioned strands

203

connections. A similar arrangement is assumed for the slip friction joints
(SHs). SFJs are installed between the wall panels and columns or be-
tween the adjoining panels. Similar to the SFHs, three plates are bolted
and clamped together with Belleville washers in a manner that the cen-
tre slotted plate is attached to the wall with a steel flange and the two
outer plates are connected to the column (or the other wall). When
the vertical force at one direction exceeds the frictional resistance be-
tween the two surfaces, the centre plate starts to move and energy
will be dissipated over the joint. In the other direction, the centre
plate remains still and exterior plates will be dragged along by the
bolts (see Fig. 2(b)). The slip threshold for SFH or SF] is given by Eq.
(1) where i is the coefficient of friction between the two surfaces, ny
is the number of friction bolts and Ty, is the tension force in each bolt.
Faip =24, Ty, (n
When uplift occurs at the foundation of a rocking wall, the floor dia-
phragms are not able to accommodate this uplift if they are rigidly con-
nected to the wall. In such case, floors are subjected to severe inelastic
damage which significantly influences the seismic performance of the
structure [26,27]. In recognition of this issue, the connection between
the wall and the floor has to be designed to mitigate the displacement

(b)

SFls:

(1) Slotted centre plate, connected to one wall

(2) Outer plates, connected to the opposite adjacent wall
(3) Friction boli(s) with Belleville washers through the
slotted plate and the outer plates

(4) Embedded flanges, fixed to the wall

(5) Fixed bolt(s) (for symmetric configuration)

(d)

Special steel beam to wall connection [26]:

(1) Slotted steel plate (connected to the wall)

(2) Slotted steel plate (connected to the beam or the
floor)

(3) Round-square-round steel dowel

Fig. 2. The components of the SC-RW system: a) slip friction hold-down {SFH) b) slip friction joint (SF]) ¢) beam to column post-tensioned connection d) steel beam to wall connection.
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incompatibility. It has to be able to transfer the horizontal forces from
the floor (or the beam) to the wall while it de-couples the diaphragm
from the rotation and uplift of the wall. The behaviour of the wall should
be predictable and any damage to the floor diaphragm should be
prevented. Moroder et al. experimentally investigated the behaviour
of seven different floor to wall connections in timber structures subject-
ed to lateral loading |26]. The seven different types of tested connec-
tions were: two types of bolted connections with different
arrangements, external timber blocks pushing against the edge of the
wall, two types of round steel pin, a steel comb with slotted holes and
a steel to steel connection with a round-square-round steel dowel in a
slotted hole. Although each option represented various advantages
and drawbacks, the last configuration exhibited the best results in
terms of the relative rotation between the beam and the wall and also
the relative vertical movement between the beam and the wall. No ro-
tation and/or displacement incompatibility between the beam and the
wall is observed and the system strength remained almost unaltered
during the cyclic tests. In this configuration, a 40 mm diameter round-
square-round steel pin in a slotted hole was used. The slotted hole in
the wall was designed in way that when the wall rocks, the square-
shaped part of the pin was able to vertically slide in the hole to accom-
modate the mentioned vertical displacement and rotation incompatibil-
ity between the beam and the wall. (see Fig. 2(d)). This configuration is
considered as an effective solution for the wall to floor connection with-
in the introduced SC-RW system as its efficiency has been experimen-
tally validated.

Fig. 2(c) schematically illustrates the post-tensioned connection
within the proposed concept. The PT beam-column connection consists
of a vertically oriented slotted plate welded to the column flange and
bolted to the beam web to transfer the shear forces. The slot length is
determined to accommodate the horizontal displacement which is the
result of the gap opening in the connection. The PT strands run parallel
to the beam across single or multiple bays. The reinforcing plates are at-
tached to the outside surfaces of the beam to inhibit yielding near the PT
strand holes [22]. In this system, rocking walls are the main lateral
resisting elements and PT strands provide sufficient resistance to re-
centre the structure.

4. Cyclic behaviour of the SC-RW system with slip friction
connections

The acting forces on a SC-RW system with one rocking wall are
shown in Fig. 3. On the brink of rocking, taking the moments about

Steel Boam

. - .

X 3
e

b

(a)

the rocking point, the gross force at the top of the wall (F,), which trig-
gers the movement in the system, can be calculated from Eqgs. (2) and

(3).

b
Ftip—torat = (Fiy + ):FJ)T (2)
Wb My
Fa = Futip—totat + =5+ —,.;& (3)

where Fip-rorat i5 the applied force at the top of the wall which over-
comes the frictional resistance of the dissipative devices, Fy is the slip
friction hold-down force, F; is the slip friction force for the joints be-
tween the wall and the columns (or between the adjacent walls), W is
the self-weight of the wall and Mp,; is the gross resisting moment of
the all PT joints in the system (There are two of them in this case). As-
suming the top of the beam as the point of rotation and the middle of
the beam's depth as the centroid of the PT strands, the moment capacity
of a PT connection can be determined by Eq. (4) [22].

My = Fppid (4)

where Fy,; is the initial post-tensioning force in the strands and d is the
distance of the centroid of the strands from the point of rotation which
is equal to the half of the beam depth. For the SC-RW system in Fig. 3,
two PT joints are acting; thus, the total resisting moment in the system
(Mp) is the sum of the induced moments in the two joints (see Fig.
3(b)). Note that Fig. 3(c), (d) schematically show the beam to floor con-
nection in the proposed concept before and after rocking. This configur-
ing is adopted from the one described in Fig. 2(d) with the timber beam
replaced with the steel beam.

If the initial PT force in the strands (Fyy,;) is set equal to (2= —
Y2, the hysterestic loop of the proposed system has five phases.
Under the lateral loading, each beam-column connection has an initial
stiffness similar to a rigid connection because of the moment capacity
of the PT strands (Eq. (4)). When the applied lateral force (P) overcomes
the sum of these moments (Mp;), the decompression of the beam
flange from the column face is initiated (end of phase 1 in Fig. 4). As
the applied force increases, the rocking movement of the wall (and
the rotation of the connection) is resisted by the slip friction devices
and the self-weight of the wall until the applied force negates them
(end of phase 2 in Fig. 4). The gap opening in the PT joint is imminent
once P is equal to 2Fgp-gor Which is the sum of provided resistances

a
Afﬂl,fzﬂ

[1]

S ——

(b)

Fig. 3. A SC-RW system with a single rocking wall: a) before rocking b) after rocking ¢ ) beam to wall connection before rocking d) beam to wall connection after rocking e) gap opening in

the post-tensioned beam-column connection,
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Fig. 4. Schematic hysteretic loop of a SC-RW system.

by the PT connections, the slip friction devices and the self-weight of the
wall (Phase 3 in Fig. 4). In this phase, the stiffness of the connection de-
pends on the elastic stiffness of the PT strands. As the applied load rises,
the elongation of the strands generates an additional resisting force
until the point with the ultimate lateral drift (end of the phase 3 in Fig.
4). Analytical and experimental studies of by Iyama et al. [28] and
Wolski et al. [29] indicated that the moment (and resultant force) in a
PT beam-column system with friction dampers in 2.5% of rotation is ap-
proximately 50% higher than the moment immidiately before the gap
starts to open. It should be emphasized that the yielding of the strands
should not happen before this point. Experimental investigations of
Lin et al. showed that the stands can normally stay in the elastic region
for 2.5% to 4% rotation in the PT joint [ 22]. The produced force by the PT
strands can be calculated as follows [19,22]:

Fpr = Fpej + 0dKpr—joint (5)
and

e I ks kb
kpr—joint = &tk (6)

where, # is the rotation at the joint. kpr—joum. ks and ky, are respectively
the total axial stiffness of the PT joints, the axial stiffness of the strands
and the axial stiffness of the beam (i.e., AE/L). During the unloading at
phase 4, the moment contribution of the PT connection changes the di-
rection of the rocking wall as a result of a reversal friction force. In phase
5, the lateral displacement reduces to zero and the beam flange returns
in contact with the column. A similar loop is expected in the opposite di-
rection providing that the PT strands remain elastic and the preserved
PT force will re-centre the system upon unloading.

The SC-RW system in Fig. 3 was modelled in SAP2000 |30] with the
assumed specifications in Table 1. The five layer CLT wall was modelled
using the layered shell element with three longitudinal layers of stan-
dard MSG8 sawn timber boards and two transverse layers of MSG6
boards. The mechanical properties of CLT are specified in Table 1 [31]

Table 1
Material properties of the CLT,

Element Ey Ee Ef Wy vn VYo Vm  ¥Vm  Ver

8000 363 363 02 0018 015 0018 021 018

Longitudinal layers
(MSGB*)

Transverse layers
(MSG6™)

E = Elastic Modulus.

¥ = Poison’s ratio,

MPa for all modulus.

* MSGS8 and MSG6 refer to grade 8 and grade 6 machine graded sawn timber, respectively
(31}

6000 272 272 0.15 0.015 015 0015 015 015

where L, R and T axes refer to z, y and x global axes in the model (see
Fig. 5(a)). To optimize the efficiency of CLT wall applications, wall ele-
ments have been placed with their outer layers parallel to the gravity
loads.

The maximum tolerable horizontal force applied at top of the wall
(providing that all of the timber boards within the CLT panel remain
in the elastic region ) was found as 65 kN from a numerical analysis sim-
ilar to the one in Fig. 10 [15,32]. The sliding threshold for the slip friction
devices (SFHs and SFJs) are determined in such the slippage starts be-
fore the applied load at the top exceeds 65 kN (see Eq. (2) and Table
2). Considering the self-weight of the wall W = 19 kN, Fyjp_rorat =
60.25 kN is accordingly determined. Assuming the initial PT force in

the strands Fp,; = 3310 kN (equal to (-F-’—‘P;ﬁ!'i- %)), the gap opening
starts when the applied load is 120.5 kN (2F;gp.oem) Which is the start of
phase 3 in Fig. 4. Note that since two PT joints are acting, the resultant PT
forces were divided by two in the numerical model.

The SFHs were simulated using a multi-linear plastic link with a ki-
nematic hysterestic type (which does not allow stiffness degradation)
in addition to a gap element with zero initial gap representing the
base level which the wall is not allowed to move below. A hook element
is considered as well to restrict the maximum displacement of the hold-
down. The SFjs were modelled similarly but the initial gap was set equal
to the slot length as the connection is allowed to symmetrically move
upward and downward. Hence, the slot length of the SFJs are twice as
the SFHs. This numerical approach for modelling of the slip friction con-
nections has been experimentally validated by Loo etal.|15,16,33]. The
slot length (s) is specified in accordance with the required lateral drift
and the geometry of the wall (see Fig, 3(b)).

Table 2

Specification of the numerical model of the 5C-RW system.
Item Value
Height of the wall G000
Width of the wall 3000
Self-weight of the wall (W) 19
Fu . 60.5
Number of the joints between the wall and the column 6
F 10
Column section BOX2204 220+ 16
Beam section IPE200
Gravity distributed load 20
Fongetotat 60.25
Fpy 3330
Slot lentgh for the SFHs 1125
Slot lentgh for the 5F]s 225

Millimetre for all dimensions,
kN for all loads and forces.
N/mm for the stiffness and distributed loads.
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Fig. 5. Numerical model for the SC-RW system: a) numerical assembly b) schematic SFH hysteresis c) schematic SF] hysteresis d) PT strands hysteresis,

A multi-linear rotational elastic link is employed to simulate the PT
strands in the beam-column connection. This type of element is selected
to represent the bi-linear elastic moment-rotation behaviour of the
beam-column PT connections [18,21,22,28,29] (see Fig. 5(c)). The pre-
stressed moment for each of the two PT joints is 165.5 kNm and the stiff-
ness of the second line within the link is specified in such the moment at
2.5% of rotation is 50% higher than the pre-stressed moment (see Fig.
5(d)). The columns are pin jointed to the foundation. The movement
of the wall is constrained to the beam in the x and y directions but the
vertical translational degree of freedom in the z direction is freed to rep-
resent the mentioned special beam to wall connection. The gravity loads
were assigned to the beams. Fig. 5 shows the numerical assembly of the
model. The maximum drift of 3.75% (225 mm) is selected which is rec-
ommended by the New Zealand standard as the ultimate near collapse
limit [34 . The cyclic response of the system under the ISO16670 loading
protocol (applied at the top of the wall) is shown in Fig. 6 [ 35]. The nu-
merical results show the gap opening in the PT connections and the con-
sequent rocking movement of the wall starts when the applied force is

300

200 +

100 +

-100 4

Displacement (mm)

=200 4

-300

Step

(a)

120.5 kN. From that point, the elongation of the PT stands produce a lin-
ear resistance up to the point with the maximum displacement
(225 mm). Because the PT strands remain elastic during cycles of load-
ing and unloading, the system exhibits symmetrical and stable load-de-
flection curves under the applied cyclic loading regime. The flag shape
hysteresis in Fig. 6(d) evidently represents the self-centring behaviour.
Although the described SC-RW system has been investigated for the
first time in this paper, however, the concept of beam to column PT con-
nections with slip friction devices has been experimentally investigated
by several researchers before [22,28,36] and their obtained load-defor-
mation loops are all flag shaped curves similar to the one in Fig. 6(b).
Refer to the mentioned publications to compare the presented hysteret-
ic loop with the experimentally obtained ones.

5. Displacement based design (DBD) procedure for SC-RW system

The described SC-RW as an in-plane system can be extended to core
walls, Core walls are generally used as the primary lateral load resisting

Force (KN)

=
\e)

Displacement (mm)

(b)

Fig. 6. Hysteretic behaviour of the SC-RW system: a) loading regime b) load-deflection loops of the system.
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system for multi-story buildings. The use of SC-RW core has many nota-
ble benefits. The most important one is involved with seismic mitiga-
tion. Multi-directional earthquake loads can cause extensive damage
particularly at the corners. High ductility of the proposed system com-
bined with the remarkable energy dissipation rate of the friction
dampers can efficiently mitigate the potential seismic loss.

For the elastic structures, the earthquake induced actions are direct-
ly related to the stiffness and strength of the system. That is the reason
why the majority of the traditional earthquake design procedures were
found on forces rather than displacements. However, for the inelastic
systems, strength has a lesser significance because other factors such
as ductility can extremely influence the behaviour of the system.

Priestly et al. addressed some of the fundamental problems of the
traditional forced-based design approach [37,38] and proposed the di-
rect displacement based design approach for the seismic design of duc-
tile structures, They asserted that if the displacements are within a
certain limit state, seismic damage can be efficiently avoided.

Loo et al. used a tentative displacement based design procedure for
the walls with slip friction connections [ 33]. By the reason of the similar-
ities between the SC-RW system behaviour to what loo et al. carried out,
a similar step by step design procedure is used in this study. A six story
SC-RW system with 18 m height and 6 m width is designed for soil type
D (deep soil) in Christchurch with a 500 year return period. A five layer
CLT for the first four floors and a three layer CLT for the two upper floors
are considered. Thickness of all the layers of the CLT panels was as-
sumed as 200 mm. MSG8 (Machine Graded Timber with grade 8) is se-
lected for all the longitudinal and transverse layers (see Table 1). The
density of the timber is assumed as 550 kg/m?.

Step 1) determine the required drift limit and displacement profile

NZS51170.5 suggests a maximum inter-story deformation limit of
2.5% as the reference upper bound limit applicable to the ultimate
limit state to minimize the probability of instability in a structure [34).
Therefore, a total target drift limit of 8 = 2.5% with 0.25% for elastic de-
flection is chosen. For simplicity, a linear distribution up the height of
the structure is assumed. Thus, the displacement for each story can be
determined as follows:

A= hi(om.mnx + 'Be."y) (7)

where 0o, max and 6,y are the maximum rotation of the wall due to the
rocking and the elastic deflection, respectively.

Step 2) determine the characteristics of the idealized equivalent single de-
gree of freedom (SDOF) structure

The design displacement (Ay), the effective mass (m,) and the effec-
tive height (H,) can be determined as follow:

: Z?_-imi Aiz
Ay = A (8)
5 EI.X':I'Ai (9)

me

He —— Zr ImiA#hI

=Ll - (10)
EJ..lmiﬂi

Calculated values based the assumed seismic masses for each story
are presented in Table 3.

From Eqs. (8) to (10) and the data in Table 3, the equivalent SDOF
structure has a design displacement Ay = 0.28 m, an effective mass
m, = 66.34 tonnes and an effective height H, = 11.08 m.

Table 3
Characterisitics of the idealized equivalent SDOF structure,
Story  Height(h)  Mass(m) A Ay mal  mAhy
18 2 045 225 1.013 40.5
5 15 10 0375 3.75 1.406 56.25
4 12 15 03 45 1.35 54
3 9 15 0.225 3.375 0.759 30375
2z 6 20 0.15 3 0.45 18
1 3 20 0.075 15 0.113 4.5
Sum 18.375 5.09 203.625
Meters for heights and displacements.

Tonnes for masses.

Step 3) calculate the equivalent viscous damping

The equivalent viscous damping (£,) is comprised of the elastic
damping (&) and the hysteretic damping (Enys):

b=k i 60 (11

The hysteretic damping can be determined by Eq. (12), where A, is
the area of the hysteric loop (Fig. 7 exhibits the ideal hysteresis loop
for the SC-RW system) and A; is the area restricted by the elastic-per-
fectly-plastic loop |33,39] (The area within the dotted rectangle).

Apey can be specified by multiplying the 6, (which is 0.25% from
step 2) by the effective height. Therefore, Aye,, is equal to 30.4 mm.
The ductility factor () can now be determined:

_ A4 13)
A Aﬂe.y (
From Fig. 7, A, and A, can be calculated as follows:
Ay = 2Fstp—roa (284—3AH, ) (14)

AZ = lesﬂp—-mIAd (15}

It should be pointed out that in the proposed design procedure,
Futip-totor Should be assumed in this step and the procedure has to be it-
eratively repeated until the convergence is attained. In this case, assum-
ing the Fyip-rorar as 59 kN, the hysteretic damping is found as 17.8%.
Adopting 2% for the elastic damping [33], the total equivalent viscous
damping is accordingly determined as 19.8%.

Force
3Fstp-tout | AHai,
¢ H”/’/
2Fgiptotat | —
,—"//’ |
- A
e Ad:

// | A;
H //-'/

Fig. 7. Determination of the ideal hysteretic damping for the SC-RW system..
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hﬂ N mA;
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Step 4) determine the effective period from the reduced design displace-
ment spem‘um

Referring to NZS1170.5 [34], the acceleration spectrum can be de-
fined as shown below:
Sq = Cy(T)ZRN (16)
where, Z is the hazard factor, C(T) is the spectral shape factor and N is
the near fault factor. In this structure Z, R and N are determined as 0.3,

1.0 and 1.0, respectively. The displacement spectrum can consequently
be specified from the acceleration spectrum:

T2
Sq= Sa 17
4= (17)
The scale factor to be applied to the design displacement spectrum
(usually with 5% damping) is defined as:

5 05
- (¢

In Fig. 8, the acceleration spectrum, the displacement spectrum and
the corresponding adjusted displacement spectrum are illustrated. Ac-
cordingly, the effective period T, = 2.8 s is found.

(18)

Step 5) obtain the equivalent lateral stiffness

The equivalent lateral stiffness can be specified as follows:

TI
Kg = 4_‘1:5“ ( Ig)

With the effective period of 2.8 s, the effective stiffness is calculated
as 334.03 kN/m.

Step 6) determine the base shear and distribute the forces

The base shear and the distribution of the forces up the height of the
structure can be specified from Eqgs. (20) to (22).

Vi = Kelg (20)
Fi= 0.921/,,—;&([0: all stories except the roof) (21)
Zf-]mi A

F, = 0.08V, + 0.92V, _,,’%A(for the roof)

i1 1M By

(22)

Note that the extra 8% of the based shear is added to the roof level to
consider the effect of higher modes. The base shear Vj, = 101.97 kN is
found from Eq. (20). The distribution of the lateral forces and the corre-
sponding overturning moments are listed in Table. 4.

Step 7) determine the slip thresholds and the PT forces

The total overturning moment from the seismic forces can be calcu-

Table 4

Distribution of the forces.
Story Height (hy) F Vi M;
6 18 16.78 16.78 302.1
5 15 17.37 3416 260.59
4 12 20.85 55.01 250.16
3 9 15.64 7064 140.72
2 6 13.90 84,53 8339
1 3 695 91.49 20.85

Meters for heights,
kN for forces.
kNm for the moments,

lated as:

M = X0 Fi by (23)

FromTable 4, M,, = 1057.8 kNm. It should be noted that on the brink
of rotation, the resisting force against the overturning moment is equal
t0 2F;p.-rota (Starting point of the phase 3 in Fig. 4). Thus, the Fyp.soral Can
be determined via moment equilibrium (see Eq. (24)).

M;
Fs!:'p-tnm! = ‘z'ﬁ (24]

If there are n identical rocking walls in the system, the resultant Fyy,
torat 15 €qually shared between them:

(Fu+ X F) ﬁ = % stip—total (FOT €ach CLT wall) (25)

In this structure, Fgp.mmr = 59 kN (at the top of the wall system) is
shared equally between the two jointed CLT walls. If the walls had dif-
ferent mechanical or geometric characteristics, the proportion of the
Fetip-torat Would depend on the lateral stiffness of each one of them. By
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12 SFJs (two per story) at each
side of each wall are distributed
up the height of the structure with
the friction force /', = 5 KN

||

SFHs at the base of
cach wall with friction
force /= 92 kN

Y

e e
|[ TR
L S

Fig. 9. General arrangement of the slip friction connections within the designed SC-RW system.

Table 5

Initial PT forces.
Story Height (hy) d; Fpuiciy
6 18 100 m
5 15 100 177
4 12 100 212
3 9 120 132
2 6 120 117
1 3 140 51

Meters for all heights,
Millimetres for all dimensions,
kN for all forces and loads.

considering 12 SFJs on each side of each wall, F; = 92 kN and F; = 5 kN
are determined from Eq. (25). Fig. 9 shows the schematic arrangement
of the slip friction connections.

(

The Base of the Wall

Considering the fact that two PT connections are acting at each ele-
vation, post-tensioned forces can be specified as:

wi

Mpt—tota = F sb‘p-rmarh—T (26)
f' Mpr—tmni

Foity = ssi———— 27

L T A i

The coefficient of 1/2 in Eq. (27) represents the two acting PT joints per
bay. From Eq. (26) and the self-weight of W = 99 kN, Mp-rotar =
186 kNm is found. The results of step 7 calculations are summarized
in Table 5.

aeatdabiianiz

Fig. 10. Numerical model of the six story CLT wall: a) elastic deflection b) numerical assembly ¢) numerical mesh.
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(a)
Table 6
Earthquake records and scaling [42].
Event Year PGA (g)  Scale factor for ULS  Scale factor for MCE
El Centro 1940 0313 12 21
Northridge 1994 0231 1.6 3.0
Kobe 1995 0.821 05 08
Christchurch 2011 0483 0.8 13
Landers 1992 0280 15 26

Displacement {mm)

Step 8) check the elastic deflection

Based on the resultant forces in Table 5, the elastic deflection of the
structure should be checked for any difference from what is assumed in
step 2. If the difference is significant, the procedure should be repeated
from step 2 until the convergence is reached.

Because CLT is a highly non-uniform material, there is lack of knowl-
edge in determining the equivalent elastic modulus. Thus, it is hard to
accurately specify the elastic deformation of a CLT member. In this

Self-centred Self-centred
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=
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Fig. 12. Displacement response to MCE events; a) El Centro b) Northridge ¢) Kobe 4) Christchurch 5) Landers.
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Fig. 13. Seismic response of the SC-RW core system: a) Maximum displacements b) Peak roof accelerations.

study, a numerical model using ABAQUS software package is developed
to determine the lateral elastic deflection of the wall. However, an accu-
rate yet simple method to predict the equivalent mechanical properties
of CLT panels is absolutely necessary. This would make the designer ca-
pable of calculating the deflections by commonly used methods such as
the moment area theory. In Fig. 10, the numerical assembly for the two
18 m by 3 m CLT walls with the assumed specifications in Section 5 is
displayed. The two walls are tied together at every meter up the height
of the structure representing the slip friction joints before slippage.
From the numerical simulation, the elastic deflection of the top due to
the applied calculated seismic forces was 47 mm (8., = 0.26%) which
is not considerably different from what is assumed earlier, Therefore,
the assumption for the elastic deflection in step 2 (8, = 0.25%) can
be confidently accepted. It should be noted that the wall model in Fig.
10 is shown flipped over for better clarity. This numerical technique
has previously been used and validated by the authors for a different
wall application [40].

Step 9) apply a dynamic amplification factor

The numerical investigations of Loo et al. proved that the shear de-
mand of a rocking wall with slip friction connections has to be multi-
plied by the dynamic amplification factor to consider the effect of the
higher modes of vibration. This factor can be calculated with the pro-
posed formula by Kelly [41]:
@y =1+ Gt (28)
where pican be determined by Eq. (13) (u = 10) and a,,, is the shear am-
plification factor. According to Loo et al,, this factor can be considered as
ayy, = 0.9 for CLT rocking walls with friction devices. Hence, w, = 10
should be multiplied by the resultant base shear from step 6 and the
CLT walls should be accordingly designed for the increased shear demand.

6. Seismic response of the self-centring rocking core system

Nonlinear dynamic numerical simulations were carried out using
SAP2000 [30] for a core comprised of two previously designed identical
SC-RW wall system in each direction (x and y). The modelling proce-
dure is similar to what is described in Section 4. The CLT walls are
modelled by nonlinear layered shell elements. The slip friction hold-
downs are modelled as multi-linear plastic link elements with a gap el-
ement with zero gap representing the foundation level and a hook ele-
ment to restrict the upward movement of the hold-downs. Similar
assembly is used for the slip friction joints but with the gap and hook

element openings equal to the slot length which demonstrates the slot
length for the SFJs are twice as the one for SFHs. Two multi-linear elastic
rotational links were used in each level at each direction to represent
the calculated PT forces in Table 5. The stiffness of the second linear
part of these links was specified in such the moment at 2.5% of rotation
is 50% higher than the pre-stressed moment. In Fig. 11, the schematic
view and the numerical assembly for the SC-RW core system are
displayed. The floors are assumed to be rigid diaphragms in plane.

A suite of five ground motions were selected for earthquake simula-
tions. The scale factors are calculated in accordance with NZS1170.5 to
match the Christchurch 2500 year return period for the Maximum Cred-
ible Earthquake (MCE) and 500 year return period for the Ultimate Limit
state (ULS). A type D soil (deep soil site) is selected for the ground mo-
tion scaling. The scaled peak ground motions are presented in Table 6.
An equivalent viscous Damping of 2% was adopted for all modes of vi-
bration [15,33]. The scaled accelerations are applied to the structure in
both directions.

The floor displacement time-histories at the roof level for different
MCE event simulations are shown in Fig. 12. The most imperative obser-
vation from this figure is that all floor displacement returned to zero at
the end of the simulations. There is nearly no recognizable residual drift
which perfectly demonstrates the self-centring behaviour. Fig. 13 sum-
marized the simulation results including the maximum roof displace-
ment and the peak roof accelerations. NZS1170.5 restricts the
maximum inter-story deformation limit to 2.5% as the reference upper
bound limit applicable to all ULS events (1/500 annual period of exceed-
ance for ordinary buildings). However, for the MCE events with much
lower annual probability of exceedance (1/2500), the deflection limit
has been increased to 3.75% which represents the near collapse limits
for common structural forms |34]. Both limits are marked in Fig.
13(a). On average, displacements for the MCE events are significantly
higher than ULS events. None of the ULS maximum displacements sur-
passes the 2.5% limit. The highest recorded displacements are for the
Landers and Christchurch events which was approximately 1.56%. For
the MCE events, only the displacement of the Landers event exceeds
2.5% and none of them reached 3.75%.

Fig. 13(b) illustrates the peak recorded response accelerations at the
roof level. It is observable that the maximum acceleration is 0.91 g for
the El Centro event. Despite the fact that the shake table tests within
the SOFIE project were conducted on a seven story CLT building, How-
ever, the maximum accelerations obtained in this study can be com-
pared to what was recorded in the SOFIE project (3.8 g) to generally
demonstrate the efficiency of the response system in decreasing the re-
sponse accelerations [4]. This considerable reduction can be attributed
to the significant energy dissipation rate of the slip friction connections.
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Fig. 14, Maximum base shear in x direction for ULS and MCE events.

Fig. 14 shows the peak base shears for the ULS and MCE events. The
total intensified base shear value from the last step of the design proce-
dure is 1776 kN to include the effect of higher modes of vibration. It is
observable that the base shear demand for the ULS events does not ex-
ceed the indicated value, however, all of the MCE events surpassed the
limit. The maximum recorded shear force is for the Northridge event
which is approximately 1.8 times higher than what is calculated by
the Kelly's formulae [41] (Eq. (28)). The studies of Loo et al. demon-
strates that proposed formulae for the amplification factor is accurately
applicable for timber walls with slip friction connections [33], Neverthe-
less, for the SC-RW system, there is still room to investigate the effect of
higher modes on the base shear. It is recognizable from Fig. 14 that the
Kelly's equation is accurate for ULS events but it is non-conservative for
MCE events.

7. Conclusions

This study describes the development of a new type of self-centring
rocking timber wall (SC-RW) system capable of providing elastoplastic
behaviour and ductility while limiting the residual drift and peak roof
accelerations. In this system, rocking Cross Laminated Timber (CLT)
walls are the main lateral resisting system while steel beams and col-
umns are resisting gravity loads. Horizontally oriented post-tensioned
steel strands through the beams provide moment resistance at the
beam-column interface to self-centre the structure after the earthquake.
Nonlinear cyclic and dynamic simulations were carried out to investi-
gate the efficiency of the proposed system. The system exhibited a flag
shape hysteresis which confirms the self-centring behaviour. Further-
more, a displacement based design approach was presented to design
the SC-RW system in accordance with the targeted lateral drift. The de-
signed system were subjected to numerous dynamic Ultimate Limit
State and Maximum Credible Earthquake time-history simulations. No
significant residual displacement was observed in the dynamic analyses
indicating that the system is self-centring. Moreover, the maximum dis-
placements were within the recommended limits by the New Zealand
Standard. The recorded peak acceleration at the roof level for the six
story prototype structure was 0.91 g which is remarkably lesser than
what was documented during the shake table tests within the SOFIE
project. This is the result of the significant rate of energy absorption in
the slip friction damping devices. The recorded maximum base shears
show that the Kelly's formulae for the dynamic amplification factor is
accurate for the ULS event, however, it is non-conservative for the
MCE events.

This preliminary study demonstrated that the hybrid self-centring
rocking core system can be an efficient low damage lateral force
resisting system compared to existing rocking timber wall systems
with different types of dampers that are highlighted in the research
background section.
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ABSTRACT: Multi-storey timber structures are becoming progressively desirable owing
to their aesthetic and environmental benefits and to the high strength to weight ratio of
timber. A recent trend in timber building industry is toward cross laminated timber (CLT)
panelized structures. The shake table tests within the SOFIE project have shown that the
CLT buildings constructed with traditional methods can experience high damage
especially at the connections which generally consist of hold-down brackets and shear
connectors with mechanical fasteners such as nails or bolts. Thus, current construction
methods are not recognised as reliable in seismic prone areas. The main objective of this
project is to develop a new low damage structural concept using innovative resilient slip
friction (RSF) damping devices. The component test results demonstrate the capacity of
this novel joint for dissipating earthquake energy as well as self-centring to minimize the
damage and the residual drift after a severe event. The application of RSF joints as hold-
down connectors for walls were investigated through numerical studies. Moreover, a core
wall system comprised of cross laminated timber and RSF connectors is subjected to
time-history earthquake simulations. The numerical results exhibit no residual
displacement alongside a significant reduction in peak acceleration which can be
attributed to significant amount of dissipated seismic energy over the RSF joints within
the system.

1 INTRODUCTION

Structural walls offer outstanding seismic resistance compared to other structural systems and are
commonly employed as the main lateral resisting system. Structural walls constructed with
prefabricated components have additional advantages including offsite fabrication, improved quality
and speed of construction. Recently, there has been a tremendous interest towards design and
construction of multi-storey timber structures with engineered wood products such as Cross Laminated
Timber (CLT) and Laminated Veneer Lumber (LVL) panels. Nevertheless, the application of these
products in seismic regions as the primary lateral resisting system was limited by codes firstly because
of insufficient technical information about their dynamic behaviour and secondly the non-ductile
nature of them which leads to high response accelerations especially in high-rise buildings. During the
large-scale experiments of a seven story building made of CLT panels within the SOFIE project, high
accelerations with a maximum of 3.8 g in higher floors were recorded (Ceccotti et al. 2013). Despite
the fact that these accelerations may be acceptable for human health, they are uncomfortable and
displeasing for the habitants. As an important outcome of the SOFIE project, other research studies
were started with the aim of developing new seismic solutions for timber industry to absorb the
seismic energy, decrease the subsequent response accelerations and minimize the residual damage.

During the PRESS (PREcast Seismic Structural Systems) program in the early 1990’s, hybrid wall
systems were recognized as relatively efficient lateral load resisting members (Priestley et al. 1999).
The tested hybrid system comprised of unbonded post-tensioned tendons with dissipative devices such



as grouted longitudinal post-tensioned bars. While the dissipating devices absorb the seismic energy,
the post-tensioned tendons provide self-centring behaviour (Palermo et al. 2005). The concept had
later been extended to reinforced concrete jointed walls. In such system, two or more single
prefabricated walls are connected to each other with special energy dissipative connectors as ductile
links along the vertical joints between the adjoining walls. Similar assembly is employed for timber
coupled walls. The experimental investigation on coupled post-tensioned LVL walls with internal mild
steel bars as the energy dissipater devices demonstrated promising results in terms of ductility and
residual displacements (Palermo et al. 2005). Similar systems were developed and tested with external
fuse type longitudinal threaded steel rods as the connection between the wall and the base (Smith et al.
2007).

Igbal et al. studied the application of U-shaped Flexural Plates (UFPs) as supplementary damping
devices in post-tensioned LVL timber coupled rocking walls (Igbal et al. 2007). The system had later
been experimentally investigated and a design procedure was proposed (Igbal et al. 2015). The test
results confirmed an efficient energy dissipation mechanism over yielding the UFPs during the
earthquakes. Sarti et al. tested coupled LVL walls and UFP connectors with fuse type damping devices
at the base of the walls (Sarti et al. 2014). Despite the fact that all mentioned wall systems represented
relatively superior seismic behaviour compared to traditional systems, however, because the energy
absorption is through yielding of metal members, large amount of stiffness degradation occurs in them
during and after a sever seismic event. Thus, such system cannot be accredited as a low damage
solution.

Loo et al. introduced the application of symmetric slip friction hold-downs for LVL rocking timber
shear walls. The symmetric slip friction hold-down offers a rectangular load-deflection curve which
means efficient energy dissipation. Furthermore, it provides constant resistance force against
overturning moment. The proposed configuration later had been experimentally tested and
demonstrated a stable hysteresis with minimum stiffness degradation which is the key characteristic of
a low damage system (Loo et al. 2014). Although the energy dissipation mechanism of slip friction
connections is one of the most efficient amongst passive damping devices, however, the lack of self-
centring in these joints requires the use of an additional system (such as post-tensioned tendons) to
bring back the structure to its initial position after an earthquake if the self-weight is not sufficient.

In this paper, a new structural wall system based on a novel friction joint is presented. The
components of this joint are formed and arranged so that the self-centring capacity as well as energy
absorption is achieved all in one connection system. This new Resilient Slip Friction (RSF) joint
invented by Zarnani and Quenneville (Zarnani et al. 2015) could have a considerable impact on the
building industry as it is exactly aligned with the high demand for cost-efficient low damage systems.

2 RESILIENT SLIP FRICTION (RSF) JOINT

Figure 1 shows the components and assemblage of the RSF joint. The grooved plates are bolted and
clamped in a manner that the centre slotted plates are sandwiched by the cap plates. When the imposed
force to the joint overcomes the frictional resistance between the surfaces, the centre plate starts to
slide and energy will be dissipated through cycles of sliding. The frictional resistance is a function of
the pre-stressed force of the bolts, the coefficient of friction between the surfaces and the angle of the
grooves. The specific shape of the grooves along with the use of Belleville washers (or equivalent die
springs) and high strength bolts provide the desirable self-centring characteristic.

B;lleville High strength

Cap and slotted plates washers bolts

Figure 1: RSF joint: a) Components b) Assemblage

The angle of the grooves is designed in such a way that at the time of unloading, the reversing force
induced by the elastically compacted Belleville washers is larger than the resisting friction force acting



between the plates surfaces. Hence, the system is re-centred by the reversing force upon unloading. In
addition, the lateral resistance of this new joint is relatively higher than the conventional friction joints
for a similar clamping force provided by the high strength bolts. It should be pointed out that Figure
1(a) displays a double acting RSF joint which two centre slotted plates are employed within the
connection.

3 RSF JOINT DESIGN PROCEDURE

A design procedure has been developed for the capacity prediction of this new joint based on the free
body diagrams shown in Figure 2 (Zamani et al. 2015). The slip force (Fup) for a symmetric
configuration can be determined by Equation 1.
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Figure 2: Schematic illustration of the symmetric RSF joint: a) Friction plates before slip
b) Friction plates at ultimate deflection ¢) Schematic hysteretic loop
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Where Fj), is the bolt clamping force as a result of being pre-stressed, s is the number of bolts, @ is
the angle of the grooves and y; is the coefficient of static friction. The residual force in the device at
the end of unloading is calculated by Equation 2 where g is the coefficient of kinetic friction which
can be assumed as 0.85us
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The ultimate capacity at loading (Fiuioading) and unloading (Fuieading) can be determined by replacing
the us and Fj,, in Equation 1 and Equation 2 with g and F,, respectively. The ultimate force on the
bolt (F,) is given by Equation 3 in which & and 4; are the stiffness of the stack of washers on the bolt
and the maximum deflection of them in the fully compressed state, respectively.

F;.ﬂ' =F:b.pr +kSAS (3)

It should be emphasized that in an asymmetric configuration, the friction bolts in the connection need
to transfer the applied force through shear and tension. Therefore, they should be designed for both.
Refer to (Loo et al. 2014) for more details about the differences between symmetric and asymmetric
friction connections.
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Where n; is the number of joints acting in a series (e.g. n; equals to 1 for a single acting joint and
equals to 2 for a double acting connector). The connection exhibits self-centring behaviour providing
that the following considerations are taken into account.
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Where L is the horizontal distance between the top and bottom of the groove.

4 EXPERIMENTAL INVESTIGATION OF THE RSF JOINT CYCLIC BEHAVIOUR

In order to experimentally investigate the hysteretic behaviour of the RSF joint, a double acting
symmetric RSF joint was fabricated and tested with a 100 kN Instron Machine. Cap plates were
manufactured with mild steel grade 300 and slotted centre plates with bisalloy grade 400. Four high
strength bolts with minimum of 830 MPa tensile strength were employed (Two bolts in each side).
The stack of Belleville washers on each side of each bolt comprised of four series springs with 38 kN
of load at flat position. The pre-stressed force of each bolt (F5,,) was 5 kN. It should be noted that for
a double acting RSF joint, the number of bolts in Equation 1 (n:) refers to the number of bolts in one
of the slotted plates which equals to 2 in this case. The stacks of Belleville washers were placed under
the nuts of the bolts and the nuts were tightened until the desired pre-stressed force (5 kN) per bolt is
achieved. A specific lubricant is used between the cap plates and centre plates to increase the
durability of the friction surfaces by controlling the possible galling and rusting. Figure 3 shows the
test setup and the experimentally obtained hysteresis for the RSF joint prototype.

Fore (kN)

(b)
Figure 3: Experimental test of a double acting RSF joint a) Test setup b) Hysteresis loops

The flag shape hysteresis in Figure 3(b) demonstrates the fully self-centring behaviour of the system.
It shows that the system returned to its initial position after cycles of loading and unloading. The
coefficient of friction was obtained as 0.18 for the specified surfaces with the special lubrication. The
maximum displacement for this preliminary experiment was 8 mm. Further experimental tests and in-
depth numerical simulations are being carried out by the authors at The University of Auckland to
further investigate the dynamic behaviour and different applications of the proposed concept.

5 NUMERICAL MODELLING OF CLT WALLS WITH RSF CONNECTIONS

A numerical analysis is carried out in SAP2000 (CSI 2011) to investigate the cyclic behaviour of the
CLT rocking walls with double acting symmetric RSF hold-downs. A 6 m by 1.5 m CLT wall with
five layers of 40 mm thick MSG8 (Machine Graded Timber — Grade 8) boards is considered
(Buchanan 1999). The width of the boards is assumed as 200 mm. The CLT is modelled using layered
shell elements to represent the longitudinal and transverse layers. To optimize the efficiency of the



wall, the three longitudinal layers have been placed perpendicular to the applied lateral load. Defining
a reasonable approach to determine the slip threshold for the rocking timber walls is extremely
imperative. In all low damage structural concepts in timber structures, the wooden elements should
remain elastic and the elastoplastic behaviour is provided by the connections. In this case, the wall
needs to rock before the stress in any of the timber boards within the CLT wall exceeds the allowable
elastic tension or compression stresses. CLT is a highly non-uniform engineered wood product which
makes is extremely hard to accurately define its lateral resistance by using conventional analytical
methods. In order to specify the maximum tolerable force applied to the top of the wall (¥k) before the
timber goes beyond the elastic region, a numerical model is developed in ABAQUS (Hibbitt et al.
2014) software package (see Figure 4(b)). The numerical assembly and the normal stress distribution
are shown in Figure 4. The density of the timber is considered as 540 kg/m®. The Fr of 26.5 kN was
found from the numerical analysis. In Figure 4(a), the wall is shown flipped over horizontally for
better clarity.
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Figure 4: Numerical modelling of a CLT wall a) Assembly and stress distribution
b) Elastic deflection of the wall

Taking the moments about the rocking point (Figure 5(c)), the force of the hold-down connector (F)
can be calculated by Equation 7 for a determined F.

(F, +W /2)B=F,H )

With reference to Figure 2(c) and F = 100kN from Equation 7, the maximum load within the RSF
connection (Fax joading) 18 determined as 100 kN. The hold-down is designed by following the proposed
design procedure in section 3. The calculated design parameters for the Belleville washers (or
equivalent die springs) and the sliding plates are presented in Table 1. The slot length should be
determined in accordance with the 2.5% of the lateral drift at the top of the wall as the target limit.
This limit is recommended by The New Zealand Standard as the reference upper bound limit for
ultimate limit state considerations for all buildings (NZS1170.5 2004).

Table 1. Design parameters for the RSF hold-down

Washer  Washer Washer Number of Fj,, Slip
n, 0 #s  Thickness Height Capacity Washers  (kN) Distance
(mm)  (mm)  (kN)  Perbolt (mm)

[2 15 018 647 1.75 55 6 27 399 |

From Equation 1 and substituting the g and F,, with g and F3,., the RSF joint has a slip threshold of
Fiip = 50.8 kN and the maximum force of Faxioading = 96.5 KN which is within the acceptable range
(less than 100 kN). The clamping force of Fy, = 27 kN for each bolt is determined to achieve the
mentioned sliding and maximum forces. From Equation 2, the residual force at the end of unloading
Fresiguar = 9.7 kN is specified. The RSF hold-down is modelled in SAP2000 using a Damper-Friction
Spring link element to represent the proposed hysteretic behaviour (see Figure 2(c)). A gap element is



used as well to simulate the foundation level which the wall cannot move below. The displacement
loading regime of Figure 5(b) is applied at the top of the wall. A 40 mm slot length is considered for
the joint with respect to the target lateral drift and the designed slip distance for the connection. The
cyclic behaviour of the system (the applied load at the top vs. base shear) displayed in Figure 5(c)
demonstrates that RSF connectors can effectively retain the forces on shear walls below the destined
level, thereby protecting them from inelastic damage. The reason is that the force in each of the
connections does not exceed Fa joading Which is the force that the joint is designed for it. Furthermore,
the flag shape hysteretic loops represent the self-centring behaviour as an important performance
criterion for RSF joints.

B o
CLT l '_mnnnﬂﬂﬂw n
(Layered shell) I UWWWW 1

Displacement Wall
control stiff

spring

RSF (c)
Hold-down

Fores (kN)

Dispiscement (mm|

Figure 5: Numerical analysis of CLT wall with RSF joints a) Numerical model
b) Loading regime ¢) Force-displacement loops

6 DYNAMIC TIME-HISTORY ANALYSIS OF CLT CORE SYSTEM WITH RSF JOINTS

Rocking CLT walls with RSF connections can efficiently be extended to core wall applications. Core
walls are typically known as the primary lateral load resisting element in the multi-residential
buildings. High ductility of the proposed system in conjunction with significant energy absorption rate
and self-centring characteristic of the RSF joints make the core capable of effectively mitigating the
potential seismic loss and post-earthquake residual damage.

Nonlinear dynamic time-history analyses were carried out on a rocking CLT core wall with RSF
connections in SAP2000. The core included two identical wall systems in each direction with each
system comprised of two 15 m by 2.5 m CLT walls. The arrangement of the layers and the material
properties of the timber boards within the CLT walls are as defined in section 5. RSF hold-downs are
used to anchor the walls to the foundation while each wall is connected to the adjacent walls or
columns by slotted plate ductile links. These links are meant to transfer the horizontal forces while de-
coupling the vertical movement of the walls during rocking. Steel columns are placed at the corners of
the core to de-couple the perpendicular walls in bi-directional rocking. Nonlinear layered shell element
and Damper-Friction Spring link element are used to model the CLT wall and the RSF joints,
respectively. Ductile vertical links are modelled as linear stiff springs with zero stiffness in the vertical
direction.

A numerical analysis of a five layer 15 m by 2.5 m CLT wall in ABAQUS shows that the maximum
overturning moment providing that all timber boards in the CLT panels stay elastic is M¢ = 215 kNm
and as a result, Fiuuxjoadine = 36 kN is found for the RSF joints using Equation 7. Consequently, the
design parameters of the RSF joints within the proposed system are determined by following the
design procedure introduced in section 3 (see Table 2).



Table 2. Design parameters for the RSF hold-downs in the core system

Washer  Washer Washer Number of Fp,, Slip
ny, O  u,  Thickness Height Capacity Washers (kN) Distance
(mm)  (mm)  (kN)  Perbolt (mm)

2 15 018 647 1.75 38 8 10 946 |

The slot length for the RSF hold-downs is designed with a 3.75% maximum target drift at the top. It
should be noted that the slot length for the vertical ductile links is twice as the hold-down as the
connection has to accommodate the corresponding displacements in both upward and downward
directions. Four earthquake acceleration records were selected for dynamic time-history loading
(PEER 2006). The records were scaled for type D (deep soil) in Christchurch with 500 year return
period for Ultimate Limit State (ULS) and 2500 year return period for Maximum Credible Earthquake
(MCE). The scale factors were calculated based on numerically determined fundamental period and
fundamental frequency of 0.66 seconds and 1.51 Hz, respectively. The scaled factors are presented in
Table 3.

Table 3. Considered earthquakes for time-history analysis

Event El Centro (1940) Northridge (1994) Kobe (1995) Landers (1992)
PGA (g) 0.31 0.23 0.82 0.28
Scale factor (ULS) 1.0 1.6 0.4 1.1
Scale factor (MCE) 1.7 2.9 0.6 2.0

Seismic masses of 7500 kg for the roof and 14000 kg for other four stories were assigned to the
structure to represent a five story panelized timber structure. It should be pointed out that in the
proposed system, the core is the main lateral load resisting system and the gravity loads are carried by
other perimeter CLT walls. The elastic viscous damping of 2% is adopted for all modes of vibration.

Figure 6(a) shows the numerical model of the proposed core system. In Figure 6(b) a possible solution
for vertical ductile links is exhibited as the connection can transfer horizontal loads while is free to
move upward or downward during the wall’s rocking.

. @ULS Everts @ MCE Events

. QUL Events BMCE Events

(c)

Peak Roof acceleration(e)

CLT rocking
walls e

Ductile links 17
28

Steel Column  (b)

(@ .

Figure 6: Numerical analysis of the CLT core with RSF joints a) Numerical model
b) slotted plate ductile link ¢) Maximum lateral drifts d) Peak roof accelerations

Mot o Dr iefit (%)

The numerical results showed that the structure returned to its initial position at the end of earthquake
for all ULS and MCE events. This exhibits the self-centring behaviour which can be attributed to the
RSF connections within the system. Figure 6(c) compares the maximum horizontal drift at the roof



level for the two limit states. For ULS events, the peak drift is for the Landers event which is less than
2%. It should be noticed that none of the maximum ULS drifts exceeds 2.5% limit indicated by most
of the building codes around the world. NZS1170.5 suggests that the deflection limit for 1/2500
annual period of exceedance (MCE events) can be increased to 3.75% (NZS1170.5 2004). For the
MCE events, the most significant drift is for the Landers event (3.6%) which is still within the
acceptable range.

The peak response accelerations at the roof level are displayed in Figure 6(d). The recorded
accelerations are between 0.9 g to 1.8 g for the ULS and MCE events. This should be compared to
observed accelerations as high as 3.8 g in the shake table tests of a 7-story CLT building within the
SOFIE project (Ceccotti et al. 2013). This significant reduction can be attributed to the large amount
of dissipated seismic energy through RSF joints.

7 CONCLUSIONS

Latest research findings have shown that CLT buildings constructed with traditional connections such
as nailplates or bolts can experience high damage during and after a severe earthquake. In this paper a
new type of low damage CLT wall system with innovative resilient slip friction (RSF) joints is
introduced. The component test results in conjunction with numerical cyclic analyses demonstrate the
capacity of this system for dissipating seismic energy as well as self-centring behaviour. The
numerical time-history seismic analyses on a core system with RSF connections exhibited the
efficiency of the proposed system in terms of ductility, energy dissipation and self-centring behaviour
as key factors for providing a low damage seismic design.
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Abstract

Multi-story timber structures are becoming progressively desirable for engineers and building owners owing to their
aesthetic and environmental benefits and to their higher strength to weight ratio compared to other construction materials.
Moreover, there is an increasing public pressure to have low damage structural systems to minimize the earthquake
destruction after moderate to severe seismic events. This is important as the building could be reoccupied quickly with
minimal business interruption and repair costs. A recent trend in timber building industry is toward cross laminated timber
(CLT) panelised structures. CLT is a relatively novel engineered wood based product well suited for multi-story structures.
Due to the precise prefabrication and easy installation of CLT panels, there is an increasing trend towards construction of
timber panelised structures using them. Latest research findings have shown that CLT buildings constructed with traditional
methods can experience high damages especially at the connections which generally consist of hold-down brackets and
shear connectors with nails, screws, rivets or bolts. Several research studies have proven that friction joints can provide a
perfectly elastoplastic behaviour alongside a stable hysteretic response under severe seismic excitations. Up until now, the
main disadvantage of the frictions joints has been the undesirable residual displacements after a seismic event. The main
objective of this study is to develop a ductile low-damage structural system for multi-story residential and commercial
timber buildings using the innovative Resilient Slip Friction (RSF) joint. The proposed system includes resilient coupled
walls and end column as the main lateral load resisting members. RSF joints are used as hold-down connectors which
connects the wall to the foundation and also as ductile links between the adjacent walls or between the walls and steel end
columns. The ductility and resilience of such system is provided by the RSF joints.

A series of joint component test has been conducted to experimentally evaluate the hysteretic behaviour of the RSF joints.
The test results demonstrated a stable flag-shaped hysteresis which readily exhibits the self-centring behaviour and also a
significant rate of energy dissipation representing the damping capacity of the joint. The Damper — Friction Spring Link
element function in SAP2000 was used and proved to be able to accurately represent the load-deformation behaviour of a
RSF joint. Additionally, displacement-control cyclic analyses of CLT coupled walls with RSF joints showed that this
innovative system definitely has the potential to be recognized as an efficient resilient structural systems for timber
construction which could be extended to steel and reinforced concrete buildings as well.

Keywords: Resilience; Cross Laminated Timber; Low damage; Energy dissipation

1. Introduction

Multi-story timber structures are becoming progressively desirable for engineers and building owners because of
their aesthetic and environmental benefits and further for the higher strength to weight ratio of the wood and
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engineered wood products. More than that, there is an increasing public pressure to have low damage structural
systems in order to minimize the earthquake destruction after moderate to severe seismic events. This is
important as the building could be reoccupied quickly with minimal business interruption and repair costs.

Cross laminated timber (CLT) is a new generation of engineered wood product which was firstly
developed in Europe in the 1990s and then in other parts of the world [1]. It is a strong, sustainable and
dimensionally stable product that offers structural characteristics similar to that of a pre-cast concrete panel yet
has relatively higher strength to weight ratio. More than that, CLT structures offer flexible planning and high
level of prefabrication which significantly accelerate the construction progress and reduce the overall cost, Thus,
CLT has been notably gaining popularity among building owners and designers and numerous CLT buildings
have been built in different countries during the last decade,

During the PRESS (PREcast Seismic Structural Systems) program in the early 1990’s, a new design
approach for structural walls was introduced [2]. It was based on dry joints between the prefabricated panels to
localize the inelastic deformation in addition to unbounded posttensioned members to provide re-centring
behaviour. The dissipation capacity of such system highly depends on the type of the dissipaters, or sacrificial
fuses, between the walls. For timber structures, Palermo et al. conducted preliminary experimental tests on
laminated veneer lumber (LVL) walls with different types of fuses [3,4]. The results confirmed the enhanced
performance of the system because of the jointed ductile connections. Smith et al. further extended the concept
into coupled wall systems [5]. They proved that the design flexibility of the hybrid coupled wall systems
combined with the speed of erection creates a significant potential for the construction of multi-story buildings.
Igbal et al. studied the application of U-shaped Flexural Plates (UFPs) as supplementary damping devices in
post-tensioned LVL timber coupled rocking walls [6]. That concept had later been experimentally investigated
and a design procedure was proposed [7]. The test results demonstrated an efficient energy dissipation
mechanism over yielding the UFPs during the earthquakes. Sarti et al. experimentally investigated the seismic
performance of the hybrid rocking walls with end columns [8]. Igbal et al. tested coupled posttensioned rocking
LVL walls with sacrificial nailed plywood sheets as hysteretic dampers [9]. The experimental results affirmed
the performance of the system. Nevertheless, relatively lower hysteretic stability was observed compared to the
similar systems with UFPs.

Passive friction based damping devices were originally proposed for steel structures. Popov et al.
introduced symmetric slotted bolted connections which dissipates energy through friction during equilateral
tension and compression cycles [10]. Popov’s comprehensive experiments showed a stable rectangular shape
hysteresis. Clifton et al. proposed the asymmetric sliding hinge joint for steel moment resisting frames which had
non-rectangular yet stable force-deformation behaviour [11]. Khoo et al. developed design models for the
asymmetric slotted bolted connections based upon numerous experiments and rigorous analyses [12].

For the first time in timber structures, Filiatrault used friction dampers in timber sheathed shear walls
[13]. The results exhibited a significant improvement in hysteretic behaviour of the walls while large amount of
seismic energy was absorbed. Loo et al. investigated the application of slip friction connections as a replacement
of traditional hold-downs in LVL rocking walls [14,15]. The experiments showed excellent seismic performance
in terms of hysteretic behaviour and minimized residual deflections. Additionally, and most importantly, the
timber wall remained in the elastic region after several quasi-static tests and dynamic numerical analysis.

This paper presents research into CLT coupled rocking walls with innovative Resilient Slip Friction
(RSF) joints [16] as the hold-down connections and ductile links between the adjacent walls or columns. A
simple procedure to design the system is described and the results of RSF joint component tests are presented.
Furthermore, a numerical model is developed to demonstrate the seismic performance of the proposed system.
To investigate the seismic performance, the model is subjected to quasi-static displacement control cyclic loads.

1. Resilient Slip Friction (RSF) Joint

The concept of slip friction connections using flat steel plates sliding over each other has already been confirmed
as an effective structural damping solution [11,17], [18]. The energy absorption mechanism of friction joints is
one of the most efficient amongst passive devices. Nevertheless, the lack of re-centring behaviour in these joints

2
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requires the use of an additional system to bring back the structure to its initial position after a seismic event,
which is always costly. One of the common techniques for providing self-centring is the use of post-tensioned
tendons which has two major drawbacks. Firstly, approximately 30% (or even more in some cases) of tendon
force losses can occur during the service life of the structure which considerably decreases the efficiency of the
system [19]. To reduce the total loss, restressing of the cables is required which is only possible with a special
type of accessible anchorage. Secondly, the post-tension force is highly depended on the humidity of the
environment. Although controlling the humidity reduces the losses, however, it is not possible to control it in all
situations.

In this paper, a novel friction joint is presented in which the components are formed and arranged in a
way that the self-centring behaviour is achieved as well as damping, all in one device. Fig.l shows the
components and the assembly for the Resilient Slip Friction (RSF) joint [16]. The specific shape of the grooves
combined with the use of Belleville washers (conical disc springs) and high strength bolts provide the desirable
self-centring behaviour. The angle of the grooves is designed in such a way that at the time of unloading, the
reversing force induced by the elastically compacted Belleville washers is larger than the resisting friction force
between the surfaces. As a consequence, the elastic force of the washers re-centres the slotted plate to its initial
position. Note that Fig.1 exhibits a double acting RSF joint in which two centre slotted plate are used.

(a) (b) (c)

Fig. 1 —RSF joint: a) Cap plates and slotted centre plates b) Belleville washers and high strength bolts
c¢) Assembly

A design procedure has been developed for the capacity prediction of the RSF joint based on the free
body diagrams shown in Fig.2 [16,20]. The slip force (Fy;,) for a symmetric configuration can be determined by
Eq. (1). Note that this design procedure is for the symmetric configuration for slip friction connections. Refer to
[21] for more information about the differences between symmetric and asymmetric concepts in friction joints.
The slip force (Fuy,) for a symmetric configuration can be determined by Eq. (1).
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Fig. 2 — Free body diagrams for a symmetric RSF joint: a) Before slippage b) Ultimate deflection state
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Where Fj,, is the clamping force in the bolt due to pre-stressing of the Belleville washers, n; is the
number of bolts, @ is the angle of the grooves and s is the static coefficient of friction. Fig.3 shows the
schematic hysteretic loop for a RSF joint. The residual force in the joint at the end of the unloading can be

determined by Eq. (2) where g is the kinetic coefficient of friction which can be assumed as 0.85;.
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Fig. 3 — Schematic load-deformation loop for RSF joint

sin@ — py cosO

: (2)
cos@ + psinf

F e iduat =2 Fy, 1y (

The ultimate force upon loading (F.uioading) and unloading (Fuuniading) can be calculated by replacing s
and F,-in Eq. (1) and Eq. (2) with g; and F;,, respectively. The ultimate force in the bolt (F},) can be specified
by Eq. (3) in which & and 4, are respectively the total stiffness of the of washers and their maximum deflection
when they are fully compressed (the washers become flat).

Fyy=Fy 0 thA, 3)

The maximum deflection in a RSF joint is given by Eq. (4) where »; is the number of joints acting in a
series (e.g. ny equals to 1 for a single acting joint and equals to 2 for a double acting one).

o =1y —— )

The joint offers a self-centring characteristic providing that Eq. (5) and Eq. (6) are satisfied. In Eq. (6), L
represents the horizontal distance between the top and bottom of a groove.
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3. Resilient Slip Friction (RSF) Joint Component Test

In order to experimentally investigate the hysteretic behaviour of the RSF joint, a series of joint component tests
were conducted. Fig.4 displays the components and the assembly of the manufactured specimen which was a
symmetric double acting RSF joint comprised of two centre slotted plate and two cap plates. The cap plates were
manufactured using mild steel grade 350 and the centre plates were fabricated with high strength Bisplate 80
steel. The angle of the grooves was 15 degrees in order to maximize the deformation capacity of the joint. Two
220 mm by 75 mm mild steel stiffener plates had later been welded to the cap plates to restrain them against out
of plane bending.

(b) (@

Fig. 4 — RSF joint specimen: a) Cap plates and centre plates b) Belleville washers c) Assembly d) Test setup

The Belleville washers (conical disk springs) have maximum capacity of 110 kN and maximum
deflection of 1.5 mm at the flat state. Two high strength 8.8 grade bolts with nine spring washers per side
(washers were a series arrangement) are used. Table 1 presents the calculated design parameters and the capacity
of the RSF prototype based on the described design procedure in the previous section.

Table 1 — Characteristics of the tested RSF joint

Item | np | ps Washer Thickness Washer Washer Capacity | Number of Washers
(mm) Height (mm) (kN) Per bolt

Value| 2 | 0.19 6.5 8.0 110 18

For the tests of this section, a maximum connector deformation of 30 mm was used. The displacement
schedule (see Fig.5(a)) was based on that adopted by Loo et al. [17] and only allowed upward movement as
would be the case if the device were implemented as a hold-down connection for a shear wall. It should be
pointed out that the previous experimental tests on different configurations of RSF joints have shown that this
device can perfectly exhibit similar behaviour in both negative and positive displacements if it is designed for
such as purpose [20].

The machine that was used for the tests was the Instron Universal Test Machine capable of performing
both low and high force testing up to 100 kN. The load cell is mounted on the crosshead above the RSF
prototype while the displacement was measured using a Linear Variable Differential Transducer (LVDT) device
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attached to the cap plates. To avoid a possible overpowering of the Instron machine, a maximum loading rate of
0.5 mm/s was adopted.

Altogether three tests were carried out on the RSF joint with 15, 24 and 31 kN of slip force (Fsp). In order
to achieve these forces, the Belleville spring washers were compacted using the turn-of-nut method, in which the
number of rotations of the nut required to achieve a targeted deflection was determined by dividing this
deflection to the pitch of the threaded bolts. The resultant load-deformation curves for the three conducted tests
are illustrated in Fig.5. Note that a specific lubricant is used between the cap plates and centre plates to increase
the durability of the friction surfaces by controlling the possible galling and rusting. In this way, the static
coefficient of 0.19 was found for the tested device.
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Fig. 5 — RSF joint experimental test: a) Displacement schedule b) hysteretic curves for Fi;, = 15 kN ¢) hysteretic
curves for Fy;,= 24 kN d) hysteretic curves for Fy;, = 31 kN

From Fig.5, it can be seen that the load-deformation behaviour of the RSF joint represents “flag-shaped”
hysteretic curves which obviously imparts the self-centring behaviour as well as energy dissipation.
Furthermore, the red dashed line in Fig.5(a), 5(b) and 5(c) shows the behaviour prediction of the joint
determined by following the described analytical design procedure in the last section. It can be seen that the
proposed equations can closely predict the behaviour of this innovative connection.

It should be noted that as the pre-stressing force in the bolts (consequently Fy;,) increases, the maximum
displacement capacity of the joint decreases. This is because of the pre-compression of the spring washers to
provide the targeted slip force. Therefore, an optimized relationship between the slip force and the targeted

6
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ultimate displacement should always be targeted in order the have an efficient connection. Another important
observation from the test results is the stable behaviour of the connection. Symmetric flat slip-friction
connections, in which the external mild steel plates slide directly against the hard steel slotted centre plates, have
previously demonstrated performance in terms of maintaining strength, stiffness and hysteretic stability [17].
The mentioned characteristics which play a significant role when a low damage seismic solution is aimed for, are
observed as well for the RSF joint in addition to the self-centring behaviour. From Fig.5, it can be noticed that
the joint maintained its stiffness and strength through numerous cycles of loading and unloading.

Fig.6 shows the configuration of the tested RSF joint before and after slippage. The compaction of the
Belleville washers allows the device to be expanded (see Fig.5(b)). Upon unloading, the preserved force in the
springs brings back the centre plates to their original position.

|

- r

(a) (b)

Fig. 6 — RSF joint specimen: a) Before deformation b) After deformation (expansion of the plates)

4. Numerical Modelling of CLT buildings with RSF joints

4.1. The concept of CLT coupled walls with RSF connections

This section describes the numerical modelling of CLT coupled walls with RSF joints. The proposed system
consists of coupled CLT walls joined together by two types of RSF joints that are hold-down connections and
ductile links. The RSF hold-down device connects each wall to the foundation and the RSF ductile link connects
the walls to any adjacent rocking CLT walls and/or the end columns. A schematic view of the proposed concept
is displayed in Fig.7.

On the brink of rocking, the acting forces on each wall are RSF hold-down slip force (F), the sum of
RSF ductile link slip forces (Y F)) and the vertical loads (). It should be pointed out that this concept is mainly
proposed for structural systems where the lateral load resisting system is separated from the gravity load
resisting members. Therefore, the only considered vertical load in this paper is the self-weight of the CLT walls.
Nevertheless, the introduced system is capable to mitigate all other types of gravity loads such as permanent and
imposed loads.

Taking the moments about the rocking point of each wall, the total slip force for each wall (Fi + Y F}) can
be determined by Eq. (7). If the walls have different geometry or material properties, the slip force for each one
can be separately specified by following the same procedure with different 4 and b.



16" World Conference on Earthquake, 16 WCEE 2017
Santiago Chile, January 9th to 13th 2017

b
["— —— RSF ductile
t— links T T T
1| ‘ N Inks ? l
Steel
end columns }j1. L
]1 i ¢ l CLT rocking
w w w walls 5
RSF
hold-downs
o M0

(a) (b)
Fig. 7 — The concept of CLT coupled walls with RSF joints: a) Before rocking b) After rocking
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The RSF devices can be designed by Eq. (7) considering the fact that sum of the slip forces of the RSF
ductile links has to be less than the RSF hold-down slip force. Otherwise, the sliding would first initiate in the
hold-downs and the adjacent walls may be locked together. The slot length for RSF ductile links has to be twice
that of the RSF hold-downs for the reason that they are designed to slide in both upward and downward
directions while the hold-downs are intended to only move upward. Accordingly, the slot length for all hold-
downs (S) and ductile links (2S) can be determined by Eq. (8) with respect to the required lateral displacement
(A) (see Fig.7(b)). If the walls have different geometry, the slot lengths for the connections within each one of
them should be calculated separately.

b
S=A*— 8
h ™

4.2. Damper - Friction Spring Link Element

In order to model the RSF load-displacement behaviour, the Damper — Friction spring Link element in SAP2000
software package is adopted. This link element which is available in version 17 and above has many parameters.
In order to model the RSF hysteretic behaviour, these parameters should be accurately calibrated in accordance
with the design parameters of the RSF joint such as slip force, loading stiffness, maximum loading force,
maximum unloading force and the residual force. To verify the accuracy of this link element in prediction of a
RSF joint, a numerical model in SAP2000 is developed based on the experimental data of the tested RSF joint
with a slip force of 15 kN (see Fig.(b)). The calibrated parameters for the friction spring link element are
presented in Table 2. These parameters were determined according to the characteristics of the tested RSF
specimen and the specifications of the associated Belleville springs.
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Table 2 — Design parameters for the Damper — Friction Spring Link Element

Slipping stiffness (loading) | Slipping stiffness (unloading) Pre-compression Stop displacement

(N/mm) (N/mm) displacement (mm) (mm)

828 156 -18.12 86.5

Fig. 8 compares the numerically obtained hysteretic loop with the experimental results. It can be seen that
the Damper — Friction Spring Link element can accurately predict the load-displacement behaviour of a RSF
joint. Because the RSF joint can represent a similar behaviour in tension and compression if it is designed for
this purpose, the Spring Link element can accordingly be defined to respectively work in both directions.
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Fig. 8 — Comparison of the Friction Spring Link element and experimental data

4.3. Maximum Force in a Rocking CLT Walls with RSF joints

This study seeks to develop a low damage seismic solution comprised of rocking CLT walls with innovative
RSF joints. In all low damage concepts in timber structures, the key point is that timber elements have to remain
elastic including any connection between the timber and steel components and the ductile behaviour should be
provided by the steel connections. These connections can be traditional mechanical fasteners such as nails, rivets
and screws or can be more advanced connectors such as RSF joints. Accordingly, the first step in the design and
modelling of CLT rocking walls with RSF joints is to determine the maximum tolerable lateral force at the top of
a wall (Fg) which will allow the wall panel to remain elastic.

In order to evaluate the response of the CLT walls subjected to lateral loads, a 200 mm thick CLT wall
(which will be used further in the numerical model) was modelled using the ABAQUS software package. The
wall is 2 m wide and 8 m tall. All of the timber boards within the panel (longitudinal and transverse layers) were
assumed to have a thickness of 45 mm, a width of 183 mm and an elastic modulus of 12000 MPa (MSG12
timber [22]) along the board’s main axis (parallel to grain). The density of the timber was assumed as 540 kg/m’.
The timber boards were tied together at top and bottom to represent the glued surfaces. The only assumed value
for the applied vertical loads was the self-weight of the panel. From the numerical analyses, it was found that the
maximum horizontal force at the top of each wall that would result in the CLT boards reaching their
characteristic strengths (f; = 14 MPa and f. = 25 MPa) is Fr= 87.6 kN (equals to overturning moment of 700.8
kNm). Fig.9 shows the general arrangement of the developed numerical model including the mesh and stress
distribution. This numerical approach for modelling of CLT panels has previously been used by the authors and
demonstrated promising results [18],[20],(23],[24],[25].
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I

Fig. 9 — Numerical model of the CLT wall: a) Assembly b) Stress distribution ¢) Elastic deflection of the wall

4.4. Displacement-Control Quasi-Static Analyses of CLT Coupled Rocking Walls with RSF joints

The general arrangement of the proposed coupled wall system to be studied under displacement-control cyclic
loading in SAP2000 is displayed in Fig.10. The system consists of three identical CLT walls with 8 m height and
2 m length. The walls have a thickness of 200 mm with the material properties similar to the wall model that was
described in section 4.3. The investigated system includes two 400*400*10 mm steel box columns at the ends
which are assumed to be pinned to the base. All three walls are attached to the foundation by RSF hold-downs.
Furthermore, the walls are connected to the adjoining panels and/or the adjacent steel columns by RSF ductile
links. The RSF joints are designed in accordance with the proposed design procedure in section 2 and also Eq.
(7) and Eq. (8). Considering a self-weight of 17 kN for each one of the walls and based on the numerically
obtained Fr = 87.6 kN from section 4.3, the maximum forces for the RSF joints attached to each wall are
determined as 220 kN for the RSF hold-downs and 40 kN for the three assumed RSF ductile links along the edge
of the walls (Eq. (7)). In this model, Fy, is considered as 40% of the maximum load in the joint (Fpaxioading)-
However, for multi-story buildings, Fi, should be specified based on the Ultimate Limit State (ULS) earthquake
loads and the total stiffness of the Belleville washers that are exploited. Also, the CLT panel is modelled using
layers shell element.
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Fig. 10 — Numerical model of the CLT coupled walls with RSF joints: a) General arrangement
b) RSF ductile link ¢) RSF hold-down d) Displacement-control load schedule

The RSF joints are modelled using the Damper — Friction Spring Link Element. The calculated design
parameters are presented in Table 3. The displacement-control load schedule in Fig.10(d) is applied at the top of
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the system to evaluate the total load-deformation behaviour. The maximum displacement in the load schedule is
300 mm representing 3.75 % of lateral drift.

Table 3 — Design parameters for the Damper — Friction Spring Link Elements representing the RSF joints

Value Slipping stiffness (loading) | Slipping stiffness (unloading) Pre-compression | Stop displacement
(N/mm) (N/mm) displacement (mm) (mm)
RSF hold-down 1467 242 -75 75
RSF ductile link 267 44 -75 75

Fig.11 shows the numerical response of the system under the applied cyclic load regime. It is observable
that the RSF hold-downs and the RSF ductile links have a flag-shaped hysteretic behaviour. Fig.11(c) illustrates
the total lateral response of the coupled wall system. It can be seen that the system exhibits self-centring
behaviour which can be attributed to the hysteretic behaviour of the exploited RSF joints. It should be
emphasized that the only considered vertical load in this model is the self-weight of the wall. This means that the
self-centring behaviour of the proposed structural system does not rely on the gravity loads neither on the use of
post-tensioned cables. Moreover, Fig.11 evidently demonstrates the low damage characteristic of the proposed
system as the hysteretic behaviour remained stable after numerous cycles of loading and unloading. Hence, the
bounded area between the hysteretic loops increases over time. This clearly represents a significant rate of
energy dissipation which furthers confirms the potential to have a resilient low damage seismic solution. Further
experimental and analytical studies are being conducted by the authors to extend this innovative technology to
different structural systems.

Force (kN)

Force (kN)
t B E
Force (kN)
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Fig. 11 — Numerical results of the CLT coupled walls with RSF joints: a) RSF hold-down hysteresis
b) RSF ductile link hysteresis ¢) Total load-deformation behaviour of the system

5. Conclusions

From this study, it is evident that there is potential to significantly improve the seismic performance of timber
structures by using the innovative Resilient Slip Friction (RSF) joints. Experimental joint component tests
carried out on a RSF joint with three different levels of slip force exhibited stable flag-shaped hysteretic loops
demonstrating the re-centring capacity as well as energy dissipation.

The Damper — Friction Spring link element in SAP2000 is introduced to represent the RSF joints in
numerical modelling and the consequent numerically obtained hysteresis is validated by the component test
results. A new structural system comprised of rocking CLT walls with RSF hold-downs at the foundation level
and RSF ductile links along the edge of the panels is introduced. This system also includes steel end columns to
de-couple the vertical movements of the perpendicular walls due to bi-directional rocking motion. The
preliminary numerical results evidently confirms the potential to have a new resilient structural system for
timber construction. The resilience of the system is attributed to the hysteretic behaviour of the RSF joints.
Therefore, the proposed structural system can effectively be extended to steel and reinforced concrete structures.
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DUCTILE CROSS LAMINATED TIMBER (CLT) PLATFORM
STRUCTURES WITH PASSIVE DAMPING

Ashkan Hashemi', Wei Y. Loo?, Reza Masoudnia®, Pouyan Zarnani?,
Pierre Quenneville’

ABSTRACT: Multi-storey platform cross laminated timber (CLT) structures are becoming progressively desirable for
engineers and owners. This is because they offer many significant advantages such as speed of fabrication, ease of
construction, and excellent strength to weight ratio. With platform construction, stories are fixed together in a way that
each floor bears into load bearing walls, therewith creating a platform for the next level. The latest research findings have
shown that CLT platform buildings constructed with traditional fasteners can experience a high level of damage especially
in those cases where the walls have adopted hold-down brackets and shear connectors with nails, rivets or screws. Thus,
the current construction method for platform CLT structures is less than ideal in terms of damage avoidance. The main
objective of this study is to develop a low damage platform timber panelised structural system using a new configuration
of slip friction devices in lieu of traditional connectors. A numerical model of such a system is developed for a low rise
CLT building and then is subjected to reversed cyclic load simulations in order to investigate its seismic performance.
The result of these quasi-static simulations demonstrated that the system maintained the strength through numerous cycles
of loading and unloading. In addition to this, the system is capable of absorbing significant amount of energy. The findings
of this study demonstrate the proposed concept has the potential to be developed as a low damage seismic solution for
CLT platform buildings.

KEYWORDS: Cross Laminated Timer, Low damage, Slip friction, Rocking walls, Platform construction.

by mechanical fasteners such as nailplates, rivets or
screws. Since these panels are also the main lateral load

1 INTRODUCTION

In recent years, Cross Laminated Timber (CLT) has been
widely used for different types of buildings such as
offices, commercial buildings, public buildings and multi-
story residential complexes. In most cases, the platform
method of construction is adopted. This method is
perfectly suited for low rise to medium rise structures. The
term “platform method” derives from the method of
construction where the stories are like stacked shoe boxes
joined together in a manner that each floor bears into load
bearing walls, thereby creating a platform for the next
level. The platform method is especially suited to
structures which have a cellular plan. Internal wall panels
can then be used to contribute to the cellular form and are
used as load bearing components in addition to resisting
the lateral loads. Typically, vertical loads from the walls
and floors are supported by CLT wall panels which are
connected to each other and to the floor panels
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resisting members, extensive research on the seismic
behaviour of these structures are being conducted by
many research groups around the world.

The most comprehensive experimental research about the
seismic performance of CLT platform structures has been
conducted within the SOFIE project [1] . That project
included quasi-static tests on a single story building with
different layouts, shake table tests on a three story CLT
building and a series of full scale shake table tests on a
seven story CLT building. The results showed that the
CLT platform buildings with traditional connections are
relatively stiff and can survive destructive seismic events
with minimum damage. However, a number of
connections (such as nailed hold-downs and nailed shear
brackets) failed in bending and some withdrew from the
timber elements.  Additionally, high response
accelerations particularly in the upper levels with a
maximum acceleration of 3.8 g were recorded.
Accelerations this high obviously have the potential to
cause serious injury among the occupants, and it is
desirable that a method to reduce them is considered.
Popovski et al. investigated the seismic response of the
CLT wall panels of various arrangements and connection
layouts [2,3]. It was concluded that these walls have
adequate lateral resistance when nails or slender screws
are used together with steel brackets. Moreover, the use
of hold-downs with nails at the corners of the walls were



proven to further improve the resistance to overturning
from the lateral forces.

Garvic et al. experimentally investigated the cyclic
behaviour of single and coupled CLT walls with different
connections [4]. The test results confirmed that the layout
and design of the connections govern the overall
behaviour of the wall. While in-plane deformations of the
panels were almost negligible, the observed plastification
in the connection parts lead to local failure in the system.
Popovski et al. conducted a series of full scale quasi-static
tests on a two story CLT house [5]. No global instability
was observed even when the maximum force was
reached. Regardless of the rigid connection between the
floors and walls, rocking movement of the wall panels
was not totally restricted by the floor above.

Yasumura et al. studied the mechanical performance of
low-rise CLT structures with large and small panels
subjected to reversed cyclic lateral loads [6]. They
concluded that in the buildings with small panels, rotation
of the panels was the major cause of the total deformation
of the building. They also proposed a numerical model to
predict the seismic behaviour of such structures.
Regardless of the adequate seismic resistance of the
abovementioned CLT platform buildings, in almost all
cases, the connections suffered from large inelastic
deformation by the end of the earthquake or by the end of
the cyclic test [7],[8]. This means that many of these
connectors should be repaired or replaced after a major
seismic event. This study introduces a new low damage
seismic solution for CLT platform structures where
traditional connectors are replaced with slip friction
devices. This system is capable of dissipating large
amount of seismic energy while avoiding inelastic
damage to its elements through numerous cycles of
loading and unloading. The performance of this system is
investigated by quasi-static simulations with reversed
cyclic load regimes.

2 ROCKING TIMBER WALLS WITH
SLIP FRICTION CONNECTIONS

Passive sliding friction dampers were originally utilized
for steel structures. Popov et al. introduced the symmetric
slotted bolted connection which dissipates energy through
friction while producing equilateral load-deformation
loops in tension and compression [9].

Clifton et al. proposed the Asymmetric Sliding Hinge
joint for steel moment resisting frames which had non-
rectangular yet stable hysteretic behaviour [10]. For the
first time in timber structures, Filiatrault utilized the
sliding friction devices for timber sheathed shear walls
[11]. His studies demonstrated a noticeable improvement
in the hysteretic behaviour of the walls compared to
traditional timber shear walls. Large amounts of
dissipated energy was also observed at various lateral
drifts up to a maximum of 1.5%.

Loo et al. investigated the application of slip friction
connections as a replacement of traditional hold-downs
for timber Laminated Veneer Lumber (LVL) walls
[12,13]. Their experiments showed significantly
improved seismic performance compared to traditional

systems in terms of stability of hysteretic behaviour and
residual deflections [16]. Additionally, and most
importantly, the timber wall remained in the elastic region
after several quasi static and dynamic numerical analyses.
Figure 1 shows a rocking CLT wall with slip friction hold-
downs. F represents the applied lateral load at the top of
the wall and W represents the applied vertical load to the
wall including the self-weight of the wall and the gravity
loads. Taking the moments about the rocking point of the
wall, the slip force of the hold-down (Fyy) can be
calculated by Equation 1.

Faip = Fyy — — )
When the applied horizontal load at the top reaches the
threshold that the force in the hold-down exceeds Fy, the
sliding is commenced in the device and the wall starts to
rock. It should be pointed out that the in-plane elastic
deflection of a CLT panel is negligible compared to the
displacement due to rocking movement. Therefore, the
elastic deflection of the wall panels are neglected in this
study. In other words, the walls are assumed as rigid
bodies during the rocking movement.
Note that since this study seeks to develop a low damage
concept, all timber members (CLT panels) and their
associated connections must remain in the elastic region.
Therefore, the slip threshold for the friction devices (Fip)
should be specified in a way that the wall start to rock
before any compression or tension failure occurs in the
timber boards within the CLT panel.

b
Figure 1: Rocking wall with slip friction hold-downs

As shown in Figure 2, slip friction hold-downs are
comprised of several components. The centre plate (the
wall embedded plate) is rigidly connected to the timber
wall with mechanical fasteners. The outer plates clamp
the centre slotted plate in a manner that the centre plate is
sandwiched by them. When the imposed vertical force to
the device overcomes the frictional resistance between the
two surfaces, the centre plate starts to slide and energy
will be dissipated through cycles of sliding. The slip
threshold for a slip friction hold-down can be determined
by Equation 2 where u is the coefficient of friction
between the two surfaces, ny, is the number of bolts and 7}
is the tension force in each bolt [12].



Fsip = 2pny Ty, (2)

Shp friction hold-down:
(1) Slotted centre plate
(2) Outer plates

(3) Friction bolts through the slotted plate and
outer plates with Belleville washers

(4) Fixed bolt(s) (for symmetric configuration)
(5) Foundation (or the floor below)

Figure 2: Slip friction hold-down connector

3 PROPOSED SYSTEM FOR CLT
PLATFORM CONSTRUCTION

Figure 3 schematically shows the introduced
configuration for CLT platform structures. The wall
panels are designed to resist both gravity and lateral loads.
The proposed concept includes rocking CLT panels with
relatively high height to weight ratio to ensure that the
dominating deformation mechanism is the rotation of the
walls.

Wall

Ship friction j

Hold-down

Figure 3: CLT panels with slip friction connections

This configuration allows the individual walls to rock and
provides a ductile response. Additionally, pre-defined
gaps between the adjacent panels are considered to further
increase the ductility of the system as the walls are free to
rotate to a certain level before pounding on each other.

Each panel within the system is connected to the floor
below (or the foundation in the base level) by slip friction
hold-downs. These hold-downs are designed to slide

when the induced lateral load at the top (upper floor
diaphragm) reached a certain amount. Therefore, the
walls are allowed to rock and energy will be dissipated at
the joints.

Moreover, a slotted bolted connection is considered at the
top of the walls that connects the wall to the upper floor.
This connection, which is referred to as a “ductile link”,
is designed to accommodate the relative vertical
displacement between the wall and the floor above while
effectively transferring the lateral forces from the upper
diaphragm to the wall. Figure 3 shows one possible
solution for the ductile link.

During the full scale cyclic test of a two story CLT house
with traditional metal connections, Popovski et al.
reported that the sliding movement between the walls and
floors has the highest contribution to the overall
deformation of the structure [5]. This study focuses on the
rocking movement of the walls (rather than sliding) and
considers it as the dominating deformation mechanism.
With this as the objective, a special low damage shear
connector should be used between the walls and floors to
efficiently transfer the shear forces while it is capable of
accommodating the possible uplift caused by the rocking
movement. Loo et al. proposed a solution for the shear key
and verified its efficiency by experimental tests [13].
Nevertheless, the authors are currently working on
different concepts for shear connectors which will be
incorporated into the proposed structural system.

Figure 4 displays the deformed shape of the system. Out
of plane bending of the floor diaphragm and the
embedment of wall panels into the above and below floors
allows the wall panels to rock about their corers. This is
in agreement with the experimental findings of Popovski
et al. [5] and Yasumura et al. [6].

Figure 4: Deformed shape of the proposed concept for
CLT platform structure with slip friction connections

In the proposed concept, steel columns are considered at
the corners and intersections to de-couple the relative
movement of the perpendicular panels due to rocking.
This is necessary to avoid the walls bearing on each other
in bi-directional rocking (see Figure 5). The column are
pin jointed at each floor level.



Steel
o Column

Figure 5: Steel columns at the corners to de-couple the
relative movement of the perpendicular rocking walls

The configuration of the connection between the CLT
panel and the steel column are similar to the ductile link
shown in Figure 3. However, in this case the slotted bolted
connection is designed to be able to accommodate the
upward and downward displacements caused by the
relative rocking movement of the panels in both
directions.

4 NUMERICAL MODELING OF A LOW
RISE CLT BUILDING WITH SLIP
FRICTION CONNECTIONS

4.1 DESCRIPTION OF THE MODEL

The work presented in this section targeted the overall
performance of the CLT platform structures with slip
friction connections under lateral loads. A numerical
model of a two story CLT building similar to the one that
has been tested by Popovski et al. [5] is developed in
SAP2000 [14]. The model is subjected to quasi-static
cyclic horizontal loads in both directions.

The prototype was 6.0 m long and 4.8 m tall with heights
of 2.3 m for both stories. A five layer CLT section with
100 mm thickness (20 mm for each layer) is considered
for both floors and walls. It should be pointed out that for
real CLT structures, the thickness of the floor panels are
normally greater than that of the walls to meet the
serviceability criteria.

Along the East side of the first story, three rocking walls
with 1.6, 1.5 and 0.9 meters width were considered while
along the West side, three 1.3 m wide rocking walls were
modelled. For the North and South sides of first story, four
rocking walls with 2, 1.5, 1 and 1.5 m width were used
(from West to East direction in Figure 6).

For the second story, three 2 m wide walls were
considered on the North and South sides while three 1.6
m wide walls were modelled for the East and the West
sides. In addition to the exterior walls, there were also two
1.6 m width partition walls in the North-South direction
in both stories.

Four 0.8 m by 0.8 m window openings were modelled on
both the North and South sides at both levels while two
window openings with same dimensions were considered
on the East and West sides of the second story.

Furthermore, the first level had a 2.2 m wide door opening
on the West side. Figure 6 shows the plan view of the
modelled CLT building.
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Figure 6: Plan view of the modelled CLT structure [5]:
a) First story b) Second story
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4.2 SLIP THRESHOLD FOR THE SLIP
FRICTION HOLD-DOWNS

In this paper, all of the mentioned rocking walls are
assumed to be connected to the foundation or the floor
below by slip friction hold-downs. Generally, in all low
damage timber structural systems, the key point is that
timber elements must remain in the “elastic” region and
ductile behaviour of the of the system will be provided by
the steel connections. These connections can be
traditional connections with mechanical fasteners such as
nails, rivets and screws or can be more advanced
connectors such as slip friction devices (which are highly
elasto-plastic). Accordingly, the first step in the design
and modelling of CLT rocking walls with slip friction
connections is to determine the maximum tolerable lateral
force at the top (Fx) which will allow the wall panel to
remain in the elastic region both before and after the
friction device is activated and the wall starts to rock (see
Figure 1).

While there are numerous analytical methods or
numerical models for analysing LVL walls (and
consequently specifying the lateral load carrying capacity
Fy), there is lack of research studies about CLT walls
under lateral forces with the focus on the timber boards.
This can be mainly attributed to the highly non-uniform
composition of CLT.

In this study, a series of finite element analyses were
carried out using ABAQUS software package [15] to
determine the maximum tolerable Fy for the seven
different wall configurations in the CLT house prototype



(0.9 m to 2 m width and 2.3 m height). A five layer CLT
panel with three 20 mm thick longitudinal layers and two
20 mm thick transverse layers with 183 mm width for all
boards within the panel is assumed for all models. This
arrangement of layers represents a conventional
configuration for CLT in the New Zealand market. Table
1 shows the assigned mechanical properties to all timber
borards within the models.

Table 1: Material properties of a CLT board (MSG8*)

B Eg Er fo fi
(MPa) (MPa) (MPa) (MPa) (MPa)
8000 363 363 18 6

* Grade 8 machine stress graded sawn timber [16,17]
** Principal axes of a timber board [16]

A 3.5 kN/m? uniform load is assigned to both stories to
represent the permanent loads, imposed loads and the self-
weight of the CLT members. Owing to the reason that all
walls within the CLT building have the same height and
thickness, it is assumed that the applied vertical loads in
cach story is shared between the walls in accordance with
their tributary area. Table 2 tabulates the calculated
vertical loads for seven different widths for the walls.

Table 2: Calculated vertical loads for rocking CLT walls

Story Wall Height Width w
(m) (m) (kN)

W0.9 2:3 0.9 5.14

W1.0 23 1.0 5.82

Wi3 23 1.3 7.56

Second Story W14 23 1.4 8.15
W15 23 1.5 8.73

Wie6 23 1.6 9.31

W20 23 2.0 11.64
w09 23 0.9 11.37
Wwl.0 23 1.0 11.63
wi3 23 13 15.12

First Story W14 2.3 1.4 16.29
W1.5 23 1.5 17.45
W1.6 2.3 1.6 18.61

W20 23 2.0 23:27

To include the effect of axial loads on the elastic lateral
strength of CLT panels, each wall model was analysed
with zero axial load in addition to the two calculated axial
load limits indicated in Table 1. In each model, the applied
lateral force at the top is increased until the normal stress
in one of the timber boards exceeds its permissible
characteristic stress (f: and f; in Table 1).

To optimize the efficiency of CLT wall applications, wall
panels have been placed with their outer layers parallel to
the gravity loads [18]. Figure 7 illustrates the general
arrangement of the developed numerical model for CLT
walls. This numerical approach has previously been used
by the authors and demonstrated promising results
[19],[20]. Note that in Figure 7, the wall is flipped
horizontally for better clarity.

The base]

of the wall

Figure 7: Numerical model of a CLT wall panel: a) Assembly
b) Mesh c¢) Stress distribution

The details of the analysed models and the numerically
obtained values for maximum tolerable F; for each model
are presented in Table 3.

Table 3: Fy for CLT wall panels

Model  Axial Load  Fy (KN)
(kN)
W0.9-1 0.00 24.75
W0.9-2 5.14 24.95
W0.9-3 11.37 25.11
W1.0-1 0.00 27.51
W1.0-2 5.82 27.72
W1.0-3 11.63 27.90
W1.3-1 0.00 36.48
W1.3-2 7.56 36.82
W1.3-3 15.12 37.05
W1.4-1 0.00 39.76
W1.4-2 8.15 40.15
W14-3 16.29 40.42
W1.5-1 0.00 43.13
W1.5-2 8.73 43.46
W1.5-3 17.45 43.82
W1.6-1 0.00 46.34
W1.6-2 9.31 46.72
W1.6-3 18.61 47.08
W2.0-1 0.00 58.55
W2.0-2 11.64 59.03
W2.0-3 23.27 59.48

The relationship between the width to height ratio of the
wall models with different levels of axial loads and Fy is
displayed in Figure 8. It can be seen that the effect of the
axial load is approximately 2 percent which can be
conservatively neglected. Moreover, the results
demonstrates a linear relationship between the aspect ratio
and the lateral stiffness of the walls.

It should be pointed out that in many of the proposed low
damage solutions for CLT construction, the gravity load
resisting system is separated from the lateral load resisting
system. The results of the presented study shows that the
lateral strength of the CLT walls is not much affected by
the applied axial loads at least in the investigated range of



the applied load. Furthermore, Figure 8 readily shows that
a CLT panel can be replaced with an equivalent material
providing that it stays in the elastic region.
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60.00
— Roof
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o s Flrst Story
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3000
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Width to Height ratio

Figure 8: Width to height ratio against Fn

Based on the numerically obtained maximum Fy values
for each wall (Table 3), the slip threshold for slip friction
hold-downs (Fy;) is specified by Equation 1 (see Table
4). Note that the resultant forces are multiplied by 0.8 as
the coefficient of safety.

Table 4: Calculated slip thresholds (Fiip)

Story Wall  Fup (KN)
wo0.9 5.65
WI1.0 7.24
Second Story WI1.3 13.47
Ww1.4 16.10
WIS 19.01
WI1.6 22.07
W2.0 36.07
Wwo0.9 3.56
WI1.0 491
First W13 10.45
Story W14 12.85
W1.5 15.52
Wi1.6 18.35
W2.0 31.42

4.3 NON-LINEAR ANALYSIS OF THE CLT
BUILDING UNDER CYCLIC LATERAL
LOADS

Figure 9 shows the developed numerical model in
SAP2000 for the CLT building with slip friction devices.
To model the hysteretic behaviour of the slip friction
connections, three types of link elements are used. The
multilinear plastic link with kinematic hysteretic
behaviour is used to represent a bi-directional force-
displacement loop without stiffness degradation through
cycles of sliding. The gap element is used to restrict the
negative vertical displacement in the hold-downs and the
hook element is considered to specify the maximum
displacement, or slot length, in the connector. The slot
length was specified according to the geometry of the

corresponding walls and the targeted lateral drift. For the
walls with 0.9, 1.0, 1.3, 1.4, 1.5, 1.6 and 2.0 width, slot
lengths of 34, 38, 49, 53, 57, 60 and 75 mm were
respectively specified to make the walls capable of 3.75%
rotation which is recommended by the New Zealand
standard as the upper bound limit for a maximum credible
earthquake (MCE) [21]. This numerical technique is
experimentally validated by Loo et al. [13].

To model the ductile links that connect the rocking CLT
wall to the upper floor, an elastic spring link element in
addition to a gap element is used. The elastic spring
element exhibits the characteristics of a rigid connection
in both directions perpendicular to the element except for
the vertical (or longitudinal) translational degree of
freedom which allows the connections to freely
accommodate the vertical movements. The gap element is
considered to restrict the movement in the link to the
upper floor level. Similar configuration is adopted for the
ductile links that connect the CLT walls to the steel
columns. The only difference is that the gap is set to the
slot length because the link has to be able to accommodate
both upward and downward vertical displacements (see
Figure 5).

CLT panels are modelled by layered shell element with
the indicated material properties in Table 1 that is
assigned to each layer according to its angle.

Slip friction
Hold-down

Figure 9: Numerical model of the two story CLT house
with slip friction connections

It was decided to apply reversed cyclic lateral loads
instead of displacements to ensure the inverted triangular
distribution of earthquake loads were in conformance
with the equivalent static method in NZS1170.5 [22].
From the non-linear pushover analysis, it is found that
applying a 555 kN to the second story and half of it (277.5
kN) to the first story in the E-W direction, induces 115
mm deflection at the top of the building which
corresponds to 2.5% of lateral drift. Therefore, the
reversed cyclic load regime of Figure 9(a) is applied to the
top floor in a manner that in each cycle, 50% of the force
is applied to the first level. Note that the maximum force



was limited to 555 kN for the roof and 277.5 kN for the
first floor.

Following a similar procedure, the load regime in Figure
9(b) is separately applied to the building in the N-S
direction where the maximum load for the roof and the
first level is 608 kN and 304 kN, respectively.

555 kN

600
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Figure 9: Load protocol for reversed cyclic loading:
a) E-W direction b) N-S direction

In Figure 11, the displacement at the top of the building is
plotted against the base shear in both directions. It can be
seen that the initial lateral stiffness of the structure
remained almost intact through a large number of load
cycles. This can be mainly attributed to the low damage
nature imparted by the slip friction devices. The story drift
of the roof level was larger than that of the first level
which is in agreement with findings of Yasumura et al.
during the full scale test of a low rise CLT platform
building [6]. It should be emphasized that the system is
designed in a way that the rocking movement of the walls
is the main source of the horizontal movement of the
floors and elastic deformation of the CLT panels is a
secondary consideration. The slip between the wall panels
and the floors is not considered in this model. However,
in order to have a low damage design, a specifically
designed type of shear connection should be used to
transfer the shear forces from the walls to the floors which
tolerates the gap opening due to the rocking motion.
Because of the low damage characteristic of the proposed
system, the overall strength is maintained throughout the
cyclic tests. This should be compared to the systems with
traditional connectors where the total strength is
drastically decreased after a few cycles and accordingly
the rate of energy dissipation is correspondingly reduced
[12].

(a)

Base Shear (KN)

(b)

Base Shear (KN)-Y

Top Displacement (mm)

Figure 11: Cyclic behaviour of the structure:
a) E-W direction b) N-S direction

It can be seen that the force-deformation behaviour of the
building is close to a flag-shape one. This means that the
system inclines towards self-centring behaviour which is
highly influenced by the vertical loads. In other words, to
achieve a self-centring system, a balanced relationship
between the slip force of the friction devices and the
vertical loads is required. If the damper forces
considerably exceed the gravity loads, self-centring is less
likely to be achieved. On the contrary, much higher
vertical loads will restrict the amplitude of sliding in the
devices, therefore reducing the absorbed energy.

In this study, the slip forces are determined based on the
maximum elastic lateral strength of the CLT panels in
order to address the global behaviour of this new
structural system. However, for real structures, the slip
forces should be designed in a way that the slippage is
triggered by Ultimate Limit State (ULS) earthquake loads.
This means that the slip friction devices represent rigid
connections against wind loads and Serviceability Limit
State (SLS) earthquake loads. Consequently, when the
building is subjected to ULS seismic forces, they start to
slide and energy will be dissipated over the joints while
the rocking movement of the panels provides the required
ductility for the system.

Although the hysteretic loops in Figure 11 represent the
potential for low damage behaviour, further experimental
tests are required to confirm the global behaviour of the
structure and to investigate the possible failure modes of
the system. Despite the fact that the inelastic behaviour is
localized in the slip friction devices, other failure modes
especially in timber members should be accurately
monitored.



5 CONCLUSIONS

Results of the quasi-static analyses on a numerical model
of a two story CLT building with slip friction connections
are presented in this paper. The objective was to
investigate the cyclic behaviour of the model under lateral
loads. To determine the slip threshold for the slip friction
devices, series of rigorous finite element models were
analysed in ABAQUS. The results showed that effect of
axial loads on the lateral strength of the CLT panels is less
than 2 percent for the investigated range of axial loads.
When a reversed cyclic lateral load regime is applied to
the structure instead of displacements to ensure the
inverted triangular distribution of earthquake loads in
accordance with the New Zealand standard, the results
showed that the system maintained its initial lateral
strength well through numerous cycles of loading and
unloading. Consequently, the system is capable of
absorbing significant amount of seismic energy. Further
experimental investigations are required to confirm the
outcomes of this project.

Overall, the findings of this preliminary numerical study
proved that the introduced system has the potential to be
developed as a low damage seismic solution for CLT
platform structures.
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1 Introduction

Despite the fact that timber is intrinsically a non-ductile material, timber structures
have performed well in terms of seismic performance. This is mainly because of the
ductility of the mechanical steel connectors and their interaction with the timber el-
ements. In modern design approaches, these connections are detailed to plastically
deform while the timber members stay in the elastic region. Thus, the overall system
achieves the required ductility. Latest research about the seismic performance of
timber structures has shown that the hysteretic behaviour of the steel connections
govern the total seismic performance of the structures. Traditional steel connections
available for timber construction are typically comprised of mechanical fasteners
such as nails, screws, rivets or bolts which are often subjected to non-recoverable
damage in a design level earthquake. Therefore, the connections have to be replaced
almost entirely after a severe seismic event.

Passive slip friction connectors including flat steel plates sliding over each other were
originally employed in steel structures. Popov et al. (1995) introduced the symmetric
slotted bolted connections which absorbs the seismic energy through friction during
equilateral tension and compression cycles. Popov's comprehensive experiments
demonstrated a nearly elastoplastic yet stable hysteretic behaviour. Clifton et al.
(2007) proposed the asymmetric sliding hinge joint for steel moment resisting frames
which had non-rectangular and stable force-deformation behaviour. Filiatrault (1990)
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utilized the sliding friction devices for timber sheathed shear walls which resulted in a
noticeable improvement in the hysteretic behaviour of the walls compared to the
conventional timber shear walls. His studies showed that large amount of energy
could be absorbed at different lateral drifts up to 1.5%. Loo et al. (2012, 2014, 2015)
investigated the application of slip friction hold-downs as a replacement for tradi-
tional connectors in timber Laminated Veneer Lumber (LVL) walls. Their experiments
showed a considerable improvement in the seismic performance compared to the
traditional systems in terms of hysteretic behaviour and residual displacements.
Hashemi et al. (2016) extended the application of slip friction connections to rocking
Cross Laminated Timber (CLT) coupled wall systems. Their studies demonstrated that
coupled walls with friction joints provide superior seismic performance in terms of
ductility, energy dissipation and residual deflections compared to similar systems
with traditional nailed connections.

This paper introduces a novel timber coupled wall system using innovative Resilient
Slip Friction (RSF) joints and CLT panels as a low damage self-centring seismic solution
for timber construction. The main objective of this work is to demonstrate how the
adoption of the RSF joints in timber walls can improve the ductility of the wall sys-
tems while it offers a damage-free ductility zone. The outcomes of this work can be
used to recommend more generous behaviour factor (g) compared to what has been
proposed by Eurocode 8 (2013) when RSF technology is used.

The experiment carried out on a rocking CLT wall with RSF hold-downs is introduced.
Moreover, a simple design procedure for predicting the hysteretic behaviour of the
RSF joints in addition to design equations for the coupled wall system are presented.
Based on the experimental results, implications to the way in which such a system
could be designed in terms of the required ductility and the restoring force are dis-
cussed.

2  Resilient Slip Friction (RSF) joint

The energy absorption mechanism of the conventional slip friction connections com-
prised of sliding flat steel plates has already been proven as one of the most efficient
structural damping systems. However, the lack of self-centring behaviour in these
joints requires the use of a supplementary system to bring back the structure to its
original position after an earthquake, which is always costly. One of the conventional
solutions to provide self-centring is the use of post-tensioned tendons up the height
of the walls. This solutions has two major disadvantages. Firstly, a significant rate of
tendon force loss (30% or more) can take place during the service life of the building
which substantially reduces the efficiency of the system and secondly, the post-
tension force is highly dependent on the humidity of the environment which is very
hard to control in most cases.
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In this paper, a novel friction joint is introduced in which the components are ar-
ranged in such a way that the damping is achieved as well as self-centring, all in one
device. Figure 1 displays the components and the assembly for the Resilient Slip Fric-
tion (RSF) joint (2015). The specific shape of the grooves combined with the use of
Belleville washers (conical disc springs) and high strength bolts deliver the desirable
self-centring behaviour. The angle of the grooves is designed in a way that at the time
of unloading, the reversing force caused by the elastically compacted Belleville wash-
ers is larger than the resisting friction force between the surfaces. Thus, this force re-
centres the slotted plates to their original position.

(a) (b) ()

Figure 1. RSF joint: a) Cap plates and centre slotted plate b) Belleville spring washers c) Assembly

Based on the free body diagrams and the acting forces shown in Figure 2, a design
procedure has been developed to predict the load-deformation behaviour of a sym-
metric double acting RSF joint (Zarnani et al. 2015). It should be noted that a double
acting RSF joint is comprised of two centre slotted plates and two cap plates (see Fig-
ure 1(a)). Refer to (Loo et al. 2012) for more information about the differences be-
tween the symmetric and asymmetric configurations for slip friction connections. The
slip force (Fsip) can be determined by Equation 1.
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Figure 2. Schematic view of the symmetric RSF joint: a) Friction plates before slip b) Friction plates at
ultimate deflection c) Schematic hysteretic loop



INTER /49-15-7

sin@+ u_cos@

Foip =2n,F, (1)
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Where Fp, is the clamping force in the bolts caused by the pre-stressing of the Belle-
ville spring washers, ny is the number of bolts, 6 is the angle of the grooves and s is
the static coefficient of friction. Figure 2(c) shows the theoretical hysteretic loop for a
RSF joint. The residual force in the joint at the end of the unloading can be deter-
mined by Equation 2 where py is the kinetic coefficient of friction which can be as-
sumed as 0.854s.

sin@ — p,cos@

F essiar=204F
dual b' b =
g cos @+ u,sinf

(2)

or

The ultimate force in loading (Fuitioading) and unloading (Furunioading) €an be calculated
by replacing us and Fspr in Equation 1 and Equation 2 with px and Fiu, respectively.
The ultimate force in the bolts (Fs.4) can be determined by Equation 2 in which ks and
As are respectively the total stiffness of the of washers and their maximum deflection
when they are fully compressed (the spring washers become flat).

Fow = Fop KA, (3)

U b,pr

The maximum deflection in the joint can be calculated by Equation 4 where nj is the
number of joints acting in a series (e.g. n; equals to 1 for a single acting joint and
equals to 2 for a double acting one).

A

=i} 2 4
"tan@ @
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The joint possesses a self-centring characteristic providing that Equation 5 and Equa-
tion 6 are satisfied. In Equation 6, L represents the horizontal distance between the
top and bottom of a groove.

H, <tanf (5)
A

L>— 6
sin@ il

3  Experimental testing of a Rocking CLT wall with
RSF joints

Experimental tests were conducted on a CLT wall with RSF joints as the hold-down
connectors to study the hysteretic behaviour of the wall which represents the per-
formance of the proposed concept in terms of ductility, stability and self-centring ca-
pacity.
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33 The assembly of the RSF hold-downs

The two identical RSF joints used in the test are shown in Figure 3. The RSF hold-
downs are implemented in the notches at the bottom corner of the CLT wall. They
consist of two centre slotted plate and two cap plates. The cap plates were
manufactured using mild steel grade 350 and the centre plates were fabricated with
high-strength Bisplate 80 steel. The angle of the grooves was 15 degrees in order to
maximize the deformation capacity of the joint. Two 220 mm by 50 mm mild steel
stiffener plates had later been welded to the cap plates to reinforce them against out
of plane bending.

(a) (b) (c)

Figure 3. The tested RSF hold-down: a) Cap plates and centre slotted plates b) Belleville washers
c) Assembly

The RSF joints were designed and built to be able to accommodate a maximum dis-
placement of 65 mm in tension and 15 mm in compression. This was because of the
relatively larger displacement demand in tension in comparison to the one in com-
pression in a hold-down connector. These displacement thresholds were determined
based on the analytical prediction of the RSF joint behaviour.

3.2 Materials and the test rig

The quasi-static cyclic tests were carried out on a five layer CLT wall with a height of
6000 mm and a width of 2020 mm. The hydraulic actuator was connected to the wall
at 3350 mm of height. The CLT panel has five 40 mm thick layers made of MSG8 tim-
ber (1999) (200 mm thickness in total). Figure 4 shows the general arrangement of
the test setup. The loading protocol displayed in Figure 5(a) was applied to the top of
the wall with a loading rate of 1.25 mm/sec. To prove the efficiency of this novel low
damage solution, a maximum drift amplitude of 3% was targeted to match the typical
design yield limit recommended by the different building codes in the world. Moreo-
ver, because of the fact that the conventional beam-column connections with plastic
hinges and also the hold-down connections of the shear walls are subjected to severe
damage at lateral drifts more that 2%, it was decided to aim for a 3% lateral drift to
demonstrate the functionality of the proposed concept. However, if more than 100
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mm top displacement (equals to 3% of lateral drift) is demanded by the designer, the
RSF joints can be redesigned to meet the required maximum lateral drift.
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(a) (b)
Figure 4. Experimental testing of rocking CLT wall with RSF joints: a) schematic test setup
(dimentions are in mm) b) Test Specimen c) RSF joint deformation in tension d) RSF joint deformation
in compression

The authors carried out eight tests in total on the wall. No damage was observed to
the wall with no evidence of deterioration in strength or stiffness of the RSF joints.
Figure 5(b) shows the typical hysteresis for the wall. For the displayed test, the pre-
stressing force was approximately 50% of the maximum force. The flag-shaped hyste-
resis in Figure 5(b) clearly demonstrates the self-centring behaviour of the tested
wall. It should be pointed out that despite the fact that the only applied vertical load
was the self-weight of the wall, the wall exhibited a self-centring behaviour. This
shows that the self-centring capacity within the proposed concept is independent of
the applied gravity loads. Figure 4(b) and 4(c) display the deformed shape of the RSF
hold-downs in tension and compression, respectively.
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(a) (b)
Figure 5. Experimental results of the rocking CLT wall with RSF joint: a) Load regime b) Load-
deformation response
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4  Ductility of the timber walls with RSF joints

RSF joints applied to massive rigid timber walls (such as CLT walls), provides a flag-
shaped elasto-plastic behaviour. The provided ductility is basically limited by the max-
imum displacement of the RSF joint. The maximum displacement has to be deter-
mined to provide a damage-free ductility during a ULS earthquake or even MCE.

For timber structures in general, the overall ductility (u) is found by dividing the fail-
ure displacement (&max) by the yield displacement (6,). These definitions are displayed
in Figure 6(a). For the walls with RSF joints, a similar approach can be adopted to de-
fine the total ductility. Figure 5(b) shows that the wall systems with RSF joints offer a
damage free ductility zone. This zone is associated with the RSF joints undergoing
sliding thereby capping forces below the limit indicated by the designer. The ductility
can be defined as u= 6/ 6,. The designer can decide on an appropriate value for
Urss corresponding to the relevant code recommendations for drift limits of ULS or
MCE. It should be pointed out that the extra ductility (beyond the ductility that is
provided by the RSF joints), depends on sufficient overstrength being provided by the
other connections within the structures.

For ety v A MR /

(b) Fsllp r

Damage Damage free

ductility ductility

5y amax 5y 5rsf

Figure 6. Defenisitons of the Wall strenght and ductility: a) Traditonal systems b) RSF joints

In view of a code application, higher g-factors compared to the recommended values
by Eurocode 8 (2013) for seismic design of CLT buildings (q=2) should be allowed
when RSF joints are used. This is because the adoption of RSF technology can im-
prove the intrinsic ductility and also the cyclic behaviour of the jointed CLT buildings

5 Numerical modelling of the CLT coupled walls
with RSF joints

5.1 The concept of the CLT coupled walls with RSF joints

The proposed system in this section is comprised of coupled CLT walls joined togeth-
er by two types of RSF joints which are hold-down connections and ductile links. The
RSF ductile links connects the CLT wall panels to adjacent walls and/or end steel col-
umns. When two adjacent walls are connected together, the RSF hold-down con-
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nects each wall to the foundation. The general arrangement of the proposed concept
is displayed in Figure 7. On the brink of rocking, the acting forces on the walls con-
nected to the adjacent CLT wall are the RSF hold-down force (Fx), the sum of RSF
ductile link forces (3F;) and the vertical loads (W). The acting forces for the walls con-
nected to the end columns are the sum of RSF ductile link forces (JF;) and the vertical
loads (W). It should be noted that this concept is mainly proposed for structural sys-
tems where the lateral load resisting system is separated from the gravity load resist-
ing members. Thus, the only considered vertical load in this study is the self-weight of
the CLT walls. However, the proposed system can also be used for structures that in-
clude load bearing walls.

Figure 7. Coupled CLT walls with RSF joints: a) Before Rocking b) After Rocking (Note: Outside
columns are restrained from any uplift)

Taking the moments about the rocking point of each wall, the total slip force (Fu +
JF)) can be determined by Equation 7.
h w

FH + EF} = Fslip;_? (7)

Where Fy is the slip force of the RSF hold-down, F; is the slip force for the RSF ductile
links, h is the height of the wall, b is the width of the wall, W is the self-weight of the
wall and Fgjp is the applied force at the top of the wall which triggers the slippage in
the RSF joints. Note that Fsip,worar in Figure 7(b) is the applied horizontal slip force at
the top of the coupled wall system. If the walls are identical, Fsi,totar is €qually shared
between them. However, if the walls within the system have different geometrical or
material characteristics, Fsip,total is proportional according to their lateral stiffness.

The RSF joints can be designed using Equation 7 considering the fact that for the ad-
jacent walls with RSF hold-downs, the sum of the slip forces of the RSF ductile links
has to be equal to the RSF hold-down slip force. Otherwise, the sliding would first ini-
tiate in the hold-downs and the walls might be locked together, cancelling the energy
absorption potential in the inter-wall ductile links. The slot length for the RSF ductile
links between the walls has to be twice that of the RSF hold-downs as they are de-
signed to slide in both upward and downward directions while the hold-downs are in-
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tended to only move upward. Accordingly, the slot length for all hold-downs (S) and
ductile links (2S) can be determined by Equation 8 with respect to the required lateral
displacement (4) (see Figure 7(b)). If the walls have different geometry, the slot
lengths for the connections within each one of them should be calculated separately.

— AR
S—A*h (8)

It should be noted that the RSF hold-downs are rigid connections before slippage.
Therefore, the applied horizontal force at the top of the wall (Fsip) has to be con-
trolled to not exceed the amount that causes tension failure at the base of the wall.

5.2 Cyclic behaviour of CLT coupled walls with RSF joints

In order to model the RSF joint load-displacement behaviour, the Damper—Friction
spring Link element in the SAP2000 software package is adopted. This type of ele-
ment has proven to be able to accurately represent the cyclic behaviour of a RSF joint
providing that its parameters are properly calibrated in accordance with the design
parameters of the RSF joint such as the slip force, loading stiffness, maximum loading
force, maximum unloading force and the residual force (Hashemi et al. 2016).

The general arrangement of the coupled wall system to be studied under displace-
ment-control cyclic loading using the SAP2000 software package is displayed in Figure
8. The system consists of two identical CLT walls with 8 m height and 2 m length. All
of the timber boards within the panel (longitudinal and transverse layers) were as-
sumed to have a thickness of 40 mm, a width of 183 mm and an elastic modulus of
12000 MPa (MSG12 timber along the board’s main axis). The density of the timber
was assumed as 540 kg/m3. The walls have a thickness of 200 mm. This system in-
cludes two 200*200*10 mm steel box columns at the ends assumed to be pinned to
the base. The walls are connected to the adjoining panels and/or the adjacent steel
columns by RSF ductile links. Furthermore, the walls are attached to the foundation
where the two CLT panels are positioned next to each other.

1 .,' RSF ductile
‘ link

CLT walls

(b)

Steel

column
1‘ L Time (S)
: Gap element
5
ot~ I

Figure 8. Numerical model of the CLT coupled walls with RSF joints: a) General arrangement
b) Displacement-control load schedule

Displacement (mm)
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For this study, A 100 kN force applied at the top of the wall system is considered to
represent the ULS earthquake force which the RSF joints are designed to resist to.
The RSF joints are designed in accordance with the proposed design procedure in
section 2 and also Equation 7. Considering a self-weight of 17 kN for each one of the
walls, the maximum force for the RSF ductile links attached to the face of the steel
columns is 130 kN, the maximum force for the RSF ductile links attached to the adja-
cent CLT wall is 65 kN and the maximum force for the RSF hold-downs is 195 kN. Note
that three RSF ductile links are considered along the height of the walls. In this mod-
el, Fsip is considered as 50% of the maximum load in the joint (Fmaxloading). Also, the
CLT panel is modelled using layered shell element. The calculated design parameters
are presented in Table 1. The displacement-control load schedule in Figure 8(a) is ap-
plied at the top of the system to evaluate the total load-deformation behaviour. The
maximum displacement in the load schedule is 300 mm representing 3.75 % of lateral
drift which is recommended by the New Zealand standard for MCE.

Table 1. Calibrated parameters for the numerical model of the RSF joints.

Slipping stiff-  Slipping stiffness  Pre-compression  Stop displacement

ness (loading) (Unloading) displacement (mm)
(N/mm) (N/mm) (mm)
RSF hold-down 1300 281 -75 75
RSF ductile link at- 867 187 -75 75
tached the column
RSF ductile link at- 433 95 -75 75

tached the wall

Figure 9 shows the numerical response of the system under the applied cyclic load
regime. It is observable that the RSF hold-downs and the RSF ductile links have a flag-
shaped hysteretic behaviour. Figure 9(d) illustrates the total lateral response of the
coupled wall system. It can be seen that the system exhibits a self-centring behaviour
that can be attributed to the hysteretic behaviour of the RSF joints. It should be em-
phasized that the only considered vertical load in this model is the self-weight of the
wall. This means that the self-centring behaviour of the proposed structural system
does not rely on the gravity loads neither on the use of post-tensioned cables. More-
over, Figure 9 evidently demonstrates the low damage characteristic of the proposed
system as the hysteretic behaviour remained stable after numerous cycles of loading
and unloading. Hence, the bounded area between the hysteretic loops increases over
time. This clearly represents a significant rate of energy dissipation which furthers
confirms the potential to have a resilient low damage seismic solution. The damage
free ductile zone is also observable in Figure 9 which can compared to Figure 6(b).

In this model, Fsip is considered as 50% of the maximum load in the joint (Fmaxoading)-
However, for multi-story buildings, Fsip should be specified based on the Ultimate

10
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Limit State (ULS) earthquake loads and the total stiffness of the Belleville washers
that are exploited.
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Figure 9. Numerically obtained hysteretic behaviour of the CLT coupled walls with RSF joints: a) RSF
ductile link attached to the columns b) RSF ductile link attached to the CLT walls ¢) RSF hold-down
d)Total system

5.3 Seismic performance of CLT coupled walls with RSF joints

In this section, the seismic response of the introduced coupled wall systems with RSF
joints are presented. A seismic mass of 18000 kg are assigned to all of the walls in the
model at two elevations up the height of the walls (top and middle). Four conven-
tional time-history acceleration records were chosen for the earthquake loading. In
accordance with NZS1170 (2002), each record was scaled to match the Christchurch
2500 year return period for MCE and 500 year return period for ULS. A type C soil
(shallow soil site) was selected for ground motion scaling. Scale factors were deter-
mined with regards to a numerically obtained fundamental period of 0.47 seconds.
The fundamental frequency was determined as 2.13 Hz. The scaled peak ground mo-
tions for both systems are presented in Table 2. The maximum horizontal displace-
ments at the top of the system are shown in Figure 10. In accordance with

1"
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NZS1170.5, the maximum deformation limit of 2.5% (200 mm for this structure) is
the reference upper bound applicable to the ULS (1/500 annual period of exceedance
for ordinary structures) and a drift limit of 3.75% (300 mm for this structure) is rec-
ommended for MCE.

Table 2. Earthquake records and scaling.

Event Year PGA (g) Scaled PGA (g) for ULS  Scaled PGA (g) for MCE
El-Centro 1940 0.31 0.25 0.46
Northridge 1994 0.23 0.28 0.48
Kobe 1995 0.82 0.27 0.55
Christchurch 2011 0.44 0.19 0.48

It is observable that the maximum displacements for all of the selected seismic
events has not reached these limits. Moreover, no residual displacement was record-
ed in any of the time-history analyses demonstrating that the wall system is fully re-
centred at the end of the earthquakes.

200
180 BULS OMCE
160 =
140 Fu
120
100
80
60
40
20
0

Maximum Displacement (mm)

El Centro Northridge Kobe Christchurch

Figure 10. The maximum displacement at the top of the system subjecte to seismic loading

6 Conclusions

Experimental investigations on a rocking CLT wall with Resilient slip friction (RSF)
joints as the hold-down connectors proved the feasibility of the concept and the wall
demonstrated a stable flag-shaped hysteretic behaviour representing the self-
centring characteristic. This is achieved considering the fact that the only applied
gravity load was the self-weight of the CLT wall.

The adoption of the RSF joints as a substitute to the the traditional fasteners allows
one to significantly improve the seismic response of the CLT rocking walls in terms of
ductility and energy absorption capacity. RSF joints allow the available damage free
ductility to be determined directly through the maximum displacements (slot lengths)

12
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corresponding to a particular lateral drift limit. A design procedure to predict the
load-deformation behaviour of the new RSF joints has been introduced in this paper
which could serve as a reference as it is validated by large scale experimental tests.

A concept for CLT coupled walls with RSF joints as the hold-down connectors and also
as the ductile links between the panels and between the panels and the end steel
columns is introduced and numerically simulated. Results confirm that the proposed
wall system can be considered as a high ductility class system with respect to the fact
that the designer can determine the ductility by specifying the RSF joints design pa-
rameters. Moreover, compared to traditional systems, the strength degradation and
pinching effect are eliminated.

In view of a code implementation, a more generous behaviour factor (g) can be al-
lowed when dissipative connections such as RSF joints are adopted in CLT buildings. It
should be emphasized that the use of RSF joints with predictable and limited behav-
iour makes the capacity design approach more realistically affordable for design of
timber structures.
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