info@fpinnovations.ca
www.fpinnovations.ca

EXPANDING WOOD USE
TOWARDS 2025:
SEISMIC PERFORMANCE
OF BRACED MASS
TIMBER FRAMES –
YEAR 2
PROJECT NUMBER: 301013618 (TASK: BRACED FRAMES)

Zhiyong
Credentials
Zhiyong Chen,
Chen, Ph.D.,
P.Eng.
Marjan Popovski,
Popovski, Ph.D.,
.
Marjan
Ph.D.,P.Eng.
P.Eng.

February
February
20202020

Natural Resources Canada
Canadian Forest Service

Natural Resources Canada
Canadian Forest Service

Ressources naturelles Canada
Service canadien des forêts
Ressources naturelles Canada

Braced timber frames (BTFs) are one of the most efficient structural systems to resist lateral loads
induced by earthquakes or high winds. Although BTFs are implemented as a system in the National
Building Code of Canada (NBCC), no design guidelines currently exist in CSA O86. That not only leaves
these efficient systems out of reach of designers, but also puts them in danger of being eliminated from
NBCC. The main objective of this project is to generate the technical information needed for
development of design guidelines for BTFs as a lateral load resisting system in CSA O86. The seismic
performance of 30 BTFs with riveted connections was studied last year by conducting nonlinear
dynamic analysis; and also 15 glulam brace specimens using bolted connections were tested under
cyclic loading.
In the second year of the project, a relationship between the connection and system ductility of BTFs
was derived based on engineering principles. The proposed relationship was verified against the
nonlinear pushover analysis results of single- and multi-storey BTFs with various building heights. The
influence of the connection ductility, the stiffness ratio, and the number of tiers and storeys on the
system ductility of BTFs was investigated using the verified relationship. The minimum connection
ductility for different categories (moderately ductile and limited ductility) of BTFs was estimated.
Disclaimer to any person or entity as to the accuracy, correctness, or completeness of the information,
data, or of any analysis thereof contained in this report, or any other recommendation, representation,
or warranty whatsoever concerning this report.

Project Number: 301013618
ACKNOWLEDGEMENTS
This project was financially supported by the
National Resources Canada (NRCan) under the
Contribution Agreement existing between the
Government of Canada and FPInnovations.
APPROVER CONTACT INFORMATION
Rod Stirling
Manager, Building Systems (Vancouver)
rod.stirling@fpinnovations.ca

REVIEWER
Mohammed Mehdi Bagheri Chizeh

AUTHOR CONTACT INFORMATION
Marjan Popovski, Ph.D., P.Eng.
Principal Scientist
Building Systems
(604) 222-5739
marjan.popovski@fpinnovations.ca

Disclaimer to any person or entity as to the accuracy, correctness, or
completeness of the information, data, or of any analysis thereof
contained in this report, or any other recommendation,
representation, or warranty whatsoever concerning this report.
Follow us:

TABLES OF CONTENTS
1

INTRODUCTION ....................................................................................................................... 7

2

OBJECTIVES.............................................................................................................................. 8

3

STAFF ....................................................................................................................................... 9

4

DERIVATION OF CONNECTION AND SYSTEM DUCTIBILITY RELATIONSHIP ............................. 9
Assumptions ........................................................................................................................ 9
Single-Storey Braced Timber Frames ................................................................................10
4.2.1

Single-Tier Frames ....................................................................................................11

4.2.2

Multi-Tier Frames .....................................................................................................13

Multi-Storey Braced Timber Frames .................................................................................15
4.3.1

Frames with Single-Tier per Storey ..........................................................................15

4.3.2

Frames with Multi-Tier per Storey ...........................................................................18

Suggested Formulas ..........................................................................................................18
5

VERIFICATION OF DUCTILITY RELATIONSHIPS .......................................................................19
Seismic Design of Archetypes ............................................................................................19
Model Devleopment..........................................................................................................23
Pushover Analysis and Results ..........................................................................................26
Relationship Verification ...................................................................................................28

6

INFLUENCE OF KEY PARAMETERS ON THE SYSTEM DUCTILITY.............................................30
Connection Ductility ..........................................................................................................30
Stiffness Ratio ....................................................................................................................31
Number of Tiers and Storeys .............................................................................................32

7

ESTIMATION OF SYSTEM RD FACTOR ....................................................................................33

8

CONCLUSIONS .......................................................................................................................34

9

REFERENCES ..........................................................................................................................36

Page 3 of 39

LIST OF FIGURES
Figure 1. Braced timber frames used in buildings: (a) UBC Earth Sciences Building (courtesy of
Forest Innovation Investment); and (b) Mjøstårnet (courtesy the Council on Tall Buildings and
Urban Habitat). ......................................................................................................................... 7
Figure 2. Diagonal brace timber frames: (a) Single-storey frame with single-tier; (b) Single-storey
frame with multi-tier; (c) Multi-storey frame with single-tier for each storey; and (d) Multistorey frame with multi-tier for each storey. .........................................................................10
Figure 3. Diagonal brace system including a brace member and a weak and a strong end
connection: (a) Initial position; (b) at yield; and (c) at maximum displacement. ..................11
Figure 4. Internal forces (a) and deformations (b) in a single-tier braced timber frame under a
lateral point load. ...................................................................................................................12
Figure 5. Diagonal brace system including a brace member and two weak end connections yields
fully: (a) Initial position; (b) at yield; and (c) at maximum displacement. ..............................13
Figure 6. Single-storey braced frame system including multi-tiers: (a) Initial position; (b) at yield;
and (c) at maximum displacement. ........................................................................................14
Figure 7. Multi-storey braced frame system including single-tier for each storey: (a) Initial position;
(b) at yield; and (c) at maximum displacement. .....................................................................16
Figure 8. Investigated braced timber frame buildings: (a) A single-storey building with 4 tiers along
the height of each frame; and (b) A 4-storey building with 1 tier along the height of each
frame ..................................................................................................................................19
Figure 9. Floor plan of the investigated braced timber frame buildings (all dimensions in mm) ..20
Figure 10. A schematic diagram of the FE model for 4-storey braced frame. ...............................23
Figure 11. Testing of a glulam brace with riveted connections (4 × 5 rivets of 65 mm long). .......24
Figure 12. Hysteresis loops of the weak connection (a), the strong connection (b), the brace
member (c), and the combination of the three of them (d) for a glulam brace with riveted
connections. ...........................................................................................................................24
Figure 13. Comparison of envelope curve between modelling input and scaled test results for a
typical diagonal brace in the multi-storey braced timber frame. ..........................................26
Figure 14. A typical base shear-displacement curve of a 4-storey braced timber frame. .............26
Figure 15. Ductility of (a) single- and (b) multi-storey braced timber frame buildings..................28
Figure 16. Influence of connection ductility on the system ductility of single-storey braced timber
frames with single-tier............................................................................................................30
Figure 17. Influence of stiffness ratio on the system ductility of single-storey braced timber frames
with single-tier. .......................................................................................................................31
Figure 18. Influence of number of storeys on the system ductility of multi-storey braced timber
frames. ..................................................................................................................................32
Page 4 of 39

LIST OF TABLES
Table 1. Seismic force modification factors and height restriction for braced timber frames ......20
Table 2. Building periods and seismic forces of single storey braced MT frames..........................21
Table 3. Building periods and seismic forces of multi-storey braced MT frames ..........................21
Table 4. Design details of single-storey braced MT frames (all units in mm) ................................22
Table 5. Seismic design of multi-storey braced MT frame buildings (all units in mm) ..................22
Table 6. Parameters for the equivalent connector elements in the braced timber frames ..........25
Table 7. Structural properties of braced timber frames obtained from pushover analyses. ........27
Table 8. Prediction of system ductility of single-storey braced timber frames (S03 to S15) .........29
Table 9. Prediction of system ductility of multi-storey braced timber frames ..............................29
Table 10. Prediction of system ductility of braced timber frames with riveted and bolted
connections (stiffness ratio = 5) .............................................................................................34
Table 11. Minimum connection ductility for braced timber frames (stiffness ratio = 5) ...............34

Page 5 of 39

Page 6 of 39

1 INTRODUCTION
As the application of mass timber in the built environment is on the rise in the world, designers
need efficient structural systems to resist lateral loads induced by high winds and earthquakes.
Braced Timber Frames (BTFs) are one of the most efficient lateral load resisting systems (LLRS)
(Popovski 2000, 2004 and 2009). Ten tall timber structures with BTFs have been built and another
two are under construction (Karacabeyli and Lum 2014). Two examples are shown in Figure 1. The
first one (Figure 1a) is the Earth Sciences Building at the University of British Columbia in
Vancouver which is located in a high seismic zone. Figure 1b shows the 18-storey Mjøstårnet
building in Brumunddal, Norway, where the lateral load design was governed by wind loads.

(a)

(b)

Figure 1. Braced timber frames used in buildings: (a) UBC Earth Sciences Building (courtesy of Forest Innovation
Investment); and (b) Mjøstårnet (courtesy the Council on Tall Buildings and Urban Habitat).

In the National Building Code of Canada (NBCC) (NRC 2015), the ductility-related force
modification factors, Rd, are provided for different structural systems and they account for the
non-linear deformations and the energy dissipation of the systems during the seismic events
(Chen et al. 2014a, b). In NBCC, BTFs are included as a seismic force resisting system (SFRS) with
a corresponding Rd factor of 2.0 for moderately ductile frames and Rd of 1.5 for frames with limited
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ductility. For design details on BTFs with different seismic force modification factors, NBCC
references CSA O86, the Canadian Standard for Engineering Design in Wood (CSA 2019). No
design guidelines for BTFs, however, currently exist in CSA O86, leaving this efficient system out
of reach of general designers. In addition, the NBCC Standing Committee on Earthquake Design
has recently indicated that lack of design information for BTFs in CSA O86 puts them in danger of
being eliminated from NBCC.
To remedy the situation, FPInnovations has initiated a multi-year research project to determine
the behaviour of BTFs as LLRS and generate the technical information needed for development of
design guidelines for BTFs in CSA O86. Some of the information obtained in this project may also
be used to update the height limits and R-factors in NBCC. This year, a relationship between the
connection ductility and the system ductility of BTFs was derived based on engineering principles.
The relationships were verified against the results from nonlinear pushover analyses of singleand multi-storey BTFs with different building heights. The verified relationship was then used to
investigate the influence of connection ductility, stiffness ratio, and the number of tiers and
storeys on the system ductility of BTFs. The minimum connection ductility for different categories
(moderately ductile and limited ductility) of BTFs was also estimated. The derived relationship
between the connection and system ductility will benefit researchers and engineers to predict the
system ductility of BTFs and to choose a preliminary Rd factor for seismic design of BTFs with
different connections.

2 OBJECTIVES
The main objectives of this multi-year project are to develop the technical information necessary
to implement braced timber frames as a LLRS in CSA O86 and potentially NBCC. They include:
•

Identify which connections and what properties they should achieve, for use in
moderately ductile braced frames (Rd = 2.0) and frames with limited ductility (Rd = 1.5), as
two mentioned categories in NBCC;

•

Identify the dynamic characteristics of the frames such as the initial period of vibration;

•

Determine the height limits for single- and multi-storey braced frames with two different
ductility categories, for low, moderate, and high seismic zones of the country;

•

Investigate the influence of various parameters such as: the aspect ratio of the braced
tier, the amount of gravity loads, the storey height, column continuity, etc. on the seismic
response of single- and multi-storey braced frames.

The objectives of the research work presented in this report for this fiscal year (the 2nd year of this
project) were to:
•

Derive a relationship between the connection (local) and system (global) ductility of
braced timber frames based on engineering principles, assuming the systems respond in
the first mode;
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•

Verify the proposed relationship between the connection and system ductility of BTFs by
conducting nonlinear pushover analyses;

•

Investigate the influence of main frame parameters, e.g. connection ductility, stiffness
ratio, and the number of tiers and storeys, on the ductility relationship;

•

Estimate the minimum connection ductility for different categories of BTFs.

Results from this project will form the basis for developing comprehensive design guidelines for
braced timber frames in CSA O86 and help define the system and connection requirements for
various frames, so they can claim the seismic force modification factors in NBCC.

3 STAFF
Marjan Popovski, Ph.D., P.Eng.
Zhiyong Chen, Ph.D., P.Eng.

Principal Scientist, Building Systems
Scientist, Building Systems

4 DERIVATION OF CONNECTION AND SYSTEM
DUCTIBILITY RELATIONSHIP
Assumptions
The SFRS consists of the structural members, connections and other parts that can be made of
different materials. Five classifications of the overall ductility are widely used in literature (Gioncu
2000), that are mainly related to steel and concrete structures:
•
•

•
•
•

Material ductility (axial ductility) that characterizes the material plastic deformations;
Cross-section ductility (curvature ductility) that refers to the plastic deformations of the
cross-section, considering the interaction between the parts composing the cross-section
itself;
Member ductility (rotation ductility) that considers the properties of the member;
Connection ductility (rotation or displacement ductility) that refers to the plastic
deformation in the connection;
Structure ductility that considers the behavior of the whole structure.

As mentioned, although one may suspect that ductility increases when moving to higher ductility
levels, e.g., from connection to the structure ductility, usually the opposite is the case (Pirinen
2014), as the geometry and some uncertainties of variables may decrease the available ductility
in an actual structure (Gioncu 2000). In general, defining ductility can be done either by comparing
strains or deformations at different load levels or by comparing dissipated energies (Malo et al.
2011).
When capacity design methodology is used in seismic design of timber structures, all timber
components are assumed to exhibit elastic behavior while the connections provide all the ductility
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and the energy dissipation needed. Therefore, only the connection ductility was considered in
determination of the system ductility of BTFs in this study. Other assumptions adopted in this
study are listed below.
•
•
•

•

(a
)

Typical concentrical BTFs with a single brace (Figure 2) were considered.
The ductility was calculated based on deformations.
The higher mode effects were ignored in the derivation of the relationship. This is
supported by the analyses presented in Chen and Popovski (2017) which show that the
first modal component is dominant in the response of BTFs. The dynamic response of
most of the multi-storey moment-resisting frames (Lee et al. 1997) and concrete shear
walls (Sadeghian and Koboevic 2015) with regular configurations is also governed by the
first mode shape.
Connections were assumed to have elastic-perfectly-plastic behavior.

(b
)

(c
)

(d
)

Figure 2. Diagonal brace timber frames: (a) Single-storey frame with single-tier; (b) Single-storey frame with multi-tier;
(c) Multi-storey frame with single-tier for each storey; and (d) Multi-storey frame with multi-tier for each storey.

Single-Storey Braced Timber Frames
Single-storey concentrically braced timber frames can be simple single-tiered along the height or
can have multiple tiers (Figure 2).
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4.2.1 Single-Tier Frames
The relationship between connection (local) and diagonal brace assembly ductility was considered
first. As illustrated in Figure 3, the diagonal brace assembly includes an engineered timber brace
with a stiffness of Kb and two connections with a stiffness of Kc at both ends linked in series.
According to the capacity design methodology, the timber portion of the brace will stay in linear
elastic state while the two connections will yield (Fcwy and Fcsy) during an earthquake action. Cyclic
tests (Popovski 2000, 2004 and 2009) have shown that due to variation of the material properties
along the length of the brace and the fabrication of connections, the connection on one end of
the diagonal brace would always start to accumulate more deformation than the other, so that
almost all non-linear deformations are been taken by this connection at the end. Here this
connection will be called as the “weaker” one that has a yielding strength Fcwy that is lower than
the strength of the stronger one Fcsy, i.e. Fcwy < Fcsy. Consequently, the yield strength of the entire
brace assembly Fbay is equal to Fcwy. The yield displacement of the entire brace assembly as a
system bay is a summary of the local yield displacement of the weak connection (cwy = Fcwy / Kc),
the displacement contribution of the brace itself (b = Fcwy / Kb) and that of the strong connection
(cs = Fcwy / Kc).
∆𝑏𝑎𝑦 = ∆𝑐𝑤𝑦 + ∆𝑏 + ∆𝑐𝑠 = 2

𝐹𝑐𝑤𝑦 𝐹𝑐𝑤𝑦
+
𝐾𝑐
𝐾𝑏

(1)

Figure 3. Diagonal brace system including a brace member and a weak and a strong end connection: (a) Initial
position; (b) at yield; and (c) at maximum displacement.

If the brace assembly undergoes inelastic deformation under applied force, the ultimate
displacement bau consists of the local ultimate displacement of the weaker connection cwu, and
the displacement contributions b and cs provided by the brace and the strong connection under
the yield load Fcwy.
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∆𝑏𝑎𝑢 = ∆𝑐𝑤𝑢 + ∆𝑏 + ∆𝑐𝑠 = ∆𝑐𝑤𝑢 +

𝐹𝑐𝑤𝑦 𝐹𝑐𝑤𝑦
+
𝐾𝑏
𝐾𝑐

(2)

The ductility for the connection spring c and for the brace system assembly ba can be defined
as
𝜇𝑐 =

∆𝑐𝑢
∆𝑐𝑦

(3)

𝜇𝑏𝑎 =

∆𝑏𝑎𝑢
∆𝑏𝑎𝑦

(4)

By substituting the Equations (1) to (3) into (4) gives
𝐹𝑐𝑤𝑦 𝐹𝑐𝑤𝑦 𝜇𝑐
1
1
+
+
+
𝐾𝑏
𝐾𝑐
𝐾𝑐 𝐾𝑏 𝐾𝑐 (1 + 𝜇𝑐 )𝐾𝑏 + 𝐾𝑐
=
=
𝐹𝑐𝑤𝑦 𝐹𝑐𝑤𝑦
2
1
2𝐾𝑏 + 𝐾𝑐
+
2 𝐾 + 𝐾
𝐾𝑐 𝐾𝑏
𝑐
𝑏

∆𝑐𝑤𝑢 +
𝜇𝑏𝑎 =

(5)

For a single-tier BTF with a diagonal brace at an angle of α (Figure 4), the ductility of such system
can be expressed as
𝜇𝑠𝑠𝑠 =

∆𝑏𝑓𝑢 ∆𝑏𝑎𝑢 ⁄𝑐𝑜𝑠(𝛼)
=
= 𝜇𝑏𝑎
∆𝑏𝑓𝑦 ∆𝑏𝑎𝑦 ⁄𝑐𝑜𝑠(𝛼)

(a)

(6)

(b)

Figure 4. Internal forces (a) and deformations (b) in a single-tier braced timber frame under a lateral point load.

It shows that, the system ductility of BTF is equal to the ductility of the brace with two end
connections. So, the relationship between the connection ductility and the system ductility of a
single-tier BTF is
𝜇𝑠𝑠𝑠 =

(1 + 𝜇𝑐 )𝐾𝑏 + 𝐾𝑐
2𝐾𝑏 + 𝐾𝑐

(7)

(1 + 𝜇𝑐 ) + 𝑘𝑟
2 + 𝑘𝑟

(8)

𝜇𝑠𝑠𝑠 =
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where 𝑘𝑟 is a stiffness ratio between the connection and the diagonal brace, 𝐾𝑐 /𝐾𝑏 . The system
ductility of a single-tier BTF is a function of the weaker connection ductility and the stiffness ratio
between the connection and the brace.

Figure 5. Diagonal brace system including a brace member and two weak end connections yields fully: (a) Initial
position; (b) at yield; and (c) at maximum displacement.

If both end connections yield fully (Figure 5) and undergo significant non-linear deformations,
such as the bolted connections reinforced by self-taping screws tested by Chen, Popovski and
Symons (2019), the system ductility of a single-tier BTF can be calculated as:
𝜇𝑠𝑠𝑑 =

2𝜇𝑐 + 𝑘𝑟
2 + 𝑘𝑟

(9)

The system ductility in such case is higher than that with only a single end connection yielding. If
one of two end connections fully yield with a ductility of 𝜇𝑐1 while the other one yields only
partially with a ductility of 𝜇𝑐2 , the system ductility of a single-tier BTF can be calculated as:
𝜇𝑠𝑠 =

(𝜇𝑐1 + 𝜇𝑐2 ) + 𝑘𝑟
2 + 𝑘𝑟

(10)

4.2.2 Multi-Tier Frames
For some single storey buildings, the BTF SFRS usually contains several tiers along the height
(Figure 2b). Due to the variation in the material properties of the diagonal braces and the
connections, a brace in a single tier would yield first with either a single or both end connection(s)
yielding, which is called “soft tier” phenomenon. A spring system illustrated in Figure 6 was used
to derive the system ductility of a single-storey BTF with multiple tiers.
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Figure 6. Single-storey braced frame system including multi-tiers: (a) Initial position; (b) at yield; and (c) at maximum
displacement.

The yield strength of the BTF Fbfy with n-tier equals to the yield strength of the weakest tier Ftiy
along the height of the frame. The yield displacement of the BTF bfy consists of the local yield
displacement of the weak tier spring (tiy = Ftiy / Kt) and the displacement contributions of the
other strong tier springs (tj = Ftiy / Kt):
𝑖−1

𝑛

∆𝑏𝑓𝑦 = ∑ ∆𝑡𝑗 + ∆𝑡𝑖𝑦 + ∑ ∆𝑡𝑗 = 𝑛
𝑗=1

𝑗=𝑖+1

𝐹𝑡𝑖𝑦
𝐾𝑡

(11)

If the system undergoes inelastic deformation under applied force, the ultimate displacement bfu
consist of the local ultimate displacement of the weaker tier tiu, and the displacement
contributions tj provided by the strong tiers under the yield load Ftiy.
𝑖−1

𝑛

∆𝑏𝑓𝑢 = ∑ ∆𝑡𝑗 + ∆𝑡𝑖𝑢 + ∑ ∆𝑡𝑗 = ∆𝑡𝑖𝑢 + (𝑛 − 1)
𝑗=1

𝑗=𝑖+1

𝐹𝑡𝑖𝑦
𝐾𝑡

(12)

The ductility t for the tier spring and the one sm for the BTF are defined by:
𝜇𝑡 =

𝜇𝑠𝑚 =

∆𝑡𝑢
∆𝑡𝑦

(13)

∆𝑏𝑓𝑢
∆𝑏𝑓𝑦

(14)

Substitution of Equations (11)-(13) into (14) gives:
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𝜇𝑠𝑚

𝐹𝑡𝑖𝑦 𝜇𝑡
1
∆𝑡𝑖𝑢 + (𝑛 − 1) 𝐾
+ (𝑛 − 1) 𝐾
𝜇𝑡 + (𝑛 − 1)
𝐾
𝑡
𝑡
=
= 𝑡
=
𝐹𝑡𝑖𝑦
1
𝑛
𝑛𝐾
𝑛 𝐾
𝑡
𝑡

(15)

So, the relationship between the connection ductility and the system ductility of a multi-tier BTF
can be obtained by substituting Equation (10) into (15).
𝜇𝑠𝑚 =

(𝜇𝑐1 + 𝜇𝑐2 ) − 2
+1
𝑛(2 + 𝑘𝑟 )

(16)

As can be seen from Equation (16), the system ductility of a single-storey BTF with multi-tier is a
function of the connection ductility, the stiffness ratio between the connection and the brace,
and the number of tiers.
In case when the columns in the BTF are designed with adequate strength and stiffness so that all
tiers can yield almost simultaneously in which the “soft tier” phenomenon can be prevented, the
Equation (15) can be replaced by:
𝜇𝑠𝑚 =

𝑛∆𝑡𝑖𝑢 𝑛∆𝑡𝑖𝑢
=
= 𝜇𝑡
𝐹𝑡𝑖𝑦 𝑛∆𝑡𝑖𝑦
𝑛 𝐾
𝑡

(17)

Thus, the system ductility of a single-storey BTF with multi-tier can be calculated as:
𝜇𝑠𝑚 =

(𝜇𝑐1 + 𝜇𝑐2 ) + 𝑘𝑟
2 + 𝑘𝑟

(18)

As can be seen, Equation (18) is the same as Equation (10) for single-storey BTFs with a single-tier.
The system ductility of a single-storey BTF with multi-tier is therefore also a function of the
connection ductility and the stiffness ratio between the connection and the brace, without
influence of the number of tiers. This should be the design of choice for multi-tiered single-storey
BTFs.

Multi-Storey Braced Timber Frames
4.3.1 Frames with Single-Tier per Storey
For multi-storey braced frame buildings, cases with a single-tier on each storey (Figure 2c) are
considered first. Similarly, as in the previous case, due to the variation in the material and
connection properties, the overstrength of the diagonal braces in different storeys will be
different, and a single storey (tier) would yield first with either a single or both end connection(s)
yielding. If the columns in the BTFs are not adequately designed, a soft storey phenomenon may
occur (Chen and Popovski 2017). Similar findings were observed in the analyses of braced steel
frames (Bruneau et al. 2011; MacRae 2004; MacRae et al. 2010; Wada et al. 2009). A spring system
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illustrated in Figure 7 was used to derive the system ductility of such a multi-storey (m) BTF with
single-tier in each storey.

Figure 7. Multi-storey braced frame system including single-tier for each storey: (a) Initial position; (b) at yield; and (c)
at maximum displacement.

The yield strength of the multi-storey BTF Fbfy is equal to the yield strength of the weaker storey
Fsiy along the height. The yield displacement of the BTF bfy consists of the local yield displacement
of the weak storey spring (siy = Fsiy / Ksi) and the displacement contributions of the other strong
storey springs (sj = Fsjy / Ksj = jiFsiy / Ksj), where ji is the ratio of the storey shear between the jth
and ith storey, depending on the lateral load pattern.
𝑖−1

𝑚

∆𝑏𝑓𝑦 = ∑ ∆𝑠𝑗 + ∆𝑠𝑖𝑦 + ∑ ∆𝑠𝑗
𝑗=1

𝑗=𝑖+1

𝑖−1

𝑚

𝛼𝑗𝑖 𝐹𝑠𝑖𝑦 𝐹𝑠𝑖𝑦
𝛼𝑗𝑖 𝐹𝑠𝑖𝑦
=∑
+
+ ∑
𝐾𝑠𝑗
𝐾𝑠𝑖
𝐾𝑠𝑗
𝑗=1

(19)

𝑗=𝑖+1

It is assumed that the storey stiffness is proportional to the storey resistance which is close to the
storey shear, then Equation (19) can be simplified as
𝑖−1

𝑛

𝑗=1

𝑗=𝑖+1

𝛼𝑗𝑖 𝐹𝑠𝑖𝑦 𝐹𝑠𝑦𝑖
𝛼𝑗𝑖 𝐹𝑠𝑖𝑦
𝐹𝑠𝑖𝑦
∆𝑏𝑓𝑦 = ∑
+
+ ∑
=𝑚
𝛼𝑗𝑖 𝐾𝑠𝑖
𝐾𝑠𝑖
𝛼𝑗𝑖 𝐾𝑠𝑖
𝐾𝑠𝑖

(20)

If the system undergoes inelastic deformation under applied forces, the ultimate displacement
bfu consist of the local ultimate displacement of the weaker storey siu, and the displacement
contributions sj provided by the strong storey under the yield load Fsjy.
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𝑖−1

𝑛

∆𝑏𝑓𝑢 = ∑ ∆𝑠𝑗 + ∆𝑠𝑖𝑢 + ∑ ∆𝑠𝑗 = ∆𝑠𝑖𝑢 + (𝑚 − 1)
𝑗=1

𝑗=𝑖+1

𝐹𝑠𝑖𝑦
𝐾𝑠𝑖

(21)

The ductility s for the storey spring and the one bfms for the BTF are defined by:
𝜇𝑠 =

𝜇𝑚𝑠 =

∆𝑠𝑢
∆𝑠𝑦

(22)

∆𝑏𝑓𝑢
∆𝑏𝑓𝑦

(23)

Substitution of Equations (20) to (22) into (23) gives:

𝜇𝑚𝑠

𝐹𝑠𝑖𝑦
𝜇𝑠
1
(𝑚 − 1)
∆𝑠𝑖𝑢 + (𝑚 − 1) 𝐾
𝐾𝑠𝑖 +
𝐾𝑠𝑖 𝜇𝑠 + (𝑚 − 1)
𝑠𝑖
=
=
=
𝐹𝑠𝑖𝑦
1
𝑚
𝑚
𝑚𝐾
𝐾
𝑠𝑖
𝑠𝑖

(24)

So, the relationship between the connection ductility and the system ductility of a multi-storey
braced frame with single-tier on each storey can be obtained by substituting Equation (10) into
(24):
𝜇𝑚𝑠 =

(𝜇𝑐1 + 𝜇𝑐2 ) − 2
+1
𝑚(2 + 𝑘𝑟 )

(25)

As can be seen from Equation (25), the system ductility of a multi-storey BTFs with single-tier on
each storey is a function of the connection ductility, the stiffness ratio between the connection
and the brace, and the number of storeys.
If the columns in the BTFs are designed with adequate strength and stiffness so that all storeys
can yield almost simultaneously in which the “soft storey” phenomenon can be prevented,
Equation (24) can be replaced by:
𝜇𝑚𝑠 =

𝑚∆𝑠𝑖𝑢 𝑚∆𝑠𝑖𝑢
=
= 𝜇𝑠
𝐹𝑠𝑖𝑦 𝑚∆𝑠𝑖𝑦
𝑚𝐾
𝑠𝑖

(26)

Thus, the system ductility of a multi-storey BTF with single-tier on each storey can be calculated
as:
(𝜇𝑐1 + 𝜇𝑐2 ) + 𝑘𝑟
(27)
2 + 𝑘𝑟
From Equation (27), the system ductility of a multi-storey BTF with single-tier on each storey is a
function of the connection ductility and the stiffness ratio between the connection and the brace,
without influence of the number of storeys when all the storeys yield at the same time.
𝜇𝑚𝑠 =
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4.3.2 Frames with Multi-Tier per Storey
For multi-storey (m) BTFs with multiple tiers (n) in each storey (Figure 2d), the relationship
between the connection ductility and the system ductility can be derived by substituting
Equations (15) and (17) for single-storey BTFs with multi-tier into Equations (24) and (26) for multistorey BTFs with single-tier on each storey.
If only a single-tier yields:
𝜇𝑚𝑚 =

(𝜇𝑐1 + 𝜇𝑐2 ) − 2
+1
𝑁(2 + 𝑘𝑟 )

(28)

where, N = m × n. The system ductility of multi-storey BTFs with multiple tiers on each storey is a
function of the connection ductility, the stiffness ratio between the connection and the brace,
and the number of tiers.
If only a single-storey with all tiers yields:
𝜇𝑚𝑚 =

(𝜇𝑐1 + 𝜇𝑐2 ) − 2
+1
𝑚(2 + 𝑘𝑟 )

(29)

The system ductility will not be affected by the number of tiers in the storey.
If all storeys with all tiers yield simultaneously:
𝜇𝑚𝑚 =

(𝜇𝑐1 + 𝜇𝑐2 ) + 𝑘𝑟
2 + 𝑘𝑟

(30)

In this case, the system ductility will not be affected by neither the number of tiers nor the number
of storeys.

Suggested Formulas
Currently, there are no capacity-based design provisions for seismic design of BTFs in Canada and
in the US. It is evident, however, that in seismic design of BTFs, the columns should be designed
with adequate strength and stiffness so that the yielding of the diagonal brace end connections
occurs simultaneously in all or most of the tiers. In such cases, Equations (18) and (30) are
suggested to be used for single- and multi-storey BTFs. These equations predict the system
ductility based on the connection ductility and the stiffness ratio between the brace end
connections and the timber part of the diagonal brace. Sometimes, however, it may be
challenging for multi-storey BTFs to be designed in the way described above as the overstrength
of each storey varies along the building height, due to the variation in the material properties in
the diagonal braces and the connections, and the design of the connections. In such cases
Equation (29) is suggested to be adopted where the system ductility is a function of the
connection ductility, the stiffness ratio between the connection and the timber portion of the
diagonal brace, and the number of storeys. Also, in multi-storey BTFs, different storey ductility
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can be obtained for different storeys. Since the deformation at the top of the building that is
responding in its first mode is accumulation of the deformation in all storeys along the height, it
is reasonable to take the average ductility of all storeys as the BTF system ductility (Reyes-Salazar
et al. 2018).

5 VERIFICATION OF DUCTILITY RELATIONSHIPS
Pushover analyses were conducted on single- and multi-storey BTF buildings following ASCE/SEI
41 (ASCE 2013) procedure to verify the derived relationships between the connection ductility
and the system ductility of BTF system.

Seismic Design of Archetypes
A total of five (5) single-storey building architypes with various storey heights and numbers of
tiers, and five (5) multi-storey building architypes with various building heights and numbers of
storeys were designed and analysed. Typical single- and multi-storey BTF archetype buildings are
shown in Figure 8. The single- and multi-storey buildings were assumed to have an identical floor
plan illustrated in Figure 9. The dimensions of the floor plan were 24 m × 12 m. The lateral load
resisting system in each direction, X or Y, had six BTFs. Since the analyses utilized 2-D numerical
models, only BTFs in the longitudinal (X) direction were studied. The obtained results from the
analyses, however, easily apply to the other direction as well, assuming a rigid diaphragm.

(a)

(b)

Figure 8. Investigated braced timber frame buildings: (a) A single-storey building with 4 tiers along the height of each
frame; and (b) A 4-storey building with 1 tier along the height of each frame
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Figure 9. Floor plan of the investigated braced timber frame buildings (all dimensions in mm)

Concentrically diagonal BTFs with riveted connections were used in all building archetypes. Both
single- and multi-storey buildings had five different heights. The total heights of the single-storey
buildings were 3, 6, 9, 12 and 15 m, while they were 6, 12, 18, 24, and 30m for the multi-storey
buildings. All frames had the same tier height of 3 m and tier width of 3 m, and thus the same tier
aspect ratio (hi/D) of 1.0. All building archetypes were assumed to be located in Vancouver
(Vancouver City Hall area) with a peak ground acceleration of 0.369 m/s2 and a peak ground
velocity of 0.553 m/s. According to NBCC 2015, the spectral response accelerations at different
periods for this site are: Sa(0.2) = 0.848 g, Sa(0.5) = 0.751 g, Sa(1.0) = 0.425 g, Sa(2.0) = 0.425 g, and
Sa(5.0) = 0.257 g. Buildings were assumed to be built on Site Class D (stiff soil condition). The 1-in50-year ground snow load and associated rain load were taken as 1.8 kPa and 0.2 kPa,
respectively. The dead load of the roof and floor was 0.75 kPa and 1.5 kPa, respectively, while the
live load was 4.8 kPa for the floor, and 0.5 kPa for the partition walls.
According to NBCC 2015, the BTFs with limited ductility have a height restriction of 15 m, while
the limit is 20 m for frames with moderate ductility (Table 1). The BTFs using riveted connections
were deemed to be moderately ductile based on the tests results conducted by Popovski (2004).
It was noticed that for the chosen site, the value of IEFaSa(0.2) that is equal to 0.81 is larger than
0.75 and the IEFaSa(1.0) of 0.54 also exceeds 0.3. However, multi-storey buildings with a total
height of 24 m and 30 m were also investigated in this study, to check how the building height
could potentially affect the system ductility.
Table 1. Seismic force modification factors and height restriction for braced timber frames
Height Restrictions [m]
Category

Rd

Ro

Cases Where IEFaSa(0.2)

Cases Where IEFaSa(1.0)

<0.2 ≥0.2 to <0.35 ≥0.35 to ≤ 0.75 >0.75

>0.3

Moderately ductile

2.0

1.5

NL

NL

20

20

20

Limited ductility

1.5

1.5

NL

NL

15

15

15

The equivalent static force procedure specified in NBCC 2015 was used to calculate the seismic
design forces on the BTF buildings. The fundamental period of the BTF buildings was estimated
using the code equation (NRC 2015). An Rd of 2.0 and an Ro of 1.5 were selected as the seismic
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force modification factors for the designed BTFs based on the test results by Popovski (2004) and
the NBCC values for moderately ductile BTFs. The building periods (Ta) and seismic design force
(V) of the BTF buildings are given in Tables 2 and 3. The forces in frame members and connections
were derived using engineering calculations.
Table 2. Building periods and seismic forces of single storey braced MT frames
Frame Designation

S03

S06

S09

S12

S15

Height [m]

3

6

9

12

15

W [kN]

67.7

67.7

67.7

67.7

67.7

Ta [s]

0.075

0.150

0.225

0.300

0.375

Sa(Ta) [g]

0.870

0.870

0.870

0.870

0.870

V [kN]

16.9

16.9

16.9

16.9

16.9

Table 3. Building periods and seismic forces of multi-storey braced MT frames
Frame Designation

M06

M12

M18

M24

M30

Height [m]

6

12

18

24

30

Number of Storeys

2

4

6

8

10

W [kN]

164

356

548

740

932

Ta [s]

0.150

0.300

0.450

0.600

0.750

Sa(Ta) [g]

0.870

0.870

0.870

0.804

0.705

V [kN]

41

89

137

185

219

Spruce Pine 20E-fx Glulam and rivet fasteners were used to design all BTFs according to CSA O86
(CSA 2019). The connection linking diagonal braces to columns consists of two parts, one on the
brace side and the other on the column side. According to the capacity design principles that are
widely used for seismic design structures, the brace part of the brace-to-column connection is
where all non-linear deformations should occur. The other part of the connection towards the
column is designed with sufficient over-strength so that no failure in this part of the connection
can occur (Popovski and Karacabeyli 2008). The connections between the horizontal beams and
the columns and those between the columns and the ground were also designed with sufficient
over-strength (following the capacity design method) so that they are able to transfer the tension
and compression forces without yielding, while the brace connections are achieving the yielding
stage.
The design results of single- and multi-storey BTFs are summarized in Tables 4 and 5, respectively.
It should be noted that some diagonal braces in multi-storey braced frames were “overdesigned”
so that the riveted connections in the two ends of the brace could yield.
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Table 4. Design details of single-storey braced MT frames (all units in mm)
H [m]

3

6

9

12

15

Nt

1

2

3

4

5

Column

80×114

130×190

175×266

265×266

315×304

Brace

130×152

130×152

130×152

130×152

130×152

Lr

40

40

40

40

40

nr×nc

4×4

4×4

4×4

4×4

4×4

Sp

25

25

25

25

25

Note: H is the frame height; Nt is the number of braced bays; hi/D is the aspect ratio of the braced bay (the bay height divided by the
bay width); Lr is the length of the timber rivet used in the connection in mm; nr and nc are the number of rows and columns of rivets
in the connections; Sp is the row spacing.

Table 5. Seismic design of multi-storey braced MT frame buildings (all units in mm)
6

12

18

24

30

Ns

2

4

6

8

10

Column

80×228

175×266

265×304

365×380

2-265×380

Storeys 1 &
2

Storeys 3 &
4

Storeys 5 &
6

Storeys 7 &
8

Storeys 9 &
10

H [m]

Brace

130×228

Lr

40

nr×nc

8×6

Sp

40

Brace

130×228

175×190

Lr

40

65

nr×nc

8×6

6×12

Sp

40

40

Brace

130×228

175×190

175×266

Lr

40

65

65

nr×nc

8×6

6×12

8×14

40

40

40

Brace

Sp
130×152

175×190

175×266

265×228*

Lr

40

65

65

90

nr×nc

4×8

6×12

8×12

8×14

Sp

25

40

40

40

Brace

130×152

175×190

175×190

175×266

265×228*

Lr

40

65

65

65

90

nr×nc

4×8

6×10

6×14

8×14

8×14

Sp

25

25

40

40

40

Note: Ns is the number of storeys which consisted a frame. * indicates the braces which were overdesigned to achieve yield failure
occurred in the riveted connections on the brace side.
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Model Devleopment
Since the BTFs in the analysed X-direction of each building were designed identical to each other,
a 2-D modeling approach was adopted. All models were developed and analysed using a generalpurpose finite element (FE) program, ABAQUS V6.14 (Dassault Systèmes Simulia Corp. 2016).
As suggested by early analyses on BTFs (Chen, Popovski and Symons 2019) and steel frames
(Bruneau et al. 2011; MacRae 2004 and 2010; Wada et al. 2009), continuous column models were
developed for the BTFs in this study. A schematic diagram of the FE model for a 4-storey BTF is
illustrated in Figure 10. In the continuous column model, the columns were assumed to be
continuous elements from the top to the bottom. The columns and the horizontal beams were
modelled using elastic beam (B21) and truss (T2D2) elements, respectively. Each diagonal brace
with two end connections were modelled with an equivalent non-linear connector (spring)
element (CONN2D2). The horizontal beams were connected to the columns using semi-pin
connections. The columns were connected to the ground using pin connections. The module of
elastic (MOE) of glulam members (columns, beams and braces) was taken as 10783 MPa taken
from Popovski (2004).

Figure 10. A schematic diagram of the FE model for 4-storey braced frame.

The diagonal braces with two end connections play a key role in the seismic performance of BTFs.
In a conventional modelling approach, the brace is modelled using a linear elastic truss element
and the connection on each end is modelled using a non-linear spring. The material properties
and the geometric parameters of the brace are used as the input for the truss element, and the
full hysteresis loops of the connections are used as the input for the non-linear springs. This type
of modeling assumes that the two end connections will behave identically, e.g. yield at the same
time. The test results of a brace with riveted connections (4 × 5 rivets of 65 mm long) at two ends
(Popovski 2004, Figure 11), however, have shown that the top and bottom connection of the
brace experience significantly different deformation levels due to a number of factors, including
the variability of the wood strength properties. Once non-linear deformations started to develop
in one of the connections, the reduced stiffness of that particular connection resulted in an
increase of the deformation demand in that connection, leading to failure of that particular
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connection. Neither failure nor large deformation occurred in the other brace connection or the
brace member itself. The hysteresis loops of the weak connection, strong connection and the
brace member of a typical glulam brace with both riveted connections are shown in Figure 12.
Given the fact of the test results, the energy dissipation and ductility would likely be
overestimated by using the conventional modelling approach mentioned above. Therefore, to
model the behaviour of the three components more accurately, an equivalent non-linear
connector (spring) element was used in this study to simulate the performance of a brace with
two end connections.

Figure 11. Testing of a glulam brace with riveted connections (4 × 5 rivets of 65 mm long).

(a)

(b)

(c)

(d)

Figure 12. Hysteresis loops of the weak connection (a), the strong connection (b), the brace member (c), and the
combination of the three of them (d) for a glulam brace with riveted connections.
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The hysteresis loops of the weak and strong riveted connections (Figure 12a, b) in Test 10 of
glulam brace specimen tested by Popovski (2004) were used as the benchmark input. For any
specific diagonal brace with two end connections in all ten BTF models investigated, the hysteresis
loops of the two riveted connections were obtained by scaling the force of the benchmark
hysteresis loops by a design ratio factor. The factor was taken as the ratio between the design
resistance of the target connection to that of the tested connections in Test 10 (Popovski 2004).
The hysteresis loops of the brace were obtained through engineering calculation assuming the
brace as an elastic spring under tension and compression. The hysteresis loops of a specific brace
with two end connections were obtained by adding the deformation of the hysteresis loops of the
weak and the strong connection and the brace, at the same force level. The envelope curves of
such hysteresis loops were then used to calibrate the equivalent non-linear connector elements.
The load-displacement relationship of a non-linear connector element in the ABAQUS models can
be described by using the stiffness (Ke) for the elasticity stage; the yield load (Fy), the maximum
load (Fmax), and the hardening rate for the strain hardening of the plasticity stage; and initial
damage displacement (the displacement at the maximum load) and the total energy dissipated
from the initial damage to the ultimate failure for the strain softening of the plasticity stage (Chen
et al. 2020). The stiffness, the maximum load and the corresponding displacement can be easily
obtained from the envelope curves, while the other three parameters were derived by data fitting
to the envelope curves of the scaled hysteresis loops using an iterative method. The parameters
for the non-linear connector elements in the analysed BTFs are given in Table 6. Figure 13 shows
a comparison of envelope curves between the modelling and the scaled benchmark test for a
typical diagonal brace in the multi-storey BTFs.
Table 6. Parameters for the equivalent connector elements in the braced timber frames

Config.
S03-S15
M06
M12
M18

M24

M30

Tier /
Storey

Elasticity
Ke
[kN/mm]

Fy
[kN]

Hardening
Fmax
[kN]

All tiers
1-2
3–4
1–2
5–6
3–4
1–2
7–8
5–6
3–4
1–2
9 – 10
7–8
5–6
3–4
1–2

25
35
38
65
52
66
70
52
68
96
100
53
70
98
120
120

35
70
70
150
100
190
220
100
180
250
280
100
180
300
335
335

100
200
200
450
300
540
635
300
545
725
840
300
540
850
955
955

Rate
0.700
0.700
0.550
0.650
0.700
0.700
0.650
0.725
0.650
0.575
0.600
0.625
0.625
0.625
0.625
0.600

Softening (Damage)
Initiation
Energy
[mm]
[kN mm]
 9.5
 
 11.5
 13.0
 11.5
 14.5
 15
 11.5
 14.0
 14.0
 15.0
 12.0
 14.5
 15.0
 14.0
 14.0

2350
4500
4500
10250
6750
11250
13000
6500
11250
16000
17000
6500
10500
15250
19750
20000
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Figure 13. Comparison of envelope curve between modelling input and scaled test results for a typical diagonal brace
in the multi-storey braced timber frame.

Pushover Analysis and Results
To investigate the structural performance of the BTF buildings, the developed archetypes were
analysed using nonlinear static (pushover) analysis method. In accordance with ASCE/SEI 41 (ASCE
2013), all 10 BTF building models were pushed under lateral loads in a pattern of the fundamental
mode shape, until the base shear decreased to 60% of the ultimate load which indicates the
collapse of the systems. The reference displacement and force values were taken as the
displacement at the top and the shear force at the base of the frame models, respectively. A
typical force-displacement curve of a BTF building obtained from pushover analysis is illustrated
in Figure 14. The BTFs performed in a typical non-linear fashion under lateral loads.

Figure 14. A typical base shear-displacement curve of a 4-storey braced timber frame.
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Main parameters of the force-displacement curves obtained from the pushover analyses of
the ten BTF buildings were determined using the equivalent energy elastic-plastic (EEEP) method
in accordance with ASTM Standard E2126 (2019). The parameters (properties) include the
maximum load (Fmax), the secant stiffness (K) between zero and 40% of the maximum load, the
yield load and the corresponding displacement (Δy), the ultimate displacement (Δu) which is the
displacement corresponding to the 80% of the maximum load in post-peak region, and the
ductility which is taken as a ratio of Δu and Δy. The stiffness, maximum load and ductility of the
single- and multi-storey BTF buildings are given in Table 7.
Table 7. Structural properties of braced timber frames obtained from pushover analyses.
Fmax
[kN]
69.5

μ

Configuration

S03

K
[kN/mm]
9.0

4.0

S06

4.4

69.7

4.0

S09

2.8

69.3

S12

2.0

S15

1.5

Configuration

M06

K
[kN/mm]
6.0

Fmax
[kN]
139.9

3.2

M12

3.3

191.7

3.2

4.0

M18

2.1

394.1

3.0

69.2

4.0

M24

1.7

510.0

2.9

68.4

4.0

M30

1.3

614.5

2.7

μ

In general, the taller buildings are more flexible so the stiffness of BTF buildings decreased with
the building height as expected. The maximum load of single-storey BTF buildings was almost
constant at different building heights; while in case of multi-storey BTF buildings, the maximum
load increased with the building height. This is because multi-storey buildings have larger mass,
thus higher seismic demand and capacity. Similar to the maximum load, the ductility of singlestorey BTF buildings was also almost constant at different building heights (Figure 15a). The
ductility of multi-storey BTF buildings (Figure 15b), however, decreased with the increase of the
building height. The ductility of single-storey BTF buildings was as high as 4.0, while the ductility
of multi-storey BTF buildings was higher than 2.5. The system ductility, however, was lower than
the ductility of the benchmark riveted connection, which stood at 10.7 (Popovski 2004).
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(a)

(b)
Figure 15. Ductility of (a) single- and (b) multi-storey braced timber frame buildings.

Relationship Verification
The test results of the brace with two riveted connections with steel plates (4 × 5 = 20 rivets of 65
mm length on each side of the brace at both ends) shown in Figure 11a, b were analysed using
EEEP method (ASTM 2019). The average ductility of the weak connection (Fig. 12a) was 10.7, while
for the strong one it was 5.3 (Fig. 12b). The stiffness of both connections was close with an average
of 152.3 kN/mm. The hysteresis loops for the model calibration were obtained by scaling the force
of the benchmark hysteresis loops using a design ratio factor (Figure 12a, b). Correspondingly, the
connection stiffness in all ten BTF buildings was obtained by scaling the stiffness of the benchmark
connections (152.3 kN/mm) using the same factor as for the force, while the connection ductility
was the same as the test results. The stiffness of diagonal brace, Kb, can be estimated using
Equation (31).
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𝐾𝑏 =

𝐸𝑏 𝐴𝑏
𝐿𝑏

(31)

where Eb, Ab and Lb are the MOE, cross-sectional area and length of the diagonal brace. The
stiffness of connections and diagonal braces, the stiffness ratio between the connection and the
timber brace, the force factor for connections (Fforce), the system ductility of BTFs estimated using
the derived relationship (bf,prediction) are shown in Tables 8 and 9. The system ductility bf,prediction is
also illustrated in Figure 15.
Table 8. Prediction of system ductility of single-storey braced timber frames (S03 to S15)
c1

c2

10.7

5.2

Kc
[kN/mm]
152.3

Fforce
0.66

Kb
[kN/mm]
37.7

Kratio

bf,prediction

bf,FEA

2.7

4.0

4.0

Difference
[%]
-0.1%

Table 9. Prediction of system ductility of multi-storey braced timber frames
Case

Storey

c1

c2

M06

1-2

10.7

5.2

Kc
[kN/mm]
152.3

1-2
3-4
Avg
5-6
3-4
1-2
Avg
7-8
5-6
3-4
1-2
Avg
9 - 10
7-8
5-6
3-4
1-2
Avg

10.7
10.7

5.2
5.2

152.3
152.3

M12

M18

M24

M30

10.7
10.7
10.7

5.2
5.2
5.2

152.3
152.3
152.3

1.3

Kb
[kN/mm]
50.2

1.3
3.0

50.2
84.5

Fforce

2.0
3.6
4.2

75.3
84.5
84.5

Kratio
4.0

3.3

4.0
5.4

3.3
2.9
3.1
3.3
2.7
2.5
2.8
3.3
2.7
2.7
2.5
2.8
3.3
2.7
2.5
2.7
2.7
2.8

4.0
6.5
7.6

10.7
10.7
10.7
10.7

5.2
5.2
5.2
5.2

152.3
152.3
152.3
152.3

2.0
3.6
4.8
5.6

75.3
84.5
118.3
118.3

4.0
6.5
6.2
7.2

10.7
10.7
10.7
10.7
10.7

5.2
5.2
5.2
5.2
5.2

152.3
152.3
152.3
152.3
152.3

2.0
3.6
5.6
6.3
6.3

75.3
84.5
118.3
153.5
153.5

4.0
6.5
7.2
6.3
6.3

3.2

Difference
[%]
4.0%

3.2

-1.4%

3.0

-4.2%

2.9

-1.7%

2.7

4.2%

bf,prediction bf,FEA

By comparing the system ductility bf,prediction and that estimated using the FE models (bf,FEA), given
in Tables 8 and 9 and Figure 15, it was found that the derived relationship was capable of
predicting the system ductility within a 5% margin. Therefore, the derived relationships between
the connection ductility and the system ductility of BTF system are appropriate.

Page 29 of 39

6 INFLUENCE OF KEY PARAMETERS ON THE
SYSTEM DUCTILITY
Parameter analyses were carried out to investigate the influence of the connection ductility,
stiffness ratio, number of tiers and storeys, on the system ductility of BTFs using the verified
relationship. Three “cases” of brace yielding mechanisms were considered: Case I, also referred
to as “+1”, occurs when the weak end connection of the diagonal brace experiences significant
non-linear deformations (fully yields) while the strong one does not yield; Case II, or “+/2”,
occurs when the weak connection experiences significant non-linear deformations (fully yields)
while the other connection yields partially, e.g. 50%; and Case III, or “+” that occurs when both
connections yield fully.

Connection Ductility
The system ductility of BTFs was provided mainly by the connections at both ends of the diagonal
braces. The influence of connection ductility was studied on single-storey BTFs with single-tier.
For each case of connection yielding, the connection ductility was increased from 1 to 15, which
covers most of the connection ductility cases (Smith et al. 2006). The stiffness ratio between the
connection and the diagonal brace was taken as 5 which is roughly the average for the stiffness
ratios presented in Tables 8 and 9. The influence of connection ductility on the system ductility of
BTFs investigated using Equation (10) is shown in Figure 16.

Figure 16. Influence of connection ductility on the system ductility of single-storey braced timber frames with singletier.

As shown in Figure. 16, the system ductility of single-storey BTFs with single-tier increased linearly
with the connection ductility. As expected, for a given connection ductility, the Case I frames
(yielding in a single end connection) had the lowest system ductility, while the frames of Cases III
(when both end connections fully yield) had the highest system ductility. The system ductility of
BTFs with full yielding in a connection and partial yielding in the other one (Case II) was between
Cases I and III. Therefore, adoption of more ductile connections can increase the system ductility
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of BTFs. Meanwhile, ensuring that both end connections can yield at the same time, such as the
bolted connections tested with reinforcement by Chen, Popovski and Symons (2019), provides a
more efficient option to increase the system ductility of BTFs. This also applies to single-storey
BTFs with multiple tiers and to multi-storey BTFs with both, single-tier and multiple tiers.

Stiffness Ratio
As shown in Equations (10), (18), (27) and (30), the stiffness ratio between the connection and
the timber part of the diagonal brace is the other parameter affecting the system ductility of BTFs.
The influence of stiffness ratio was studied on single-storey BTFs with a single-tier. For each case
of connection yielding, the stiffness ratio was increased from 0.001 (Kc = Kb/1000) to 1000 (Kc =
1000Kb), which is deemed to cover all stiffness ratio cases. The connection ductility was taken as
10 which is close to the ductility of riveted connections, e.g. 10.7 (Popovski 2004). The results on
the influence of stiffness ratio on the system ductility of BTFs investigated using Equation (10) are
shown in Figure 17.

Figure 17. Influence of stiffness ratio on the system ductility of single-storey braced timber frames with single-tier.

The system ductility of single-storey BTFs with a single-tier decreased with an increase in the
stiffness ratio. If the connections are too stiff, e.g. Kc is larger than 10 Kb the system ductility
reduces to 1, which means no ductility, for all Cases of connection yielding. On the other side of
the spectrum, when the connections are soft enough, e.g. Kc is less than 0.1Kb, the system ductility
reaches the maximum possible value. For the cases of yielding in a single end connection (Case I),
the maximum system ductility of BTFs is

1+𝜇𝑐
2

, while 𝜇𝑐 is for the cases of yielding in both end

connections simultaneously (Case III). As shown in Tables 8 and 9, the stiffness ratio is in a range
of 1 to 10, therefore the system ductility of single-storey BTF with a single-tier it will range from
10+𝜇𝑐1 +𝜇𝑐2
12

to

1+𝜇𝑐1 +𝜇𝑐2
, where 𝜇𝑐1
3

and 𝜇𝑐2 are the ductility of the connections on each end of the

diagonal brace. This also applies to other BTFs, e.g. single-storey BTFs with multiple tiers and
multi-storey BTFs with single-tier or multiple tiers.
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Number of Tiers and Storeys
According to the capacity-based design procedures, it is recommended that the BTFs be designed
to have columns with adequate strength and stiffness so that they can transfer the deflections
(and forces) along the structure and not to allow concentration of the deformations in one tier of
the frame. The connections of diagonal braces to the rest of the frame in all tiers and storeys
should be designed to yield under seismic loads. In such a scenario, the number of tiers or storeys
would not affect the system ductility of BTFs, as indicated by Equations (18), (27) and (30).
However, it is still worth investigating how the number of tiers or storeys influences the system
ductility of BTFs, when only the connection(s) of diagonal brace in a tier or a storey yield due to
different design (Al Imanpour and Tremblay 2016).
The influence of the number of storeys was studied on multi-storey BTFs with single-tier on each
storey. For each case of connection yielding, the number of storeys was increased from 1 to 10.
The connection ductility and the stiffness ratio between the connection and the brace were taken
as 10 and 5, respectively. The influence of the number of storeys on the system ductility of BTFs
was investigated using Equation (25) and the results are shown in Figure 18.

Figure 18. Influence of number of storeys on the system ductility of multi-storey braced timber frames.

The system ductility of multi-storey BTFs with single-tier on each storey decreased logarithmically
with an increase in the number of storeys, as shown in Figure 18. The system ductility was highest
for a single storey building and drops significantly until the number of storeys reaches 4, after
which the decrease becomes smaller. Since Equation (16) is identical to Equation (25), the
influence of the number of tiers on the system ductility of single-storey BTFs is expected to be the
same as that of the number of storeys on the system ductility of multi-storey BTFs. This again
emphasizes the design of the BTFs in which the columns should be designed with sufficient
stiffness and strength to ensure the end connections of diagonal braces in all tiers and storeys
yield under seismic loads, so that a higher system ductility can be achieved. Also, the higher mode
effect should be checked for buildings beyond the application range of equivalent static force
procedure in NBCC (NRC 2015). If multi-storey BTFs are not significantly affected by the higher
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mode effects, the system ductility can be predicted using Equation (30) without consideration of
the number of storeys; otherwise Equation (25) should be used to predict the system ductility.

7 ESTIMATION OF SYSTEM RD FACTOR
Various simplified theoretical relationships for calculating the approximate values of ductilityrelated seismic force-modification factor, Rd, have been developed over the years (Miranda et al.
1994) such as Arias and Hidalgo (1990), Elghadamsi and Mohraz (1987), Fajfar (1999), Newmark
and Hall (1973 and 1982), Riddell and Newmark (1979) and Takada et al. (1988). Newmark and
Hall relationship is one most commonly used and is adopted in this study. Newmark and Hall
(1982) derived a relationship between the system ductility, 𝜇, and the Rd factor according to the
period of structure, Ta:
𝑅𝑑 = 1 for Ta < 0.03 s

(32a)

𝑅𝑑 = √2𝜇 − 1 for 0.1 s < Ta < 0.5 s

(32b)

𝑅𝑑 = 𝜇 for Ta > 0.5 s

(32c)

Equations (32a), (32b) and (32c) were derived, based on the principles of equal acceleration, equal
energy and equal displacement, respectively.
As given in Tables 2 and 3, the fundamental period of single- and multi-storey BTF buildings ranged
from 0.075 s to 0.75 s, so one can determine the ductility-related seismic force-modification
factor, Rd, using Equations (32b) and (32c). It should be pointed out that use of Equation (32b) will
provide a more conservative estimate for the Rd factor, so for that reason was used for all
buildings in this study. Substitution of Equation (30) into (32b) gives

𝑅𝑑 = √2

𝜇𝑐1 + 𝜇𝑐2 + 𝑘𝑟
−1
2 + 𝑘𝑟

(33)

The system ductility and the corresponding seismic force-modification factor of BTFs with
different types of connections and connection yielding cases (in single connection vs both
connections yielding) were estimated using Equations (30) and (33) and are given in Table 10. The
ductility of riveted connections and bolted connections were taken as per Popovski (2004), and
Chen et al. (2019), respectively. The stiffness ratio was taken as 5. It was found that BTFs with
bolted connections (with or without reinforcement) yielding at both ends of diagonal braces or
riveted connections yielding at a single end, can be regarded as limited ductility category frames
and designed with an Rd factor of 1.5. BTFs with riveted connections yielding at both ends of the
diagonal braces can be regarded as moderately ductile category frames and designed with an Rd
factor of 2.0.
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Table 10. Prediction of system ductility of braced timber frames with riveted and bolted connections
(stiffness ratio = 5)
bf for yielding in

Rd for yielding in

Connection Type

c

Rivet

10.7

2.4

3.8

1.9

2.6

Bolt

3.4

1.3

1.7

1.3

1.5

Reinforced Bolt

4.6

1.5

2.0

1.4

1.7

Single Connection Both Connections Single Connection Both Connections

Equation (33) can also be rewritten as:
𝜇𝑐1 + 𝜇𝑐2 =

(𝑅𝑑2 − 1)(2 + 𝑘𝑟 )
+2
2

(34)

so that it estimates the minimum connection ductility for different category BTFs by using
Equation (34). Values obtained from use of this equation are given in Table 11. It was found that
the connection ductility demand for moderately ductile and limited ductility category of BTFs was
11.5 and 5.4, respectively, for cases when only single connection yields at one end of the diagonal
braces. These values are reduced to 6.3 for moderately ductile category and 3.2 for limited
ductility category BTFs when connections yield at both end of the diagonal braces. It should be
noted again that these values are conservative ones obtained using simplified relationships that
apply to general structures. The accurate values for Rd factors will be affected by many other
factors and can only be determined using a series of non-linear dynamic analyses using the FEMA
P-695 procedure (ATC 2009) or the newly developed CCMC procedure (CCMC 2019). The
continuation of this study will be going exactly in this direction.
Table 11. Minimum connection ductility for braced timber frames (stiffness ratio = 5)

Category

Rd

bf

Moderately ductile

2

Limited ductility

1.5

c for yielding in
Single Connection

Both Connections

2.5

11.5

6.3

1.6

5.4

3.2

8 CONCLUSIONS
In this study, a simplified relationship between the connection ductility and the system ductility
of braced timber frames was derived based on engineering principles, assuming that the system
responds in the first mode. The derived relationship was verified by comparing values of the
predicted system ductility of single- and multi-storey braced timber frames obtained using this
relationship with those obtained from pushover analyses of BTFs. The influence of key parameters
on the system ductility of braced timber frames was investigated using the verified relationship.
The main findings from this study are summarised as follows.
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•

•

•

•

The braced timber frames with riveted connections under lateral loads performed in nonlinear fashion typical for majority of timber structures. The system ductility of singlestorey BTF buildings was found to be as high as 4.0 while the system ductility of multistorey BTF buildings was higher than 2.5. As expected, the system (global) ductility was
always lower than the connection (local) ductility (e.g. 10.7 for riveted connections).
The system ductility of braced timber frames can be preliminarily predicted using the
proposed relationship considering the connection ductility, the stiffness ratio between
the connection and the diagonal brace, and the number of tiers and storeys.
The system ductility of braced timber frames increased linearly with the connection
ductility. Adoption of more ductile connections can increase the system ductility of
braced timber frames. Ensuring that both end connections of the braces yield at the same
time provides a more efficient option to increase the system ductility.
The system ductility of braced timber frames decreased with an increase in the stiffness
ratio between the connection and the diagonal brace. The stiffness ratio between the
riveted connections and the glulam diagonal brace that were used in this study were
found to be in a range of 1 to 10. The system ductility of braced timber frames will range
from

•

•

10+𝜇𝑐1 +𝜇𝑐2
1+𝜇𝑐1 +𝜇𝑐2
to
12
3

, where 𝜇𝑐1 and 𝜇𝑐2 are the ductility of the end connections

at each end of the diagonal brace.
When the columns of the BTFs are not stiff and strong enough to ensure the connections
of diagonal braces in all tiers (and storeys) yield during the seismic response, the system
ductility of braced timber frames decreases in a logarithmical manner with an increase in
the number of tiers and storeys. It is therefore recommended that the columns in the
braced frames be design with sufficient stiffness and strength to ensure the connections
of diagonal braces in all tiers and storeys yield under seismic loads, such that the system
ductility is just a function of connection ductility and the stiffness ratio between the
connections and the diagonal brace, without negative effect from the number of tiers and
storeys.
Using the relationship between the connection and system ductility derived in this study
and the relationship between the system ductility and the seismic force modification
factor derived by Newmark and Hall (1982), for moderately ductile category of braced
timber frames, the minimum connection ductility is 11.5 if only a single end connection
of the diagonal brace yields, and 6.3 if both connections yield. The minimum connection
ductility is reduced to 5.4 with yielding in a single connection and 3.2 with yielding in both
connections, for the limited ductility category of frames.

The derived relationship between connection and system ductility will assist structural engineers
in developing preliminary design of braced timber frames as SFRS for timber structures. The
connection and system ductility relationship will also be used to quantify the system ductility of
braced timber frames subjected to seismic actions, thus creating research background for future
implementation of braced timber frame system in CSA O86. It should be noted again that these
values are conservative ones obtained using simplified relationships that apply to general
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structures. The accurate values for Rd factors will be affected by many other factors and can only
be determined by conducting a series of non-linear dynamic analyses using the FEMA P-695
procedure (ATC 2009) or the newly developed CCMC procedure (CCMC 2019).
Next steps:
•
•
•
•

Single and multi-storey BTFs with riveted and bolted connections will be designed for 4
selected locations (Vancouver, Victoria, Montreal and Toronto) according to 2020 NBCC.
The newly designed BTFs will be analysed using the latest earthquake ground motions for
site class D.
Seismic performance of the BTFs and their R-factors and height limits will be evaluated
using the lately developed CCMC methodology.
Based on the results, new seismic design guidelines of BTFs for CSAO86 will be developed
and changes for NBCC 2025 will be proposed if needed.
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