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Braced mass timber (MT) frames are one of the most efficient structural systems to resist lateral loads 

induced by earthquakes or high winds. Although braced frames are presented 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 was to develop the technical information 

needed for development of design guidelines for braced MT frames as a lateral load resisting system in 

CSA O86.  

In the first year of the project, the seismic performance of thirty (30) braced MT frames with   riveted 

connections with various numbers of storeys, storey heights, and bay aspect ratios were studied by 

conducting non-linear pushover and dynamic time-history analyses. Also, fifteen (15) glulam brace 

specimens using bolted connections with different slenderness ratios were tested under monotonic and 

cyclic loading. Results from this multi-year project will form the basis for developing comprehensive 

design guidelines for braced frames in CSA O86. 
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1 1. INTRODUCTION 
 
As the application of mass timber (MT) in the built environment is on the rise in Canada, 

designers are in need of efficient structural systems to resist lateral loads induced by 

earthquakes or high winds. Braced MT frames are one of the most efficient Lateral Load 

Resisting Systems (LLRS). Figure 1 shows the application of braced frames in some mass timber 

buildings. The first one (Figure 1a) is the Earth Sciences Building at the University of British 

Columbia in Vancouver, Canada, while Figure 1b shows the 14-storey Treet apartment building 

in Bergen, Norway.  

(a)  (b)  

Figure 1. Braced timber frames used in buildings: (a) UBC Earth Sciences Building 
(https://www.constructioncanada.net/building-the-earth-sciences-building-at-the-university-of-british-

columbia/img_1613/); and (b) Treet Building, Norway (Photo courtesy of Sweco/Artec/3Seksti). 

In the current edition of National Building Code of Canada (NBCC) (NRC 2015), braced timber 

frames are included as a Seismic Force Resisting System (SFRS) with their corresponding seismic 

force modification factors (Ro=1.5 and Rd=2.0) for moderately ductile frames, and Ro=1.5 and 

Rd=1.5 for frames with limited ductility. The height limit in NBCC is 20m for moderately ductile 

braced frames in moderate and high seismic zones, while it is only 15m for frames with limited 

ductility. Based on the deformability and over-strength properties of the structural systems, the 

seismic force modification factors (R-factors) in NBCC allow designers to reduce the overall 

seismic design force for the building thus making it structurally more economical. For design 
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details on braced timber frames with different seismic force modification factors the NBCC 

references CSA O86, the Canadian Standard for Engineering Design in Wood (CSA 2016). 

However, no design guidelines for braced timber frames currently exist in CSA O86, leaving this 

efficient system out of reach of the average designer. In addition, the NBCC Standing Committee 

on Earthquake Design has recently indicated that lack of design information for braced timber 

frames 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 braced MT frames as LLRS and develop the technical information needed for 

development of design guidelines for braced MT frames in CSA O86. Some of the information 

developed in this project may also be used to update the height limits and R-factors in NBCC. 

The research work is a combination of experimental and analytical investigation. As the 

performance of braced frames under lateral loads is highly influenced by the performance of the 

diagonal braces and their connections to the rest of the structure, during the experimental part 

of the project this year tests were conducted on fifteen (15) diagonal braces with different 

bolted connections. Diagonal braces with bolted end connections with three different 

slenderness ratios were tested under monotonic and cyclic loading. Meanwhile, based on in-

house test results on diagonal braces with riveted connections conducted in the past, numerical 

models of diagonal braces were developed. These models were then implemented in numerical 

models of entire braced frames. Using the models, the preliminary seismic performance of thirty 

(30) braced MT frames using riveted connections was evaluated. Frames with various numbers 

of storeys, storey heights, and bay aspect ratios were studied by conducting nonlinear push-over 

and time-history dynamic analyses.  

Regarding the nonlinear analyses, the FEMA P-695 study on various braced MT frame 

archetypes was proposed in the original research plan. However, the FEMA P-695 method was 

not accepted by the NBCC Standing Committee on Earthquake Design in this fiscal year during 

the implementation of platform cross laminated timber shear wall system in NBCC. Accordingly, 

a Canadian guideline for evaluation of timber seismic force resisting systems and force 

modification factors is under development. It is led by the Canadian Construction Materials 

Centre with cooperation from FPInnovations. As a result, a preliminary study was conducted 

instead where pushover analysis and nonlinear dynamic history analysis were carried out to 

understand the seismic response of braced MT frames under earthquakes at design level.  

2. OBJECTIVES 
 
The main objective of this multi-year project is to develop the technical information necessary 

to implement braced timber frames as a LLRS in CSAO86 and potentially NBCC. It includes: 

 Identify which connections and what properties those connections should achieve, for 

use in moderately ductile braced frames (Rd = 2.0) and frames with limited ductility (Rd = 

1.5), as current two categories in NBCC; 
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 Identify the dynamic characteristics of the frames such as the initial period of vibration; 

 Determine the height limits for single- and multi-storey braced MT 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 

bay, the amount of gravity loads, the storey height, column continuity, etc. on the 

seismic response of single- and multi-storey braced MT frames. 

The objectives of the research work presented in this report for this fiscal year (the 1st year of 

this project) were to: 

 Investigate the dynamic characteristics of braced MT frames with riveted connections 

(fundamental period and mode shapes) by conducting frequency analysis;  

 Investigate the structural performance of braced MT frames (stiffness, maximum load, 

deformability and ductility) by conducting nonlinear pushover analyses;  

 Investigate the seismic response of braced MT frames subjected to crustal, subcrustal 

and subduction earthquakes at the design level for Vancouver by conducting nonlinear 

dynamic time history analysis. The selection and scaling of earthquake ground motions 

were carried out following the NBCC methodology.  

 Investigate the influence of the number of storeys, storey height, and aspect ratio of the 

braced bay on the structural performance and seismic response of braced MT frames;  

 Determine the load-deformation properties for diagonal braces using bolted 

connections with different slenderness ratios under static and cyclic loading; 

 Obtain some hysteresis loops for bolted connections tested around the world for further 

seismic analyses of braced MT frames with bolted connections. 

Results from this project will form the basis for developing comprehensive design guidelines for 

braced MT 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.                                Principal Scientist, Building Systems 

Zhiyong Chen, Ph.D., P.Eng.                                      Scientist, Building Systems 

Paul Symons, P.Eng.                                                   Innovation Support Specialist, Building Systems 

Philip Eng                                                                      Senior Technologist, Building Systems 
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4. SEISMIC RESPONSE OF BRACED FRAMES WITH 

RIVETED CONNECTIONS 

4.1 Seismic Design of Building Archetypes 
 
To investigate the seismic response of braced MT frames with riveted connection, a total of 30 

single- and multi-storey building architypes with various numbers of storeys, storey heights, and 

aspect ratios of the braced bay were designed and analysed. Typical single- and multi-storey 

braced MT frame archetype buildings are shown in Figures 1 and 2, respectively. The single- and 

multi-storey buildings were assumed to have an identical floor plan illustrated in Figure 3. The 

dimensions of the floor plan were 24 m × 12 m. The lateral load resisting system in each 

direction, X or Y, had six braced MT frames. Since the analyses utilized 2-D numerical models, 

only braced frames 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.  

 

Figure 2. Investigated single-storey braced MT frame building with 4 braced bays along the height of each frame. 

 

Figure 3. Investigated 4-storey braced MT frame building with 1 bay per storey in each frame. 
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Figure 4. Floor plan of the braced MT frame buildings (all dimensions in mm). 

 
Concentrically braced MT frames 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 storey height of 3 m. Three different aspect ratios of 

the braced bay (hi/D) with the same bay height of 3m were considered for any building with a 

specific building height. The aspect ratios were 2.0, 1.0 and 0.5, thus braced frames with three 

bay widths (1.5 m, 3.0 m and 6.0 m) were designed, respectively.  

All building architypes were assumed to be located in Vancouver (Vancouver City Hall area) with 

a peak ground acceleration of 0.369m/s2 and a peak ground velocity of 0.553m/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) = 0.751g, Sa(1.0) = 0.425g, Sa(2.0) = 0.425g, and Sa(5.0) = 0.257g. Buildings were 

assumed to be built on Site Class D (stiff soil condition). The 1-in-50-year ground snow load and 

associated rain load were taken as 1.8kPa and 0.2kPa, 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, the braced MT frames with limited ductility have a height restriction of 15m, 

while the limit is 20m for frames with moderate ductility (Table 1). The braced frames 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 IEFaSa(0.2) of 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 if the height 

restrictions could potentially be increased in NBCC.  
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Table 1. Seismic force modification factors for braced frames 

Category Rd Ro 

Height Restrictions [m] 

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 was used to calculate the seismic design 

forces on the braced frame buildings. The fundamental period of the braced frame buildings 

were estimated using the code equation (NRC 2015). An Ro of 1.5 and an Rd of 2.0 were selected 

as the seismic force modification factors for the designed braced MT frames based on the test 

results by Popovski (2004) and NBCC values for ductile braced timber frames. The building 

periods (Ta) and seismic design force (V) of the braced frame buildings are given in Tables 2 and 

3. The forces in frame members and connections were derived using engineering calculations. 

Figure 5 shows the forces for frames with one, two and three bays along the height of the frame 

that is under a single lateral load at the top. 

 
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) 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] 163.7 355.7 547.7 739.7 931.7 

Ta [s] 0.150 0.300 0.450 0.600 0.750 

Sa(Ta) 0.870 0.870 0.870 0.804 0.705 

V [kN] 41.0 89.0 137.1 185.2 218.8 
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(a)  (b)  (c)  

Figure 5. Internal forces in braced frames of single-bay (a), double-bay (b), and triple-bay (c) under a single lateral 
point-load. 

 
Spruce Pine 20E-fx Glulam and rivet fasteners were used to design all braced frames. The 

columns and braces were designed as compression and tension members according to CSA O86 

(CSA 2016). 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 braced frames 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 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 

Nb 1 2 3 4 5 

D [m] 1.5 3.0 6 1.5 3.0 6 1.5 3.0 6 1.5 3.0 6 1.5 3.0 6 

hi/D 2.0 1.0 0.5 2.0 1.0 0.5 2.0 1.0 0.5 2.0 1.0 0.5 2.0 1.0 0.5 

Column  80×190 80×114 80×114 175×190 130×190 130×152 215×266 175×266 175×190 265×342 265×266 215×228 315×418 315×304 265×266 

Brace 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 130×152 

Lr 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 

nr×nc 4×6 4×4 4×4 4×6 4×4 4×4 4×6 4×4 4×4 4×6 4×4 4×4 4×6 4×4 4×4 

Sp 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 

Note: H is the frame height; Nb 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.  
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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. 

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

H [m] 6 12 18 24 30 

Ns 2 4 6 8 10 

D [m] 1.5 3 6 1.5 3 6 1.5 3 6 1.5 3 6 1.5 3 6 

hi/D 2.0 1.0 0.5 2.0 1.0 0.5 2.0 1.0 0.5 2.0 1.0 0.5 2.0 1.0 0.5 

Column 130×228 80×228 80×190 265×304 175×266 175×190 315×418 265×304 215×266 2-315×418 365×380 265×304 2-365×494 2-265×380 265×380 

St
o

re
ys

 9
 &

 1
0

 Brace     215×304* 130×228 175×190 

Lr 40 40 40 

nr×nc 10×8 8×6 6×6 

Sp 40 40 40 

St
o

re
ys

 7
 &

 8
 Brace    130×228 130×228 175×190 215×304* 175×190 215×228 

Lr 65 40 40 65 65 65 

nr×nc 8×8 8×6 6×6 10×12 6×12 8×8 

Sp 40 40 40 40 40 40 

St
o

re
ys

 5
 &

 6
 Brace   130×228 130×228 175×190 215×304* 175×190 215×228 265×342* 175×266 215×266 

Lr 40 40 40 65 65 65 90 65 65 

nr×nc 6×12 8×6 6×6 10×12 6×12 8×8 12×12 8×14 8×10 

Sp 40 40 40 40 40 40 40 40 40 

St
o

re
ys

 3
 &

 4
 Brace  130×152 130×152 175×190 175×228 175×190 215×228 265×342* 175×266 215×266 365×456* 265×228* 215×304 

Lr 40 40 40 65 65 65 90 65 65 90 90 65 

nr×nc 4×12 4×8 6×4 8×14 6×12 8×8 12×12 8×12 8×10 18×10 8×14 10×10 

Sp 40 25 25 40 40 40 40 40 40 40 40 40 

St
o

re
ys

 1
 &

 2
 Brace 130×152 130×152 175×190 175×190 175×190 175×266 265×342* 175×190 215×228 265×380* 175×266 215×304 365×456* 265×228* 265×304* 

Lr 40 40 40 65 65 40 90 65 65 90 65 65 90 90 65 

nr×nc 4×12 4×8 6×4 6×14 6×10 8×6 12×10 6×14 8×8 14×12 8×14 8×12 18×10 8×14 10×10 

Sp 40 25 25 40 25 40 40 40 40 40 40 40 40 40 40 
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Since the braced frames in the analysed X-direction of the same building were designed identical 

to each other, a two-dimensional modeling approach was adopted in this study. All models were 

developed and analysed using a general-purpose finite element (FE) program, ABAQUS V6.14 

(Dassault Systèmes Simulia Corp. 2016).  

Two types of models for the braced frames (Figure 6), a continuous column model and a pinned 

connection model, were considered and compared in this study. In the continuous column 

model (Figure 6a), the columns were assumed to be continuous element from the top to the 

bottom. The columns and the horizontal beams were modelled using elastic beam (B21) and 

truss (T2D2) elements (Dassault Systèmes Simulia Corp. 2016), respectively. The diagonal braces 

were modelled with equivalent non-linear hysteretic-spring elements. The horizontal beams 

were connected to the columns using semi-pin connections. In the pinned connection model 

(Figure 6b), both columns and horizontal beams were modelled using elastic truss elements 

(T2D2), while the diagonal braces were modelled with equivalent non-linear hysteretic-spring 

elements. Intersections among all members were modeled to be pinned. The columns in both 

models 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). 

 

(a)  (b)  

Figure 6. Schematics of the FE models for multi-storey braced frames: (a) continuous column model; and (b) pined 
connection model. 

 
The diagonal braces with two end connections play a key role in the seismic performance of 

braced MT frames. In a conventional modelling approach, the brace is modelled using an elastic 

truss element and the connection at 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 
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truss element, and the full hysteresis loops of the connections are used as the input for the non-

linear springs. The two end connections will behave identically, e.g. yield at the same time. The 

test results of a brace with riveted connections at two ends (Popovski 2004, Figure 7), 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 brace specimen. Neither failure 

nor large deformation occurred in the other connection and the brace member. The hysteresis 

loops of the weak connection, strong connection and brace member of a typical glulam brace 

with riveted connections (Popovski 2004) are shown in Figure 8. Given the fact of the test 

results, the energy consumption and ductility would likely be overestimated by using the 

conventional modelling approach mentioned above. Therefore, in an attempt to model the 

behaviour of the three components accurately, an equivalent non-linear hysteretic-spring 

element was used to simulate a brace with two end connections in this study. The total 

response of three components (Figure 8d) was used as the input for the equivalent spring 

element. More information on the non-linear hysteric-spring element can be found in Chen and 

Popovski (2019).  

 

 

Figure 7. Testing of a glulam brace with riveted connections (Popovski 2004). 
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   (a)  (b)  

(c)  (d)  

Figure 8. 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. 

 
The hysteresis loops of the weak and strong riveted connections (Figure 8a and b) in test 10 of 

glulam brace specimens tested by Popovski (2004) were used as the benchmark input. For any 

specific diagonal brace with two end connections in the 30 braced frame models, the hysteresis 

loops of the two riveted connections were obtained by scaling the force of the benchmark 

hysteresis loops using a design ratio factor. The factor was taken as the ratio of the design load 

for the target connection to that for the tested connection. 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. Figure 9 shows the comparison of envelope 

curve between the modelling and the scaled benchmark test for a diagonal brace in the single-

storey braced MT frame with an aspect ratio (hi/D) of 2.0. 
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Figure 9. Comparison of envelope curve between modelling input and scaled test results for a diagonal brace in the 
single-storey braced MT frames with an aspect ratio of 2.0. 

 
The results obtained from early analyses showed that the pinned connection model 

underestimated the stiffness and the frequency of the braced frame buildings due to the 

structural characteristic of the model itself, and it concentrated the failure in a single 

storey/bay, thus underestimating the strength and the ductility of the braced MT frames. Similar 

findings were observed in the analyses of braced steel frames (MacRae 2004, 2010; Wada et al. 

2009; Bruneau et al. 2011). Consequently, the continuous column model (Figure 6a) was 

adopted for all analyses in the study.  

4.3 Frequency Analysis 
 
The fundamental natural period, Ta, of thirty (30) undamped braced MT frame building models 

were obtained by conducting frequency analysis using the LANCZOS method of eigenvalue 

extraction (Dassault Systèmes Simulia Corp. 2016) and the results are shown in Figure 10. The 

fundamental period increased nearly linearly with the building height and the aspect ratio of 

braced bay (hi/D). It agrees with the general understanding that a taller or slender building leads 

to a longer fundamental period.  
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(a)   

(b)   
Figure 10. Fundamental natural period of the braced MT frame buildings: (a) single-storey; and (b) multi-storey. 

 
In addition, the fundamental periods calculated using the empirical equation prescribed in the 

NBCC are also given in Figure 10. The empirical equation used to estimate the period of the 

braced frame buildings is a linear function of building height (0.025∙hn, where hn is the building 

height). It is intended to provide a conservative estimate of the period. Results showed that the 

empirically calculated values were close to the fundamental natural periods of braced MT 

frames with an aspect ratio (hi/D) of 2.0 and much lower than those in other cases. This is partly 

due to the fact that the nonstructural elements were not considered in the numerical models. 

Test results by Popovski (2000) also found that the fundamental periods of the tested braced 

frames were longer than those estimated using the code equation.  

Both single- or multi-storey braced MT frames had bending-like mode shape at the fundamental 

period. With increasing the aspect ratio (hi/D), the bending effect became more significant, as 

shown in Figure 11. It agrees with the trend that the bending contribute more to the deflection 

of a slender cantilever column. 
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Figure 11. Fundamental natural mode shapes of 6-storey braced MT frame buildings with different aspect ratios. 

4.4 Pushover Analysis 
 
To investigate the structural performance of the braced MT frame buildings, the developed 

archetypes were analysed using nonlinear static (pushover) analysis method. In accordance with 

ASCE/SEI 41 (ASCE 2013), all 30 braced MT frame 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 braced MT frame building obtained 

from pushover analysis is illustrated in Figure 12.  

 

   

Figure 12. A typical force-displacement curve of 4-storey braced MT frame with an aspect ratio of 2.0. 
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Main parameters of the force-displacement curves obtained from the pushover analyses of the 

30 braced MT frame buildings were determined using the equivalent energy elastic-plastic 

(EEEP) method in accordance with ASTM Standard E2126 (2011). The parameters (properties) 

include the maximum load, the secant stiffness between zero and 40% of the maximum load, 

the yield load and the corresponding displacement, Δy, the ultimate displacement, Δu, and the 

ductility which is taken as a ratio of Δu and Δy. The stiffness, maximum load and ductility of 

single- and multi-storey braced MT frame buildings are shown in Figures 13 to 15. 

 

(a)   

(b)   

Figure 13. Initial stiffness of (a) single-storey  and (b) multi-storey braced MT frame buildings. 

 
As illustrated in Figure 13, the stiffness of braced MT frame buildings decreased with the 

building height. At a given building height, the braced MT frame buildings with lower aspect 

ratio (hi/D, wider bay) were stiffer.  
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(a)   

(b)   

Figure 14. Maximum load of (a) single-storey and (b) multi-storey braced MT frame buildings. 

 
Figure 14a shows that the maximum load of single-storey braced MT frame buildings was almost 

constant at different building heights. For a specific building height, the maximum load slightly 

increased with the decrease of aspect ratio of braced bay (hi/D), which means that braced MT 

frame buildings with a wider bay had a higher maximum load.  In case of multi-storey braced MT 

frame buildings, the maximum load increased with the building height, as illustrated in Figure 

14b. The influence of the aspect ratio on the maximum load of multi-storey buildings was 

insignificant.  
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(a)  

(b)  

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

 
Similar to the maximum load, the ductility of single-storey braced MT frame buildings was also 

almost constant at different building heights (Figure 15a). As shown in Figure 15b, ductility of 

multi-storey braced MT frame buildings decreased with the increase of the building height. For 

both single- and multi-storey braced MT frame buildings, the ductility increased with increase in 

the aspect ratio (hi/D), which means that buildings with more slender bays had higher ductility. 

Ductility of single- and multi-storey braced MT frame buildings was higher than 3.0 and 2.5, 

respectively. The system ductility, however, was lower than the ductility of the benchmark 

riveted connection, which stood at 9.4 (Popovski 2004). 
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4.5 Nonlinear Dynamic Time History Analysis 
 
To investigate the seismic response of the braced MT frame buildings, the developed archetype 

models were analysed using nonlinear dynamic time history analysis method. Guidelines 

proposed by Tremblay et al. (2015) for selection and scaling of ground motions for time history 

dynamic analysis of structures designed in accordance with the 2015 edition of NBCC was 

adopted in this study. 

The target response spectrum was developed based on the design spectrum of Vancouver using 

the information provided by 2015 NBCC and on the website of the Geological Survey of Canada 

(www.earthquakescanada.ca). The seismic hazard in southwestern British Columbia comes 

from: (a) crustal (shallow) earthquakes in the North American tectonic plate, (b) deep in-slab 

(sub-crustal) events within the Juan de Fuca plate, at a depth of 50 km or more, and (c) large 

magnitude subduction (or interface) earthquakes occurring at the boundary of the two plates, 

away from the coast at a depth of approximately 20 km. According to Tremblay et al. (2015), the 

scenario-specific period ranges for different earthquake types are 0.02 to 1.0 s for crustal 

events, 0.05 to 0.5 s for in-slab events, and 1.0 to 3.0 s for subduction events. The mean Mw–R 

(moment magnitude – closest distance to fault, km) scenarios are 6.7–14 for crustal 

earthquakes, 7.0–52 for in-slab earthquakes, and 8.6–141 for subduction earthquakes, 

respectively (Tremblay et al. 2015). In this study, a total of fifteen (15) ground motions were 

selected, with five (5) ground motions selected from each Mw-R scenario. Details of the selected 

ground motion time histories and scaling factors are provided in Table 6.  

A target response spectrum composed of three target spectra at scenario-specific period ranges 

(TRS1, TRS2, and TRS3), and the average curve of scaled ground motion time histories of each type 

of earthquake are shown in Figure 16. The scaled ground motion time histories of different 

types of earthquakes with the corresponding target spectra at scenario-specific period range are 

shown in Figures 17 to 19.  
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Table 6. Earthquake records 

No. Record Name Year Even Name Station Mw R 
Scale 

Factor 

CR1 RSN741_LOMAP_BRN090 1989 Loma Prieta BRAN 6.93 10.72 1.203 

CR2 RSN1082_NORTHR_RO3000 1994 Northridge-01 
Sun Valley - Roscoe 
Blvd 

6.69 10.05 1.227 

CR3 RSN4866_CHUETSU_65039EW 2007 Chuetsu-oki Kawanishi Izumozaki 6.80 11.75 1.248 

CR4 RSN960_NORTHR_LOS270 1994 Northridge-01 
Canyon Country - W 
Lost Cany 

6.69 12.44 1.234 

CR5 RSN755_LOMAP_CYC195 1989 Loma Prieta 
Coyote Lake Dam - 
Southwest Abutment 

6.93 20.34 1.225 

IN1 0725a_a 2001 USA, Nisqually 
Gig Harbor Fire 
Station 

6.8 47 1.080 

IN2 103l56ol_y0a 1949 USA, Olympia Olympia Hwy Test Lab 6.7 50 1.085 

IN3 SMN0120103241528_EW 2001 Japan, Geiyo SMN012 6.8 88 1.076 

IN4 TE01001u.smc.F1.a 2001 El Salvador, HSRF 7.7 81 1.079 

IN5 iquiqueIDIEM0506131_T 2005 
Chile, 
Tarapacá 

iquiqueIDIEM 7.85 152 1.102 

SD1 AOM0281103111446_NS 2011 Japan, Tohoku AOM028 9.0 167 1.284 

SD2 FKS0211103111446_NS 2011 Japan, Tohoku FKS021 9.0 174 1.285 

SD3 HKD1050309260450_NS 2003 
Japan, 
Tokachi-Oki 

HKD105 8.0 104 1.284 

SD4 TCGH091103111446_NS2 2011 Japan, Tohoku TCGH09 9.0 168 1.283 

SD5 YMTH121103111446_NS2 2011 Japan, Tohoku YMTH12 9.0 181 1.284 

 
 

 

Figure 16. Target response spectra for the three scenarios. 
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Figure 17. Spectra of scaled ground motion time histories of crustal scenario (0.02 to 1.0 s). 

 

 

Figure 18. Spectra of scaled ground motion time histories of in-slab scenario (0.05 to 0.5 s). 

 

 

Figure 19. Spectra of scaled ground motion time histories of subduction scenario (1.0 to 3.0 s). 



 

   
Project number 301013067  
 22 of 40  

22 

The seismic response of the braced MT frame buildings under Maximum Considered Earthquake 

(MCE) level events was analysed with ABAQUS using dynamic analysis method through direct 

integration (Dassault Systèmes Simulia Corp. 2016). The inter-bay drift (bay drift hereafter), or 

the inter-storey drift for multi-storey buildings, was used as the main structural response 

parameter to evaluate the seismic performance and potential damage of the braced MT frame 

buildings in this study. According to Section 5.2 “Design Seismic Demand” of the Appendix of 

Commentary J in 2015 NBCC, if more than one suite of ground motion records with less than 11 

records in each suite is used, the design seismic demand of a structural response parameter 

should be taken as the mean of the n highest values of the response parameters among all 

records in all suits, where n is the average number of ground motions in all suites. In this study, 

three suites of ground motion records with five records in each suite were used in the nonlinear 

dynamic time history analysis, thus the design seismic demand of each building was taken as the 

mean of the five (5) highest values of the bay drifts among all records in the three suits (15 

records). The bay drift of single- and multi-storey braced MT frame buildings are shown in Figure 

20.  

 (a)  

(b)  

Figure 20. Bay drift of (a) single-storey and (b) multi-storey braced MT frame buildings. 



 

   
Project number 301013067  
 23 of 40  

23 

As shown in Figure 20, the bay drift of single-storey braced MT frame buildings was almost 

constant at different building heights, while that of multi-storey braced MT frame buildings 

increased with the increase in the building height. At a given building height, the braced MT 

frame buildings with higher aspect ratio (slender bays) had larger bay drift because of the 

geometric relationship (Figure 21) between the inter-bay deformation of braced frame, ΔBF, and 

the deformation of diagonal brace with connections at two ends, Δb. Assuming the columns and 

horizontal brace as rigid truss elements for simplification, a conservative relationship between 

ΔBF and Δb can be obtained based on geometric principle and small deformation theory: 

 ∆𝐵𝐹=
∆𝑏

𝐶𝑜𝑠(𝛼)
  (1) 

It can be found by Eq.(1) that the inter-bay deformation of braced frame increases with the 

angel, α, for a given deformation of diagonal brace.  

 

 

Figure 21. The relationship between the inter-bay deformation and the diagonal brace deformation. 

 
In this study, the ultimate deformation (the post-peak deformation corresponding to 80% of the 

peak load) of the glulam brace specimen with riveted connections at two ends tested by 

Popovski (2004), that was 15mm, was selected as the criterion to evaluate the seismic response 

of the braced MT frames under MCE level earthquake events. The bay drift limit for the braced 

frames can be obtained using Eq.(1). The bay drift limits for braced frames with a bay height of 

3m and an aspect ratio of 0.5, 1.0 and 2.0 are 0.56%, 0.71% and 1.12%, respectively.  

The ratios between the bay drift and the drift limit for single- and multi-storey braced MT frame 

buildings are shown in Figure 22. It can be seen that the trends of the ratios along with the 

building height and the aspect ratio were similar to those for bay drifts shown in Figure 20, while 

the influence of the aspect ratio became smaller. The ratio of bay drift to the drift limit of single-

storey buildings maintained almost constantly ranged between 15% and 30%. It indicates that 

the single-storey braced MT frame buildings designed with an RoRd of 3.0 possess redundant 

capacity under MCE level earthquake events. The ratio of bay drift to the drift limit of multi-

storey buildings increased with building heights from 30% to 90%. This indicates that the 

redundant capacity of multi-storey braced MT frame buildings decreases with an increase of the 

building height, trending to zero for the buildings higher than 30m (10-storey). Therefore, an 

RoRd of 3.0 was appropriate for single- and multi-storey braced MT frame buildings analysed in 
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this study. The height restrictions seemed conservative since the multi-storey buildings can be 

designed as high as 30m (10-sotrey) which is 10m higher than the current height restrictions by 

2015 NBCC (NRC, 2015).  

(a)  

(b)  

Figure 22. Ratio between bay drift and drift limit of (a) single-storey and (b) multi-storey braced MT frames. 
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5. TESTS ON BRACES WITH BOLTED CONNECTIONS 

 
The analyses in the previous section were conducted for braced frames with riveted 

connections. To conduct analyses for braced frames with bolted connections, the load-

deformation properties and failure models of diagonal braces with bolted connections need to 

be developed. Consequently, monotonic static and reversed cyclic loading tests on braces with 

bolted connections on both ends were conducted, in an effort to develop a database of 

connection properties for the braced MT frames. These properties can be used for future 

numerical modeling and prediction of the system performance as well as for design purposes.  

5.1 Materials and Methods 
 
A total of 15 specimens in three major configurations (C1, C2 and C3 as illustrated in Figures 23 

to 25) designed according to CSA O86-14 (CSA 2016) were tested. ASTM A307 bolts, CSA S16 

mild steel plates with a thickness of 12.7mm (1/2”), and Douglas Fir-Larch of 16c-E grade with a 

cross-section of 130 x 152mm, were used to fabricate the specimens. The length of the 

specimen was either 1.6m or 1.0m, depending on the test. Bolts with three different diameters 

were considered: 9.5 mm (3/8”) for the C1 configurations, 12.7 mm (1/2”) for the C2 

configuration, and 19 mm (3/4”), for the C3 configuration, so that bolts with slenderness ratios 

of about 14, 10 and 7 were investigated. Different numbers of bolts were used for the 

connections for different configurations/bolt diameters (8 bolts Ф9.5 mm, 4 bolts Ф12.7 mm 

and 2 bolts Ф19 mm), such that a similar design load level was achieved for all specimens. From 

each configuration (bolt diameter), one brace specimen was tested under monotonic tension 

loading, while other four were tested under reversed cyclic loading. From the four cyclically 

tested specimens, two specimens were tested without connection reinforcement while the 

other two had reinforcement using Ф8 mm self-stepping screws (STS). Six (two rows of three, 

Figure 23c) reinforcing STS were used for the connections of configuration C1, four (two rows of 

two, Figure 24c) for the configuration C2, while configuration C3 had either four or six STS 

screws (Figure 25b and 25c). It should be noted that, in an attempt to avoid brittle failure, the 

bolt spacing and end distances in the cyclically tested specimens of configurations C1 and C2 

were larger than in corresponding specimens tested under static loads. More details are given in 

Figures 23 to 25 and Table 7. Two batches of glulam members from Structurlam were shipped to 

FPInnovations laboratory in Vancouver on May 25 and June 22, 2018, respectively; while the 

bolts and steel plates were received on May 23, 2018. 
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(a)  (b)  (c)  

Figure 23. Brace connections for the C1 specimens with 9.5 mm bolts: (a) static testing; (b) cyclic testing; and (c) cyclic 
testing with reinforcement. 

 

(a)  (b)  (c)  

Figure 24. Brace connections for the C2 specimens with 12.7 mm bolts: (a) static testing; (b) cyclic testing; and (c) 
cyclic testing with reinforcement. 
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(a)      (b)  (c)  

Figure 25. Brace connections for the C3 specimens with 19.0 mm bolts: (a) static and cyclic testing; (b) cyclic testing 
with reinforcement; and (c) cyclic testing with more reinforcement. 
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Table 7. Loading methods and connection details for the tested brace configurations C1 to C3 

Specimen 
Load 

Type 
Reinforced 

Length 

[mm] 

Bolt diameter and 

number 

Spacing and End 

Distance [mm] 
Fd 

[kN] 
Ф [mm] nR nC SR SC al ep 

C1S Static No 1620 9.5 3 3* 55 40 55 36 

77.5 

C1C1 
Cyclic No 

990 
9.5 3 3* 75 40 75 36 

C1C2 990 

C1C1R 
Cyclic Yes 

967 
9.5 3 3* 75 40 75 36 

C1C2R 1120 

C2S Static No 1580 12.7 2 2 95 50 95 51 

68.0 

C2C1 
Cyclic No 

1582 
12.7 2 2 120 50 120 51 

C2C2 1607 

C2C1R 
Cyclic Yes 

1164 
12.7 2 2 120 50 120 51 

C2C2R 1144 

C3S1 Static No 1610 19.0 1 2 210  210 76 

73.7 

C3C1 
Cyclic No 

1595 
19.0 1 2 210  210 76 

C3C2 1283 

C3C1R 
Cyclic Yes 

1148 
19.0 1 2 210  210 76 

C3C2R 1140 

Note: * The bolt in the middle is missing on purpose to achieve a similar load level among different 

specimens; Fd
 
is the design load according to CSA O86-14.

 
“CiSj” and “CiCj” indicate the jth statically or 

cyclically tested specimen of configuration i; while “CiCjR” indicate the jth cyclically tested specimens of 

configuration i with reinforcement.  

 
Figure 26a shows the test setup with a specimen C2C1 ready for testing. The steel plates of the 

braced connection were connected to a bolted fixture at the top and bottom. The top of the 

brace was also attached to a load cell and a servo-controlled actuator. In addition, two 

rotational hinges (pins), one at the top and one at the bottom, were introduced to minimise the 

influence of secondary bending moments and ensure almost pure axial state of loading for the 

specimens. A pair of rollers was placed on both sides of the specimen to prevent the out-of-

plane movements during the compression half cycles. The instrumentation that was used during 

the testing to measure the load and deflections of the braced specimens is shown in Figure 26b. 

The axial load (Ch0, where “Ch” represents channel) was measured using the load cell located 

between the actuator and the specimen. The displacement of the actuator (Ch1) was also 
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measured. The deflection of the two bolted connections and the global deflection between two 

connections (Ch2 to Ch7) were measured using three pairs of displacement transducers. 

(a)  (b)  

Figure 26. The test setup (a) and location of displacement transducers (b) for braced specimens 

 
Three brace specimens (C1S, C2S and C3S) were tested under monotonic loading, while the 

other twelve specimens were tested under reversed cyclic loading. The specimens tested under 

monotonic loading were loaded at a rate of 25.4 mm/s (1 in./s). The protocol B from the ASTM 

standard E2126 (ASTM 2011) that is based on the ISO displacement based loading protocol, was 

used for the cyclic tests. The reference displacement amplitude for the loading protocol (100% 

displacement level) was taken as 25.4mm. Both monotonic and cyclic tests were terminated 

when the load dropped by more than 20% of the maximum load, after the maximum load was 

reached. 
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5.2 Results and Discussion 
 
During the testing, the top and bottom connections of each brace specimen without 

reinforcement experienced different levels of deformation. Once non-linear deformations 

started to develop in one of the bolted connections, the reduced stiffness of that particular 

connection resulted in an increase of the deformation demand in that end of the brace, leading 

to failure of that particular connection. This difference in deformation levels between the two 

brace connections expressed in terms of fastener deformation and wood crushing is evident in 

Figure 27. This difference was induced by the material variability in the connection zones. The 

bolts in the connection that failed during the static tests (Figure 27b) are visible more deformed 

than the bolts in the connection that did not fail (Figure 27a). With reinforcement using self-

tapping screws, the top and bottom connections of the same brace specimen experienced 

similar level of deformation, Figure 28. This is because the reinforcement had prevented the 

occurrence of brittle failure in the connections which is sensitive to the material variability.  

(a)  (b)  

Figure 27. Typical failure in bolted connections at two ends of a brace specimen: (a) with less deformation; and (b) 
experienced failure. 

 

(a)  (b)  

Figure 28. Typical failure in bolted connections at two ends of a brace specimen with reinforcement: (a) top 
connection; and (b) bottom connection. 

 
Typical hysteresis loops of the brace members with bolted connections tested without 

reinforcement are shown in Figure 29, while the behaviour of braces with reinforcement is 

shown in Figure 30.  
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(a)  

(b)   

(c)  

Figure 29. Typical hysteresis loops obtained from cyclic tests on glulam brace: (a) C1 with 9.5 mm bolts; (b) C2 with 
12.7 mm bolts; and (c) C3 with 19.0 mm bolts. 

C1C2 

8 bolts Ф 9.5mm 

C2C1 

4 bolts Ф 12.7mm 

C3C1 

2 bolts Ф 19.0mm 
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(a)   

(b)   

(c)  

Figure 30. Typical hysteresis loops obtained from cyclic tests on glulam brace with reinforcement: (a) C1 with 9.5 mm 
bolts; (b) C2 with 12.7 mm bolts; and (c) C3 with 19.0 mm bolts. 

 

C1C2R 

8 bolts Ф 9.5mm 

C2C1R 

4 bolts Ф 12.7mm 

C3C2R 

2 bolts Ф 19.0mm 
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As evident from the Figures 29 and 30, pinching of the hysteresis curves occurred. This is a very 

common feature for connections in timber structures and is a result of the irrecoverable 

crushing of the wood that leaves a gap at load reversals. During subsequent excursions through 

this gap region, lateral resistance and energy dissipation occurs almost entirely in the metal 

fasteners. The first loop in a cycle of three therefore is the widest and shows the highest 

resistance, while subsequent cycles are narrower and typically achieve lower resistance for a 

given displacement.  

As shown in Figure 29, braces with 9.5 mm bolted connections showed the best performance 

during the testing for the specimens without reinforcement. They showed highest maximum 

load and largest deformation. This once again confirms that the slenderness ratio of the bolts 

has significant influence on the behaviour of connections. If bolts are too stocky (19 mm bolts), 

they will tend to split the wood before some significant wood crushing can occur. By comparing 

the hysteresis loops in Figure 30 to those in Figure 29, it can be seen that the reinforcement 

using self-tapping screw significantly improved the performance, in terms of the maximum load, 

deformation and energy dissipation, of all brace members with different bolt diameters.  

In total, seven failure modes were observed in the tests. They include the crushing, splitting, row 

shear and group tear-out in wood (Figure 31), and two yield modes and shearing off due to 

fatigue in the bolts (Figure 32). More than one type of failure modes were identified in every 

bolted connection. Despite been designed to fail in ductile fastener yielding mode according to 

CSAO86, all bolted connections without reinforcement typically failed due to relatively brittle 

failures in wood, e.g. splitting, row shear, or group tear-out. This was probably caused by using 

Douglas fir which is stronger and prone to be brittle. This issue will be shared with the O86 

committee members in the future. For bolted connections with reinforcement using self-tapping 

screws, shearing off of bolt due to fatigue caused the failure of the specimens. It should be 

noticed that a crack occurred in the brace member between two connections and induced the 

failure of the first reinforced specimens with 19.0 mm bolts (Figure 25b) during the compression 

(pushing) half cycle. As a result, two more self-tapping screws were added to the compression 

end of the each bolted connection for the second specimen (Figure 25c). This solution 

successfully avoided the spitting from happening again. In general, the use of STS was capable of 

preventing the brittle failure modes from occurring in wood and significantly improving the 

performance of bolted connections. 
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(a)  (b)  

(c)  (d)  

Figure 31. Typical failure modes of wood observed during the testing of the braces: (a) crushing; (b) splitting; (c) row 
shear; and (d) group tear-out in the brace connection. 

 

(a)  

(b)  

(c)  

Figure 32. Typical failure modes of bolts observed during the testing of the braces: (a) yield mode A; (b) yield model B; 
and (c) shearing off due to fatigue in the brace connection. 

 
Tables 8 to 10 show a summary of the main properties of the braces as a whole (including 

connections at both ends) determined according to the EEEP method in ASTM Standard E2126 

(ASTM 2011). The properties include the maximum load, Fmax, and the corresponding 

displacement, ΔFmax, the secant stiffness between zero and 40% of the maximum load, K, the 

yield load, Fy, and the corresponding displacement, Δy, the ultimate displacement, Δu, and the 

ductility, μ, which is taken as a ratio of Δu and Δy. The maximum load and ductility of brace 

specimens were further compared in Figure 33 to discuss the influence of the loading method, 

spacing and end distance, and reinforcement.  
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Table 8. Mechanical properties of the brace specimens obtained from monotonic tests (Pulling) 

Configuration 
Fmax 
[kN] 

ΔFmax 
[mm] 

K 
[kN/mm] 

Fyield 
[kN] 

Δy 
[mm] 

ΔU 
[mm] 

μ 

C1S 
(Ф9.5) 

188.8 9.7 27.2 174.5 6.4 25.9 4.0 

C2S 
(Ф12.7) 

174.4 15.0 15.8 154.3 8.6 29.1 3.4 

C3S 
(Ф19.0) 

213.1 17.7 23.4 180.0 8.0 18.3 2.3 

 

Table 9. Average properties of the brace specimens without reinforcement obtained from cyclic tests 

Configuration 
Loading 

Direction 
Fmax 
[kN] 

ΔFmax 
[mm] 

K 
[kN/mm] 

Fyield 
[kN] 

Δy 
[mm] 

ΔU 
[mm] 

μ 

C1C (Ф9.5) 

Pulling 205.1 16.4 21.0 190.3 9.1 28.6 3.2 

Pushing 213.0 17.9 20.4 201.5 9.9 31.4 3.2 

Average 209.1 17.1 20.7 195.9 9.5 30.0 3.2 

C2C (Ф12.7) 

Pulling 194.0 17.0 17.5 175.4 10.0 20.6 2.1 

Pushing 190.3 15.4 16.3 172.1 10.7 25.7 2.4 

Average 192.2 16.2 16.9 173.7 10.3 23.1 2.2 

C3C (Ф19.0) 

Pulling 150.6 13.7 20.2 130.7 6.5 15.0 2.3 

Pushing 116.0 9.5 14.4 101.5 7.5 10.1 1.4 

Average 133.3 11.6 17.3 116.1 7.0 12.5 1.8 

 

Table 10. Average properties of the brace specimens with reinforcement obtained from cyclic tests 

Configuration 
Loading 

Direction 
Fmax 
[kN] 

ΔFmax 
[mm] 

K 
[kN/mm] 

Fyield 
[kN] 

Δy 
[mm] 

ΔU 
[mm] 

μ 

C1CR (Ф9.5) 

Pulling 252.8 27.5 21.3 234.5 11.1 44.1 4.0 

Pushing 243.8 26.4 18.2 227.2 12.8 40.3 3.3 

Average 248.3 27.0 19.7 230.9 11.9 42.2 3.7 

C2CR (Ф12.7) 

Pulling 229.6 35.0 18.8 210.5 11.3 54.2 4.8 

Pushing 228.5 29.5 16.7 208.6 12.5 46.8 3.7 

Average 229.1 32.3 17.8 209.5 11.9 50.5 4.3 

C3CR (Ф19.0) 

Pulling 208.7 23.4 19.0 189.7 10.3 41.1 4.0 

Pushing 204.7 22.8 30.7 187.3 6.2 35.9 6.0 

Average 206.7 23.1 24.8 188.5 8.2 38.5 5.0 
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(a)  

(b)  
Figure 33.Influence of loading method and reinforcement on the (a) force ratio and (b) global ductility. 

Figure 33a shows the ratio between the maximum load obtained during the testing and the 

design values for the brace specimens with different connection configurations. This ratio 

reflects the over-strength present in the connections that ranges from 1.8 to 2.9 for specimens 

without reinforcement and from 2.8 to 3.4 for specimens with reinforcement. For slender bolts 

with slenderness ratio not less than 10 (bolt diameter of 9.5 mm and 12.7 mm), this ratio 

increased with the increase of the bolt diameter. A lower maximum load is typically expected in 

cyclic tests compared to the static ones. Due to the larger spacing and end distance used in the 

specimens tested under cyclic loads, higher loads and a higher ratio of the forces was obtained, 

compared to the static loading (Figure 23b vs 23a and Figure 24b vs 24a). While the increase of 

the fastener spacing and end distance could not prevent the brittle failure models from 

occurring, it delayed the occurrence of such failure modes. Moreover, the force ratio was 

improved by the reinforcement using self-tapping screws. With respect to the specimens using 

19.0 mm bolts (slenderness ratio larger than 10), the static force ratio was higher than that of 

specimens with slender bolts, while the cyclic force ratio was lower due to the splitting occurring 
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much earlier in the testing. The reinforcement using self-tapping screws increased the cyclic 

force ratio back to a similar level as the static one.  

The global ductility of the brace specimens with bolted connections at two ends is shown in 

Figure 33b. It can be seen that the global ductility of specimens without reinforcement, ranging 

from 1.8 to 4.0, decreased with an increase of the bolt diameter, under static or cyclic loading. 

Meanwhile, a lower global ductility was obtained under cyclic loading compared to static 

loading. With reinforcement using self-tapping screws, the global ductility increased with the 

bolt diameter, in a range of 3.7 to 5.0. The global ductility of reinforced specimens under cyclic 

loading was higher than that of specimens without reinforcement. This was because of the fact 

that both connections yielded in the case of reinforced specimens while only one connection 

yielded in the unreinforced specimens. 

6. CONCLUSIONS 
 
To develop the technical information needed for the development of design guidelines for 

braced MT frames as a lateral load resisting system in CSA O86, FPInnovations initiated a 

research project to determine the behaviour of braced MT frame buildings. In the 1st year of this 

project, the seismic performance of thirty (30) braced MT frame buildings using riveted 

connections with various numbers of storeys, storey heights, and aspect ratios of braced bay 

were studied by conducting nonlinear analyses; and fifteen (15) glulam brace specimens using 

bolted connections with different slenderness ratios were tested under monotonic and cyclic 

loading. The findings from the numerical analyses and test results are summarized as follows:  

Numerical analyses on braced MT frame buildings using riveted connections: 

 The fundamental period of the braced frames increased in almost linear fashion with 

the building height and the aspect ratio of the braced bay (hi/D). Both single- or multi-

storey braced frames showed bending vibrational mode shape at the fundamental 

period. This bending effect becomes more significant with the increase in the aspect 

ratio.  

 The stiffness of the braced frames decreased with the building height and the aspect 

ratio.  

 The maximum load obtained from the seismic response of single-storey braced frames 

maintained constantly at different building heights. Meanwhile, a single-storey braced 

frame with a wider bay had a higher maximum load. The maximum load of multi-storey 

braced frames increased with the building height and had insignificant influence by the 

aspect ratio.  

 The ductility of single-storey braced frames was almost constant at different building 

heights, while the ductility of multi-storey braced frames decreased with the increased 

of the building height. The ductility of single- and multi-storey braced frames increased 
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with increase in the aspect ratio. Moreover, the system ductility (2.5 ~ 4.5) was lower 

than the ductility of the benchmark riveted connection (9.4).  

 Under scaled ground motions of crustal, in-slab and subduction scenarios, the bay drift 

of single-storey braced frames was almost constant at different building heights, while 

that of multi-storey braced frames increased with the increase in the building height. At 

a given building height, the braced frames with higher aspect ratio (slender bay) had 

larger bay drift.  

 An aspect-ratio-based bay drift criterion was proposed to evaluate the seismic response 

of braced frames in this study based on the test results of glulam brace with rivet 

connections at two ends. The bay drift limits for braced frames with a bay height of 3m 

and an aspect ratio of 0.5, 1.0 and 2.0 are 0.56%, 0.71% and 1.12%, respectively. 

 The ratio of bay drift to the drift limit of single-storey buildings maintained almost 

constantly ranged between 15% and 30%, which indicates that the single-storey braced 

frames possess large redundant capacity. The ratio of bay drift to the drift limit of multi-

storey buildings increased from 30% to 90% with an increase of the building height. This 

indicates that the redundant capacity of multi-storey braced frames decreased with an 

increase of the building height.  

 The nonlinear dynamic time history analysis on the braced frame buildings was 

conducted with ground motions selected and scaled following the NBCC requirements. 

The analytical results were evaluated following the principle in the NBCC commentary. 

The analysis results obtained from MCE level earthquake events show that the seismic 

force modification factors, Ro of 1.5 and Rd of 2.0, were appropriate for the design of 

braced frames using riveted connections. The single-storey buildings had larger 

redundant capacity. The height restrictions for high seismic zones, e.g. Vancouver, could 

be increased from 20m to 30m.  

 
Tests on braces with bolted connections: 

 Tested braces with bolted connections behaved nonlinearly with pinching occurred in 

the hysteresis loops. The top and bottom connections in the same specimen without 

reinforcement experienced different levels of deformation and failure modes, while the 

two connections in the specimen reinforced using self-tapping screws had similar levels 

of deformation and failure models.  

 Brace specimens using bolts with large slenderness ratio possessed better performance, 

in terms of maximum load, ultimate deformation, ductility and energy dissipation, 

compared to those with small slenderness ratio. The reinforcement using self-tapping 

screws improved the performance of the brace specimens using bolts with different 

slenderness ratios. 

 In total, seven failure modes were observed in the tests. They include the crushing, 

splitting, row shear and group tear-out in wood, and two yield modes and shearing off 

due to fatigue in bolts. More than one type of failure modes were identified in every 

bolted connection. Bolted connections without reinforcement typically failed due to 
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relatively brittle failures in wood, e.g. splitting, row shear, or group tear-out. For bolted 

connections with reinforcement using self-tapping screws, shearing off of bolt due to 

fatigue caused the failure of the specimens.  

 The maximum load of bolted connections without reinforcement obtained in the tests 

was 1.8 to 2.9 times the design value. While the increase of the fastener spacing and 

end distance could not prevent the brittle failure models from occurring, it delayed the 

occurrence of such failure modes. With reinforcement using self-tapping screws, the 

maximum load of the bolted connections was increased to a range of 2.8 to 3.4 times 

the design value. 

 The global ductility of the entire brace specimens with bolted connections at both ends 

without reinforcement was in a range from 1.8 to 4.0. With reinforcement using self-

tapping screws, the global ductility of the braced specimens was increased to a range of 

3.7 to 5.0. This was because of the fact that both connections yielded in the case of 

reinforced specimens while only one connection yielded in the unreinforced specimens. 

 
Next steps: 

 Conduct nonlinear dynamic time history analysis of braced frames with various 

connection properties (strength, stiffness and ductility), configurations, numbers of 

storeys, storey heights, and aspect ratios following the Canadian guidelines for 

evaluation of timber seismic force resisting systems and force modification factors 

developed by CCMC.  

 Initiate the process of development of comprehensive design guidelines for braced 

frames in CSA O86 and define the system and connection requirements for various 

frames so they can claim the seismic force modification factors in NBCC, based on the 

experimental and analytical results from this project. 
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