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The application of mass timber elements in different structures has gained publicity over the last few years, pri- 

marily due to climate change adaptation policies and net zero carbon targets. Timber is a renewable construction 

material that can outperform other building materials regarding environmental impact. However, when used in 

seismically active regions, its application has been limited due to the uncertainties on their seismic behaviour in 

respect with different design standards and limited ductility in conventional connections. Conventional timber 

connections typically suffer from stiffness and strength degradation under cyclic loads. Their repairability is also 

low due to permanent damage in the fasteners and the associated crushing in the wood fibres. The use of friction 

connections can be an efficient way to mitigate these issues. They offer many advantages as they are economical 

and yet provide a high level of reliable and continuous energy dissipation. In recent years, a new generation of 

friction connections has been developed that can provide self-centring behaviour (i.e., the ability of the structure 

to return to its original position at the end of an earthquake). However, how these connections perform compared 

to a mass timber system with conventional timber connections is still unknown. 

Several studies in the literature have suggested that these connections can enhance the performance of mass 

timber structures. However, the seismic performance of such systems specifically in terms of base shear, response 

drifts and response accelerations —has not been thoroughly investigated. This paper examines various design 

aspects of conventional friction connections and self-centring friction connections, providing insights into their 

differences concerning key seismic performance indicators. It compares the seismic performance of mass timber 

buildings equipped with both solutions, highlighting their advantages and limitations and drawing conclusions 

based on the results. The key findings are that friction connections can provides a superior seismic performance for 

timber structures. However, that may need to be combined with a parallel system avoid residual displacements. 
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. Introduction 

The application of mass timber elements in various types of struc-

ures has gained popularity over the last two decades, primarily due

o the industry’s shift towards reducing carbon content and the goal of

chieving net-zero carbon emissions. Timber is a renewable construc-

ion material with significantly lower carbon content compared to other

uilding materials like steel or concrete [ 1 , 2 ]. While there has been

 surge of interest in timber buildings, their use in seismically active

reas presents challenges. See Fig. 1 as an example of timber braced

rames. 

Timber’s brittle nature (noting that not all failure modes of timber is

rittle, but brittle failure modes may govern many cases) means that the

equired ductility for seismic performance must come from its connec-

ions. Research into timber’s earthquake performance shows that con-
∗ Corresponding author. 

E-mail address: a.hashemi@auckland.ac.nz (A. Hashemi) . 

ttps://doi.org/10.1016/j.rcns.2025.06.001 

eceived 26 March 2025; Received in revised form 5 May 2025; Accepted 3 June 20

vailable online 18 June 2025 

772-7416/© 2025 The Authors. Published by Elsevier B.V. on behalf of College of C

Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
entional connections using dowel-type fasteners (such as screws or riv-

ts) may not provide sufficient ductility compared to steel or concrete

tructures [ 3–5 ]. Additionally, damage to these fasteners —necessary to

chieve ductility —can be irreversible and may cause crushing of tim-

er fibres. This leaves structures vulnerable to aftershocks and future

eismic events even if they withstand the initial quake. 

Large-scale testing of structural systems made with massive wooden

lements and conventional connectors has highlighted both the

trengths and weaknesses of such designs. One of the most compre-

ensive studies in this area is the SOFIE project [ 6 ], which tested full-

cale three- and seven-storey specimens on a shake table. While the

verall seismic performance of the tested specimens was deemed ac-

eptable, significant and irreparable damage occurred in the connec-

ions. Additionally, it was observed that supplementary sources of en-

rgy dissipation, such as seismic dampers, might be necessary to mit-
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Fig. 1. An example of a timber braced frame (the Hive, designed by Fast + Epp 

consulting, BC, Canada). 
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gate the high accelerations, which reached up to 3.9 g at the upper

oors. 

Chen and Popovski et al. [ 7 , 8 ] investigated the seismic response of

ass timber systems with different connectors and concluded that the

inching behaviour of connections is the governing mode of failure. Sim-

larly, Gavric et al. [ 9 ] studied the seismic performance of single and

oupled Cross Laminated Timber (CLT) walls and found that the plas-

ic yielding of the connections dictated the overall system performance,

ventually leading to failure. 

In a full-scale two-story CLT house tested by Popovski and Gavric

 10 ], the results showed that although the seismic response was accept-

ble, the drift capacity of the system could be a limiting factor in its

erformance. Yasumura et al. [ 11 ] examined the mechanical character-

stics of conventional mass timber systems under reversed cyclic loads

nd concluded that failure in the connections significantly limits seis-

ic performance. Overall, the studies mentioned above confirmed that

ailure in timber connections used in lateral load-resisting systems is

he primary factor governing their seismic performance. Consequently,

amage avoidance and more robust connection designs are necessary

o enhance seismic resilience. This has motivated many researchers to

nitiate new studies exploring the replacement of conventional con-

ections with high-performance, innovative connectors to achieve im-

roved seismic performance [ 12 ]. Yan et al. investigated seismic per-

ormance of CLT structures with tuned mass dampers made with shape

emory alloy [ 13 ]. Their findings demonstrated that the seismic per-

ormance of such buildings can be improved compared to conventional

onstruction in terms of sustaining stiffness of strength of the system.

adal and Tesfamariam [ 14 ] looked into the collapse performance of

igh-rise mass timber frames with Buckling Restrained Braces. Simi-

arly, the system performed compared to conventional timber build-

ngs given the absence of pinching behaviour in Buckling Restrained

races. Daneshvar et al. [ 15 ] experimentally investigated the perfor-

ance of mass timber systems with connections made with perforated

teel plates. Chen et al. [ 16 ] performed a seismic performance evalua-

ion on post-tensioned steel frames with hybrid braces. All these findings

emonstrate that when conventional timber connections are replaced

ith more advanced mechanisms, superior seismic performance can be

chieved. The pinching behaviour (loss of stiffness over cycles of load-

ng and unloading) of dowel-type fasteners may cause the building to

ehave undesirably under cyclic loads. However, the above research

rojects demonstrate when these connections are replaced with more

dvanced connections the overall performance of the building can be

ignificantly enhanced . A promising candidate for this replacement is

he sliding friction connection, which is the focus of this study. The next

ection provides further details on this type of connection. 
104
. Sliding friction connections 

Sliding friction connections are widely recognised as one of the most

fficient energy dissipation mechanisms due to their economic and per-

ormance advantages. These connections dissipate energy through the

rictional resistance between two or more plates clamped together with

olts, offering a high rate of energy dissipation and exhibiting behaviour

lose to an elastic-perfectly-plastic system. Their development dates

ack to the 1970s when Pall et al. [ 17 , 18 ] introduced and applied them

o steel-braced frames and concrete shear wall structures. The tests per-

ormed by Pall et al. demonstrated a reliable, non-degrading hysteretic

erformance that remained independent of velocity. 

Building on this, Popov et al. [ 19 ] proposed Slotted Bolted Connec-

ions (SBCs) for use in steel Moment Resisting Frames (MRFs). Their

hysical tests revealed significant improvements in performance com-

ared to conventional MRFs with welded beam-column connections. Fil-

atrault [ 20 ] was among the first to test asymmetrical friction joints for

raditional timber walls. These tests involved friction connections at the

orners of each wall panel, demonstrating a superior load-deformation

erformance compared to traditional timber walls with standard

tuds. 

Through experimental investigations, Bora et al. [ 11 ] explored the

se of slip friction connections in rocking precast concrete walls, while

oo et al. [ 21 ] became pioneers in applying a similar concept to mass

imber structures. Their cyclic tests on a rocking Laminated Veneer Lum-

er (LVL) wall system showed a reliable hysteretic performance, suc-

essfully avoiding the pinching effect (a common issue in conventional

ass timber systems) through the use of slip friction hold-downs. Dal

ago et al. [ 22 ] also investigated the application of sliding friction con-

ections for structures with precast concrete walls, contributing to the

rowing body of research demonstrating the effectiveness of these de-

ices. 

Overall, the introduction and application of sliding friction connec-

ions in concrete, steel, and timber structures have proven to be a re-

iable solution for enhancing seismic performance by mitigating degra-

ation, improving energy dissipation, and addressing the vulnerabilities

f conventional connections. These devices offer a load-deformation be-

aviour similar to an elastic-perfectly plastic system, often referred to

s “fat hysteresis ” [ 23 ]. This type of hysteresis provides a high rate of

nergy dissipation, which may be useful for seismic design. 

However, while this system excels in dissipating energy, it has a po-

ential drawback: the tendency to develop significant residual displace-

ents. After a seismic event, a large force might be required to return

he structure to its original position once the sliding friction connec-

ions are activated. This residual displacement can be problematic, as it

ay leave the structure with permanent deformations that make it sus-

eptible to future seismic events or even lead to its demolition despite

urviving the initial earthquake. 

Research has shown that residual displacements can present a sig-

ificant challenge in post-earthquake scenarios, as the structure may

emain misaligned or damaged [ 24 , 25 ]. This highlights the importance

f exploring alternative friction connection designs, such as those with

elf-centring capabilities, to avoid such permanent deformations while

aintaining efficient energy dissipation [ 26 , 27 ]. To address this issue,

 new generation of technology called the Resilient Slip Friction Joint

RSFJ) [ 28 ] has been introduced. This device provides both damping

nd self-centring capabilities in one package, significantly improving it

ver traditional sliding friction connections. 

Fig. 2 illustrates the components and the expected load-deformation

ehaviour of the RSFJ. The device consists of profiled ridged plates

lamped together using semi-compressed stacks of disc springs. When

he device is loaded, the frictional resistance between the moving orange

lates is overcome, causing the semi-compressed stacks of springs to be-

ome further compressed until they are fully flattened. At this point, the

evice reaches its maximum strength (commonly referred to as Fult ).

pon unloading, the energy stored in the springs returns the orange
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Fig. 2. RSFJ (a) components (b) hysteresis (c) at rest and expansion [ 29 ]. 
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Table 1 

Structural systems investigated. 

System code Type of LLRS Number of Storeys 

R1 RBF 2 

R2 RBF 6 

R3 RBF 12 

S1 SFBF 2 

S2 SFBF 6 

S3 SFBF 12 

D1 Dual system with SFBF and MRF 2 

D2 Dual system with SFBF and MRF 6 

D3 Dual system with SFBF and MRF 12 
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liding plates to their original position. This same performance is ex-

ected under compressive loading, resulting in the characteristic load-

eformation behaviour depicted in Fig. 2 (b). For a more detailed expla-

ation of the device’s performance and component test results, readers

re referred to [ 28 ] which delve into the RSFJ’s technical specifications

nd testing outcomes. Note that it assumed the plates of the RSFJ de-

ice are designed in a way that it is not possible that they jump be-

ween the corrugations (from one groove to another). In other words,

he device will reach its maximum design displacement before this

appens [ 29 ]. 

The introduction of the RSFJ represents a promising solution to ad-

ress the shortcomings of traditional sliding friction connections by

ffering a robust self-centring mechanism, improving both the perfor-

ance and resilience of structures in seismic events. This technology

nd its applications have been the subject of numerous research projects.

ashemi et al. investigated the use of the RSFJ device as hold-down con-

ectors for mass timber rocking walls and columns [ 30 ], demonstrat-

ng its effectiveness in these applications. Yousef-Beik et al. [ 31 ] show-

ased the device’s value for diagonal tension-compression braces, while

agheri et al. [ 32 ] experimentally examined its use in ductile tension-

nly connections. Given the unique benefits the RSFJ technology offers,

t has been adopted in several real-world projects (refer to [ 33 ] and [ 34 ]

or some example projects), where its ability to enhance both energy dis-

ipation and resilience has proven critical for structural performance,

articularly in seismic-prone areas [ 33 ]. 

As mentioned in Section 1 , several different structural systems have

een used to design multi-storey mass timber buildings in seismic-prone

reas. However, there is still significant scope to investigate which sys-

em is best, especially if resilience is prioritised over the minimum de-

ign requirement (which focuses solely on life safety). Although the RSFJ

echnology has been tested and studied for various applications, less at-

ention has been paid to investigating the behaviour of the entire build-

ng as a system. 

In one of the few studies that explored this issue, Hashemi et al. [ 35 ]

xamined the behaviour of mass timber buildings equipped with rock-

ng CLT walls and RSFJ hold-downs in comparison to conventional slip

riction connections and nailplates. They concluded that self-centring

old-downs outperformed the other two structural systems in terms of

esponse drifts, response accelerations, and base shear. Although wall

ystems with conventional slip friction connections often performed bet-
105
er in terms of energy dissipation, the risk of large residual displace-

ents increased significantly. 

This study conducted a comprehensive investigation into the seis-

ic performance of mass timber buildings equipped with Slip Fric-

ion Braced Frames (SFBFs) and RSFJ Brace Frames (RBFs). To ensure

horoughness, a comprehensive analysis matrix has been developed. As

hown in Table 1 , three main systems are considered: Structural sys-

ems with RBFs as the primary Lateral Load Resisting System (LLRS),

tructural systems with SFBFs as the primary LLRS and Structural sys-

ems with a dual LLRS consisting of SFBFs and backup Moment Resisting

rames (MRFs). The rationale for including the dual LLRS is based on

tandards like ASCE-7 [ 36 ], which recommend using energy dissipation

ystems in a dual configuration. Although these standards do not ex-

licitly address friction dampers, they have been included in this study

o allow a comparison with structural systems where friction-damped

races are the sole LLRS. 

For each LLRS, three models are analysed for two-storey, six-storey,

nd twelve-storey frames to assess the effect of height and stiffness on

verall seismic performance. These building types were selected to rep-

esent low- mid- and high-rise frames respecting the New Zealand build-

ng industry. For simplicity, the systems with RBFs as the main LLRS are

amed R1 to R3, the systems with SFBFs as the main LLRS are named S1

o S3, and the systems with dual LLRS are named D1 to D3. Table 1 sum-

arises the models under consideration. Note that none of the current

tudies in the literature directly compared the most important seismic

erformance indexes shown in Table 1 and this study for the first time

akes this comparison and provides design insights for researchers and
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Fig. 3. The general layout of the structure. 
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ngineers. Also note that the friction-damped brace systems used in S1

o S3 and D1 to D3 system is also known as conventional friction damper

nit shown in Fig. 4 (b). 

. The case study structure and design procedure 

A case study was conducted using a prototype architectural plan of

 mass timber building located in Christchurch, New Zealand (repre-

enting a high seismic zone), to design and evaluate the seismic per-

ormance of the various scenarios outlined in Table 1 . The building is

ntended for public use, and as such, an importance level of 3 (rep-

esenting high-importance building) was assigned in accordance with

he New Zealand Standard for Earthquake Actions [ 37 ] As specified in

he standard, two design limit states must be considered for seismic de-

ign: the Serviceability Limit State (SLS) and the Ultimate Limit State

ULS). The SLS criteria ensure the building can be reoccupied quickly

fter small to moderate earthquakes, as indicated by the Return Period

actor Rs = 0.25. The ULS design level actions, on the other hand, are

ased on a return period factor of Ru = 1.3. The hazard factor specific

o Christchurch is Z = 0.3. Furthermore, the structure is assumed to be

ocated on deep or soft soil, categorised as Type D according to the stan-

ard. 

The inter-storey heights are 3.5 m for the first floor and 3.2 m for

he remaining floors, giving the structure a total height of 6.7 m for

he R1, S1, and D1 models, 19.5 m for the R2, S2, and D2 models, and

8.7 m for the R3, S3, and D3 models. Timber diagonal braces are used

or lateral load resistance, while gravity loads are carried by a frame

omprising gravity beams and columns. Fig. 3 shows the building layout,

he assumed locations for the brace lines, and the different analysis cases

onsidered, as defined in Table 1 . 

The permanent dead loads assumed in the design are 1.5 kPa for

ll floors, covering the weight of key structural elements, interior and

xterior walls, ceilings, and light timber flooring. The imposed loads

re 2 kPa for the first floor, 1.5 kPa for the second to fifth floors, and

.5 kPa for the roof. The corresponding seismic masses are 164 tonnes

or the first floor, 152 tonnes for all intermediate floors, and 129 tonnes

or the roof. Given the building’s symmetrical layout, it was assumed
106
hat the seismic load in each direction is evenly distributed among the

our brace lines (see Fig. 3 ). The seismic masses assigned to each brace

ine are 41 tonnes for the first floor, 38 for all intermediate floors, and

2 for the roof. Although the additional demand on the braces due to

ccidental eccentricity is not considered in this study for simplicity, it

s advisable to include this factor in practice, as it could have a small

ut noteworthy effect. The braces are assumed to be made from Glulam

glued-laminated timber) elements with a strength grades ranging from

 to12 MPa. 

. Design and modelling of the braces 

For each of the building archetypes described in the previous section,

 numerical model was developed using the ETABS software package

 38 ]. This resulted in nine separate models, all sharing the same archi-

ectural plan, to represent the nine different cases outlined in Table 1 . 

As mentioned, it was assumed that the beams, columns, and braces

re constructed using Glulam members with grades ranging from 8.0 to

2.0. Additionally, it was assumed that friction devices are attached

o one end of the braces using link elements across all models (see

ig. 5 ). Fig. 5 illustrates the arrangement of the numerical models, while

able 2 provides the section sizes for beams, braces, and columns. Note

hat while a diagonal brace arrangement used for this conceptual study,

ther bracing configurations (e.g. V-braces) might be more efficient for

ome projects. 

For all systems, a ductility factor of 3.0 was assumed for the design.

t was previously demonstrated that all investigated systems can be con-

dently designed with this level of ductility [ 41 , 42 ]. This approach has

een adopted to ensure an accurate comparison between the different

ystems outlined in Table 1 . Readers are referred to [ 41 , 43 ] for more

etailed information on the design procedures for the self-centring sys-

ems, which include a displacement-based design approach to achieve a

esilient design. 

As mentioned in the previous section, return period factors of

s = 0.25 for SLS and Ru = 1.3 for ULS were adopted. As shown in Fig. 5 ,

he braces were as a link element representing the brace bodies (e.g. GL

embers) in series with the friction device. Refer to [ 44 ] for the details
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Fig. 4. The general arrangement of the Glulam braces with the friction devices attached: (a) Timber braces with RSFJs [ 39 ] (b) Timber braces with conventional 

friction connections [ 40 ]. 

Fig. 5. Examples of the arrangement of the numerical models (two models 

shown as representative for all). 
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nd verification of this modelling technique. Note that GL sections de-

ned as elastic frame sections in the model). For the RSFJ devices (mod-

ls R1 to R3), the "Damper–Friction Spring" link element were used. This

odelling approach has been validated by the authors through compar-

ng numerical data with experimental results in different forms and ar-

angements [ 41 ]. For further details on the modelling and experimental

erification, readers are referred to [ 45 , 46–48 ]. 

The friction devices in the SFBF systems (models S1 to S3) were mod-

lled using the "Plastic Wen" elements. This hysteretic type can be se-

ected when define a non-linear link element in ETABS. In the dual sys-

ems (models D1 to D3), the complementary moment-resisting frames

MRFs) were modelled as rotational springs at the beam-column joints,

ith stiffness equivalent to 25 % of the stiffness of the braces (inspired

y design requirements of dual lateral load resisting systems cited in

nternational standards [ 36 ]). Table 3 provides the specifications of the

races used in all nine models. 

To verify the modelling and evaluate the performance of each sys-

em under cyclic loads, a series of Nonlinear Static Pushover (NSP) anal-
107
ses was conducted. Fig. 6 presents the results of these analyses, illus-

rating one cycle of loading and unloading for the structures. As ob-

erved, the systems equipped with RSFJ braces (R1 to R3) exhibit a

ag-shaped response, confirming that fully self-centring performance

as been achieved. The systems with FDBFs as the primary lateral

oad-resisting mechanism exhibited Elastic-Perfectly-Plastic (E-P-P) be-

aviour due to the hysteretic response of the braces. 

Lastly, the systems incorporating dual lateral load-resisting mecha-

isms displayed a response akin to E-P-P behaviour but with a positive

ost-slip stiffness (e.g. the stiffness of the building after the braces are

ctivated). This characteristic can be beneficial in minimising perma-

ent residual displacements (e.g. permanent out-of-straightness of the

uilding at the end of earthquake). Additionally, the results demon-

trated that the systems did not exhibit any stiffness or strength degra-

ation, which aligns with the damage-avoidance nature of the friction-

ased energy dissipation devices used in this study. The results shown in

ig. 6 confirm that all systems are appropriately tuned for the specified

uctility factor and are ready for dynamic analysis. 

The red lines in Fig. 6 represent the SLS1-level loads calculated using

he force-based design method outlined in the standard (e.g., the Equiv-

lent Static Method described in NZS 1170.5 [ 37 ]). According to the re-

uirements of this standard, structures with importance levels of 2 and

 —such as normal buildings (IL2) and important buildings (IL3) —must

atisfy serviceability requirements. These include demonstrating linear-

lastic performance up to the calculated SLS1 base shear and maintain-

ng inter-storey drifts below 0.33 %. Meeting these conditions ensures

hat buildings can continue functioning after small to moderate earth-

uakes. 

As shown in Fig. 6 , all nine systems satisfied this requirement. In

ther words, all systems exhibited linear-elastic behaviour up to and

ven beyond the SLS1 limit. This confirms that any yielding in the sys-

em (e.g., slip in the friction devices) only occurs at base shear levels ex-

eeding the SLS1 threshold. The relationship between the estimated base

hears in the 6-storey and twelve-storey frames highlights key character-

stics of how structures respond to seismic forces at different limit states

nd periods. At SLS1, where no ductility is considered ( 𝜇= 1), the twelve-

torey frame experiences higher base shears of approximately 461 kN at

 lateral displacement of 71 mm, 910 kN at 116 mm, and 725 kN at

26 mm for the R3, S3, and D3 frames, respectively. In contrast, the 6-

torey frames exhibit base shear forces of 467 kN at 28 mm, 940 kN at

9 mm, and 714 kN at 39 mm for the R2, S2, and D2 frames. Despite the

welve -storey frame having a longer period of 1.159 s compared to the

-storey frame’s 0.515 s, the base shear figures are close. However, the

ateral elastic displacements are significantly larger in the twelve-storey

rame. This difference is primarily attributed to the increased flexibil-

ty of the twelve-storey frame, resulting in a longer period, whereas the

tiffer 6-storey frames exhibit significantly smaller deflections. At the

ltimate Limit State (ULS), the base shears are similar for both struc-

ures. The reduction in base shear has a more pronounced effect on the

welve-storey structures, as the longer period (1.159 s) naturally attracts

ower seismic forces. When combined with a ductile response, this re-
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Table 2 

Frame section sizes (dimensions in mm and grades in MPa). 

R1, s1, D1 Level,i Member Section Size 

Column Beam Brace 

Level 1 400 × 400-GL12 750 × 400-GL12 300 × 300-GL8 

Level 2 400 × 400-GL12 750 × 400-GL12 300 × 300-GL8 

R2, S2, D2 Level,i Member Section Size 

Column Beam Brace 

Level 1 550 × 550-GL12 750 × 400-GL12 400 × 400-GL10 

Level 2 550 × 550-GL12 750 × 400-GL12 400 × 400-GL10 

Level 3 550 × 550-GL12 750 × 400-GL12 400 × 400-GL10 

Level 4 400 × 400-GL12 750 × 400-GL12 350 × 350-GL10 

Level 5 400 × 400-GL12 750 × 400-GL12 350 × 350-GL10 

Level 6 400 × 400-GL12 750 × 400-GL12 350 × 350-GL10 

R3, S3, D3 Level,i Member Section Size 

Column Beam Brace 

Level 1 750 × 750-GL12 750 × 400-GL12 400 × 400-GL12 

Level 2 750 × 750-GL12 750 × 400-GL12 400 × 400-GL12 

Level 3 650 × 650-GL12 750 × 400-GL12 400 × 400-GL12 

Level 4 650 × 650-GL12 750 × 400-GL12 400 × 400-GL12 

Level 5 650 × 650-GL12 750 × 400-GL12 400 × 400-GL12 

Level 6 550 × 550-GL12 750 × 400-GL12 400 × 400-GL12 

Level 7 550 × 550-GL12 750 × 400-GL12 400 × 400-GL10 

Level 8 550 × 550-GL12 750 × 400-GL12 400 × 400-GL10 

Level 9 400 × 400-GL12 750 × 400-GL12 400 × 400-GL10 

Level 10 400 × 400-GL12 750 × 400-GL12 350 × 350-GL10 

Level 11 400 × 400-GL12 750 × 400-GL12 350 × 350-GL10 

Level 12 400 × 400-GL12 750 × 400-GL12 350 × 350-GL10 

Table 3 

Specifications of the friction braces. 

R1 Level,i Device Capacity 

(Fult)-kN 

S1 Level,i Device Capacity 

(Fslip)-kN 

D1 Level,i Device Capacity 

(Fslip)-kN 

Level 1 400 Level 1 400 Level 1 300 

Level 2 200 Level 2 200 Level 2 150 

R2 Level,i Device Capacity 

(Fult)-kN 

S2 Level,i Device Capacity 

(Fult)-kN 

D2 Level,i Device Capacity 

(Fult)-kN 

Level 1 1050 Level 1 1050 Level 1 790 

Level 2 940 Level 2 940 Level 2 700 

Level 3 700 Level 3 700 Level 3 525 

Level 4 700 Level 4 700 Level 4 525 

Level 5 470 Level 5 470 Level 5 350 

Level 6 235 Level 6 235 Level 6 175 

R3 Level,i Device Capacity 

(Fult)-kN 

S3 Level,i Device Capacity 

(Fslip)-kN 

D3 Level,i Device Capacity 

(Fslip)-kN 

Level 1 1050 Level 1 1050 Level 1 790 

Level 2 940 Level 2 940 Level 2 700 

Level 3 940 Level 3 940 Level 3 700 

Level 4 700 Level 4 700 Level 4 525 

Level 5 700 Level 5 700 Level 5 525 

Level 6 700 Level 6 700 Level 6 525 

Level 7 700 Level 7 700 Level 7 525 

Level 8 470 Level 8 470 Level 8 350 

Level 9 470 Level 9 470 Level 9 350 

Level 10 350 Level 10 350 Level 10 265 

Level 11 235 Level 11 235 Level 11 175 

Level 12 

117

Level 12 

117

Level 12 90 
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1  
ults in base shears that are similar to those of the shorter and lighter

-storey structures. These close ULS base shear values indicate that the

ombination of period-dependent spectral acceleration, seismic weight,

nd ductility reduction factors effectively balances the seismic demands

etween these two differently sized structures. 

In summary, when timber structures are equipped with pinching-free

nergy dissipative braces (e.g. slip friction connections in this case), a

aller structure may exhibit similar performance to a shorter structure

n terms of base shear. This can be attributed to the more flexible na-

ure of the taller structures. While this can be beneficial in terms of

educed base shear, the response drifts should be accurately checked
108
o make sure the structure can still perform as per the intended design

riteria. 

. Nonlinear dynamic analyses and results 

A series of Nonlinear Dynamic Time-History (NLDTH) simulations

ere carried out on the nine building models to further examine their

erformance in relation to the various hysteretic responses. For each

odel, 11 ground motion records were selected and scaled in accor-

ance with the target spectra and the procedure outlined in the NZS

170.5 standard [ 37 ] and the study presented in [ 49 ]. The records are
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Fig. 6. Results of cyclic NSP analyses. 

Table 4 

Seismic events selected for the NLDTH analyses. 

Event Station Country Year Mw Fault 

San Fernando “Castaic - Old Ridge Route ” United States 1971 6.61 Reverse 

Imperial Valley-06 “Brawley Airport ” United States 1979 6.53 strike slip 

Livermore-02 “San Ramon - Eastman Kodak ” United States 1980 5.42 strike slip 

Loma Prieta “Hollister Differential Array ” United States 1989 6.93 Reverse Oblique 

Chi-Chi_ Taiwan "TCU101" Taiwan 1999 7.62 Reverse Oblique 

Chi-Chi_ Taiwan-03 "TCU075" Taiwan 1999 6.2 Reverse 

Taiwan SMART1(45) "SMART1 O03" Taiwan 1986 7.3 Reverse 

L’Aquila_ Italy "L’Aquila - V. Aterno -Colle Grilli" Italy 2009 6.3 Normal 

Chuetsu-oki_ Japan "Joetsu Kita" Japan 2007 6.8 Reverse 

Chuetsu-oki_ Japan "Joetsu Yasuzukaku Yasuzuka" Japan 2007 6.8 Reverse 

Iwate_ Japan "Iwadeyama" Iwate Japan – Japan 2008 6.9 Reverse 
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d  
pecifically chosen to meet the criteria in NZS1170.5 to ensure suit-

bility in reproducing the target scaling spectra. Table 4 outlines the

haracteristics of the ground motions, while Fig. 7 illustrates a compar-

son between the target spectrum and the scaled records for two of the

odels (R1 and D3) as representatives for all. 

Fig. 8 shows the results of the NLDTH simulations for the two-storey

rames (R1, S1, and D1). In Fig. 8 (a), for the R1 system, the average

ecorded base shear from all ground motion records is 327 kN. The

ighest recorded base shear is for the IWATE event at 366 kN, while

he lowest is for the CHICHI event at 249 kN. These results are consis-

ent with the base shear obtained from the nonlinear pushover analyses,

hich was 367 kN. While not the responses from all records match with

he NSP analysis results, however, the overall behaviour of the system

s well captured. For the S1 system, the average recorded base shear

s 384 kN, with the IWATE event producing the highest base shear at
109
97 kN and the CHICHI event the lowest. Despite having a higher hys-

eretic damping ratio, the base shears for the S1 system are generally

igher than those for the R1 system (self-centring). Note that the damp-

ng ratio discussed here refers to the area enclosed by the hysteretic

oops as per the method in [ 23 ]. The D1 system, on the other hand, has

n average base shear of 319 kN, closely matching the response of the

1 model. This highlights the benefits of having a positive post-slip stiff-

ess, as seen in both the R1 and D1 systems, in controlling base shear

nd drift. 

Fig. 8 (b) illustrates the inter-storey drift responses of the R1, S1,

nd D1 models. The average inter-storey drift for the R1, S1, and

1 systems is 1.4 %, 0.6 %, and 0.9 %, respectively. The D1 sys-

em, which incorporates SFBFs, exhibits the lowest drifts, while the R1

nd S1 systems, with positive post-slip stiffness, show slightly higher

rifts. However, the drifts in all three systems remain within the max-
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Fig. 7. Ground motions spectra and scaling: (a) R1 (b) D3. 

Fig. 8. NLDTH results for the two-story frames: (a) base shears (b) maximum inter-story drifts (c) residual displacements. 

110
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Fig. 9. NLDTH results for the six-story frames: (a) base shears (b) maximum inter-story drifts (c) residual displacements. 
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mum allowable inter-storey drift specified by the standard (2.5 %)

nd are also below the recommended limit for low-damage design [ 27 ]

approximately 1.5 %). 

Fig. 8 (c) presents the residual displacements for all records. Note

hat the residual displacement means the deformation recorded at the

nd of the events when the motions have ceased. As expected, the R1

odel, which utilises RSFJ devices, achieves a fully self-centring be-

aviour with no residual displacements. This performance is due to the

nherent self-centring capability of the RSFJs. Conversely, the S1 model,

hich behaves similarly to an E-P-P system due to the use of SFBFs, ex-

ibits the highest recorded residual displacements. For instance, the MP-

ALL and l -AQUILA events result in residual drifts of 1.4 % and 1.2 %,

espectively. According to the literature, residual displacements exceed-

ng 0.5 % may significantly increase the risk of demolition. The average

esidual drift for the S1 system is 0.3 %. Although the S1 system demon-
111
trates the lowest response drifts among the three systems, it poses the

ighest risk of residual displacements leading to possible demolition. 

The D1 model, which incorporates a dual system, has an average

esidual drift of approximately 0.2 %. While this is significantly lower

han the S1 system, it does not achieve fully self-centring performance,

s seen in the R1 system. The lower residual displacement in the D1

odel compared to the S1 model is attributed to the supplementary

oment-resisting frame (MRF), which works in parallel with the friction

evice and provides a positive post-slip stiffness. This behaviour aligns

ith the pushover performance of the D1 system shown in Fig. 6 . 

Fig. 9 shows the results for the six-storey frames (R2, S2, and D2). As

bserved in Fig. 9 (a), the average base shear recorded across all analysed

ases for the R2 system is 685 kN, with the maximum figure recorded for

he IMPVALL event (843 kN) and the minimum value recorded for the

ARFIELD event (608 kN). It is apparent that the base shear values are
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Fig. 10. NLDTH results for the 12-story frames: (a) base shears (b) maximum inter-story drifts (c) residual displacements. 
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ll below the base shear achieved through the NSP analysis (see Fig. 6 ),

hich is 917 kN. This indicates that the NSP exercise in this instance

as been slightly conservative but still within range and well correlated

ith the NLDTH results. 

The base shear for the S2 model is generally higher than that of the

2 model. This indicates that, despite the larger area covered by the

ysteretic loop of the R2 model compared to S2 ( Fig. 6 ), the post-slip

tiffness of the RSFJ has been effective in controlling the base shear.

oreover, the base shears from the D2 model (the model with the dual

ystem), while higher than R2, are smaller compared to the values from

he S2 model. This highlights the significant contribution of having a

on-zero post-slip (e.g., post-yield) stiffness in controlling the perfor-

ance of the structure under earthquakes [ 35 ]. 
112
Fig. 9 (b) shows the response drifts for the R2, S2, and D2 systems.

he R2 system demonstrated the largest values with an average of 1.4 %,

hile the average for the S2 and D2 systems was 1.0 % in both cases.

his is likely a result of the higher hysteretic damping ratio of the S2

nd D2 systems compared to the R2 model. Nevertheless, even the drifts

or the R2 model are significantly lower than the code-prescribed value

f 2.5 % or the threshold recommended for achieving a low-damage

esign (1.5 %). 

Fig. 9 (c) shows the residual displacements for the three investigated

ystems. The R2 system demonstrated fully self-centring behaviour with

o residual drifts. Similar to the two-storey frames, this can be attributed

o the flag-shaped response of the RSFJs. As expected, the S2 system,

hich behaves like an E-P-P system, exhibited the highest residual drifts,
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Fig. 11. Lateral drift profile of the twelve-story frames (a) two-story models (b) six-story frames (c) twelve-story frames. 

Fig. 12. Drift and period relationships: (a) two-story models (b) six-story frames (c) twelve-story frames (d) linear interpolation for two-story models (e) linear 

interpolation for six-story frames (f) linear interpolation for twelve-story frames. 

w  

r  

e

 

w  

a  

s  

s

 

s  

f  

s  

o  

p  

w  

i  

b  

i  

s

 

d  

t  

m  

a  

h  

t  

o  

b

ith two instances exceeding 0.5 %. For the D2 model, the maximum

ecorded residual drift exceeded 0.5 % in only one case (the MPVALL

vent). 

In general, when comparing the response of the six-storey frames

ith the two-storey frames, it can be observed that the response drifts

re higher, while residual drifts are relatively lower. This again demon-

trates that the significance of the post-slip stiffness increases as the

tructure becomes taller (e.g., when the structure is more flexible). 

Fig. 10 shows the results of the NLDTH simulations on the twelve-

torey models. As seen in Fig. 10 (a), the average base shear responses

or the R3, S3, and D3 models are 728 kN, 1087 kN, and 911 kN, re-

pectively. A pattern similar to the six-storey models is observable. In

ther words, the models with non-zero post-slip stiffness (R3 and D3)

erformed better in terms of base shear control compared to the model
113
ith an E-P-P load-deformation response (S3). However, the base shears

n this instance are very close to, or in some cases even above, the

ase shear achieved by the NSP exercise (see the third row of figures

n Fig. 6 ). This indicates that the NSP may be less reliable for taller

tructures that are more flexible. 

Fig. 10 (b) shows the response drifts. The average recorded lateral

rifts for the R3, S3, and D3 models are 1.8 %, 1.7 %, and 1.3 %, respec-

ively. It can be seen that similar to the base shear responses, the three

odels demonstrated a closer relationship compared to the two-storey

nd six-storey models. Additionally, the mean drift values are notably

igher than those of the two-storey and six-storey models. This suggests

hat as the structure becomes taller and more flexible, the significance

f post-slip stiffness in governing the overall seismic performance of the

uilding diminishes. 
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Fig. 10 (c) shows the recorded residual drifts. As expected, the S3

ystem demonstrated the highest residual drifts, reaching 2.0 % in one

nstance (IMPVALL). The R3 system exhibited a fully self-centring be-

aviour, as anticipated. The D3 system displayed a semi-self-centring

ehaviour, with residual drifts exceeding the 0.5 % threshold indicated

n the literature in only one instance. 

Fig. 11 shows the lateral displacement profiles for the three groups

two-, six-, and twelve-storey models), where the average recorded inter-

torey drifts are plotted for each storey. As shown in Fig. 11 (a), all three

wo-storey models performed as expected, with drifts remaining below

he 1.5 % threshold for low-damage design. The lateral displacement

rofiles of the R2, S2, and D2 systems are illustrated in Fig. 11 (b). It

an be observed that all systems exhibited similar behaviour, with the

2 system showing slightly higher response drifts. Nevertheless, the re-

ponse drifts for all three systems remain well below the 1.5 % low-

amage design threshold. Fig. 11 (c) presents a similar pattern for the R3,

3, and D3 systems. However, the displacement profiles of these three

ystems are relatively lower compared to the data shown in Fig. 11 (b).

his indicates that as the structure becomes taller and more flexible, all

riction-based systems begin to exhibit more similar behaviour. 

Fig. 12 exhibits a comparison of drift and period relationships across

ifferent building heights that reveals fundamental aspects of structural

ynamic behaviour [ 50 ]. As inter-story drifts increase, the structures

xhibit increased flexibility, which directly influences the fundamental

eriods. It is evident that the initial periods at zero drift represent the

tructure’s elastic behaviour, while period elongation at higher drift lev-

ls indicates increased structural flexibility. For instance, in the 2-story

tructure, the period increases from 0.1 s at negligible drift to 0.7 s at

.4 % drift, demonstrating how drift-induced flexibility lengthens the

ibration period. This means when energy dissipation is utilised, the

ffective stiffness of the structure reduces, and the effective drifts in-

reases. This effect becomes more pronounced in taller structures, with

he 6-story building showing period elongation from 0.3 s to 2.1 s, and

he 12-story structure exhibiting an increase from 0.3 s to 2.4 s at max-

mum drift levels. 

Moreover, the progressive increase in period with drift indicates soft-

ning of the structural system, where larger deformations lead to reduc-

ion in effective stiffness and consequently, longer vibration periods.

his phenomenon is particularly important for seismic design as longer

eriods generally result in different seismic force distributions and can

nfluence the structure’s response to earthquake excitations. 

Overall, this study for the first time made a direct comparison to bet-

er understand seismic performance of mass timber frames with different

ypes of friction-damped braces. It compared the most important perfor-

ance indexes (hysteresis, base shear drifts and residual displacements)

nd recommendations are made. Note that the base of the structure is

onsidered as rigid. The results of the NLDTH simulations demonstrated

hat all three friction-based lateral load-resisting systems for mass tim-

er structures, as detailed in Table 1 , can perform as expected accord-

ng to the loading standards. However, if performance levels beyond

ife safety (the minimum code requirement) are targeted, self-centring

ystems may be the preferred option. Although mass timber systems

esigned with conventional friction-damped braces performed well in

erms of base shear reduction and response inter-storey drifts, they ex-

ibited significant residual displacements in some cases, which can be

n undesirable outcome for resilient seismic design. The study also high-

ighted that dual systems, comprising conventional friction-damped tim-

er braces and a backup moment-resisting frame, can be a viable solu-

ion to minimise residual displacements while satisfying code require-

ents. 

. Conclusions 

This paper investigated the seismic behaviour of mass timber systems

quipped with three different forms of lateral load-resisting systems in-

orporating friction-damped braced frames. A fully self-centring system,
114
 fully elastic-perfectly-plastic (E-P-P) system, and a semi-self-centring

ystem were studied. To understand the effect of building height, pe-

iod, and lateral flexibility on the overall seismic performance of these

uilding types, three different models for two-, six-, and twelve-storey

rames were developed and analysed. Nonlinear static pushover anal-

ses, followed by nonlinear dynamic simulations, were conducted to

xtract critical seismic performance data. 

From the numerical results, it can be concluded that all three sys-

ems performed well in terms of response drifts and base shear control.

n other words, the base shear and drifts associated with all three build-

ng systems were within the code-allowed limits. Furthermore, it was

emonstrated that using conventional sliding friction-damped braces as

he sole lateral load-resisting mechanism may result in significant resid-

al displacements, potentially compromising the post-earthquake per-

ormance of the building. In this regard, it is recommended to use ei-

her Resilient Slip Friction Joint (RSFJ) braces or conventional friction-

amped braces parallel to a backup moment-resisting frame to improve

erformance and minimise residual displacements. Additionally, it was

hown that as buildings increase in height and become more flexible, the

ifferences in hysteretic behaviour (e.g., load-deformation response) be-

ween the systems become less apparent and less significant. Therefore,

he use of E-P-P systems may be more feasible for taller buildings. 

In summary, friction-damped braced frames can be considered a vi-

ble and potentially economical solution for implementing mass tim-

er frames in seismically active regions such as New Zealand. Future

tudies could investigate the response accelerations of friction-damped

ass timber frames compared to conventional timber braces. Further-

ore, the applicability of the concepts developed in this paper for post-

isaster buildings could be explored. Furthermore, proposing simplified

ethods for estimating seismic actions based on fundamental periods,

rift considerations and brace characteristics will be considered. 

elevance to resilience 

An efficient way to introduce seismic resilience into multi-storey

ass timber structures is through the use of sliding friction connections

s braces. This paper investigates the seismic performance of such struc-

ures when equipped with either conventional or self-centring slip fric-

ion connections. The findings provide readers with valuable insight into

he advantages and limitations of each bracing system, enabling more

nformed design decisions for resilient timber buildings. This work con-

ributes to improving the seismic resilience of timber construction by

ntroducing innovative and modern connection technologies. 
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