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Abstract 
 
Results from a three-year research project on the performance of structural systems with glulam riveted 
connections in non-residential buildings are presented in this report. The emphasis is placed on use of 
timber rivets in structural systems such as braced frames and moment resisting frames.  
 
Initially a comprehensive literature survey on the topic is given, including the historical development of 
the fastener and previous research work. This is followed by state-of-the-art information on the static and 
dynamic behaviour of glulam riveted connections in heavy timber construction. Research results include 
information on all phases of the project:  
 
• Bending and tension tests to determine the material properties of timber rivets as fasteners;  
• Embedment tests of timber rivets in various wood products parallel and perpendicular to grain or 

strand;  
• Quasi-static monotonic compression tests on small riveted connections in four different wood 

products loaded parallel and perpendicular to grain or strand;  
• Quasi-static monotonic and cyclic tests on axially loaded members with riveted connections used in 

braced timber frames; 
• Cyclic tests on portal moment resistant frames with riveted connections in four different wood 

products; 

• An analytical methodology to quantify the dynamic performance of braced frames with timber rivets; 
• Force modification factors for braced timber frames with riveted connections according to the NBCC. 
• Force modification factors for portal moment resisting frames with riveted connections according to 

the NBCC. 
 
Results of the study cover riveted connections in four different engineered wood products: Glulam, 
Laminated Veneer Lumber (LVL), Parallel Strand Lumber (PSL), and Laminated Strand Lumber (LSL). 
It should be noted that a comparison of the behaviour of riveted connections in different wood-based 
products was not the objective of the study. Consequently, the material sampling plan included one 
manufacturer per product.  
 
The study provides relevant information that may be used to produce technical guidelines for design and 
construction of both types of frames with riveted connections. Such design guidelines and performance 
characteristics currently exist for structural systems in other construction materials such as steel and 
concrete, while with exception of wood-frame shear walls, they are virtually nonexistent for other wood–
based structural systems. 
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1 Objective 
 
This project is designed to make contribution towards expanding the use of wood products in non-
residential buildings to meet end-user expectations with efficient structural systems that use glulam 
riveted connections. The specific objective of the study is to introduce a methodology to quantify the 
static and dynamic performance of braced frames and moment resisting frames with riveted connections 
in various engineered wood products. This will help increase the body of knowledge on the strength and 
deformation properties of glulam riveted connections in different engineered wood products (EWPs), and 
promote the use of EWPs in non-residential structural applications. It should be noted that a comparison 
of the behaviour of riveted connections in different wood-based products was not the objective of the 
study. Consequently, the material sampling plan included one manufacturer per product.  
 
 

2 Introduction 
 
To quantify the structural performance of heavy timber frames with riveted connections, the research 
project engaged two major research components: experimental and analytical. In the beginning a 
comprehensive literature survey on the topic is given, including the historical development of timber 
rivets, followed by the previous research work in the field. This is followed by the results from the 
extensive experimental work conducted at Forintek on embedment, static and cyclic characteristics of 
riveted connections in four different engineered wood products. The emphasis was placed on connections 
used in structural applications such as braced frames. In addition, results are included from cyclic tests on 
portal moment resistant frames with riveted connections in four different wood products.  
 
Based on the results from the experimental program, analytical models were developed for braced and 
moment resisting frames. The analytical models were introduced into computer program for static and 
dynamic analyses of structures. The analytical models were used to predict the seismic response of braced 
and moment resisting frames. Finally, an analytical methodology to quantify the dynamic performance of 
braced frames with timber rivets was developed and force modification factors for braced frames in the 
national Building Code of Canada were verified. 
 
 

3 Background 
 

3.1 Rationale and Potential Impact 
 
Canada exports more manufactured wood products than any other country in the world. In 1995 about 
20% of world wood and forest products exports originated in Canada (COFI, 1997). Overall wood and 
forest products contribute approximately $34.2 billion annually to Canada’s balance of trade (COFI, 
1997), approximately as much as the next three major industries together: energy products, vehicles and 
parts, and agriculture and fisheries. Most of the exported wood products are used in residential 
construction, with only a small percentage used in non-residential construction.  
 
The non-residential market in North America is vast and comparable in size to the residential market. 
Non-residential construction consists of structures used for purposes other than habitation. This includes 
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industrial buildings (manufacturing establishments and warehouses), commercial buildings (offices and 
stores), educational buildings (schools and museums), entertainment facilities, religious buildings, 
agricultural structures, public buildings, recreational facilities, non-housekeeping buildings (hotels and 
motels), and miscellaneous buildings that are otherwise not specified such as auditoriums, swimming 
pools, theatres, and passenger terminals. Most estimates put the level of new non-residential construction 
activity in North America at approximately $100 billion per year (Kozak and Cohen 1999). This accounts 
for more than 20% of all construction expenditures, including residential construction as well as repairs, 
maintenance and alterations. Wood, whose share accounts for 1.25% of this expenditure, has made only 
modest inroads into this steel and concrete dominated market. This is especially surprising given that 
about 90% of all non-residential construction is four-storeys or less and could incorporate wood products 
in structural applications according to most building codes. In addition, according to the latest data 
available from the Canadian Wood Council (CWC, 1998), there is an untapped market for wood use 
estimated at $750 million annually in commercial construction in Canada.  
 
Other than concerns about fire protection, durability and marketing, one of the main perceived 
disadvantages among engineers of using wood products in non-residential structures is the lack of 
guidelines for the design of structural systems with efficient connections. Such guidelines exist for 
structural systems in other construction materials such as steel and concrete while, with the exception of 
wood-frame shear walls, they are virtually nonexistent for wood–based structural systems. A significant 
amount of research in this area is needed if wood products are to make significant inroads into the non-
residential construction sector. This research project provides information on the performance of 
structural systems with timber riveted connections, one of the most promising fasteners for use in 
structural systems in non-residential buildings. The results from the research will assist industry 
initiatives such as WoodWORKS to promote use of wood products in structural applications in the 
commercial sector. The results are also expected to serve as a useful benchmark for structural design 
professionals and code officials in the use of timber as a structural material in non-residential buildings.  
 

3.2  Timber Rivets 
 
Timber rivets, also known as glulam rivets or griplam nails, are high-strength steel nails developed 
originally in Canada for glued-laminated timber (glulam) construction. Timber riveted joints are typically 
used on truss, purlin to beam, beam to column (Figure 1a), column to base or column to diagonal brace 
connections, or as base connections for arches. Timber rivets are especially suited to field fabrication 
where plates may be attached to members on the ground before erection.  
 
Timber rivets have an oval shank and a wedge-shaped head. The hot-dip galvanized rivet is made to have 
a Rockwell hardness (Rc) between 32 and 39, and an ultimate tensile strength of at least 1,000 MPa. 
Timber rivets are commonly available in lengths of 40, 65 and 90 mm. The rivet is driven through a pre-
drilled or punched mild steel side plate with a minimum thickness of 6.4 mm, until the tapered head 
deforms the hole and wedges tightly (Figure 1b). 
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a) 

 

b) 

 
 
Figure 1 a) Typical column-to-beam riveted connection; b) Parts of a typical riveted connection. 
 
When properly installed, an approximately 3 mm head projection remains above the steel plate. The 
wedging action, which is almost the same as if the nail had been cold-riveted to the plate, provides a 
certain degree of fixity. This restricts the rotation of the nail head, and consequently increases the stiffness 
and strength of the joint (Figure 2). Timber rivets are driven either by a standard or a pneumatic hammer. 
The point of the rivet is shaped so that it pushes the wood fibres to the sides rather than cutting them. 
This, and placement of the rivets with their flat face parallel to the wood grain, minimises the fibre 
damage, so that the member strength is not severely reduced. When installing a group of fasteners, the 
rivets on the perimeter are driven first followed by those closer to the centre of the connection to 
minimise the splitting in the timber member and create a pre-stressing effect in the connection zone. 
 

 
 

Figure 2 Cross-section of a single timber riveted connection.  
 
Over the years, timber rivets have become favoured fasteners for certain applications because of the 
numerous advantages over other connectors. They are stiffer and provide greater load transfer per unit 
contact area than most other conventional wood fasteners. The wood members need not to be drilled, 
bored or grooved, which simplifies the fabrication and field assembly process. Furthermore, member 
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design can be based on gross cross-sectional area resulting in smaller member sizes with connections that 
can be easily inspected in the field. In addition, timber rivets provide relatively smaller connections, 
which is often favoured for aesthetic reasons. Finally, although they are made of high strength steel with 
high yield point, they are pliable enough to provide very ductile connections. 
 

3.3  Development of Timber Rivets 
 
Timber rivets were originally developed in Canada in the 1960s by Borg Madsen and 
William M. McGowan, at that time researchers at the Western Forest Products Laboratory in Vancouver. 
Timber rivets were developed to provide a connection method that would enable structural engineers to 
design statically indeterminate systems using timber (Madsen, 2000). For the connections to be able to 
fulfil this purpose, Madsen and McGowan sought a high-strength steel fastener with suitable cross section 
that would be able to create connections with full stiffness (no rotation) between the fastener and the steel 
plate. They explored several different possibilities and finally proposed an oval nail type fastener to be 
used in conjunction with pre-drilled metal plates which could transfer loads from one member to the other 
(Figure 1b). Having pre-drilled holes in the steel plates only, made the connection easy to assemble. 
 
The oval shape was chosen because of its higher cross-section modulus, and the high strength steel was 
chosen to increase the length over which the load would be transmitted. In addition, the oval cross section 
of the rivet, placed with its long dimension parallel to the grain, does not cut the wood fibres, but instead 
pushes them to each side as the rivet is driven into place. This enables the load from the wood to be 
transferred in two ways. Part of the load is transferred as if the rivet were a nail with the diameter of 
3.2 mm (the smaller dimension of the oval), and the rest of the load is transmitted from the pre-
compressed fibres to the sides of the rivets through friction. Finally, Madsen and McGowan chose a 
tapered head for the fastener, which when driven in the pre-drilled steel plates with smaller diameter 
causes a wedging action. This action is almost the same as if the connector had been cold-riveted to the 
plate, hence the name "Glulam Rivet" (Madsen, 2000). The wedging also increases the lateral stiffness of 
the rivet, which acts as a cantilevered beam on an elastic foundation (Karacabeyli and Foschi, 1987). A 
plastic hinge typically forms at the head of the rivet when loaded. For longer rivets, a second hinge often 
develops along the rivet shank. These hinges contribute to the ductility of the connection. 
 
The procedures for designing timber riveted connections have been available in Canada since the 
publication of the 1970 edition of the Canadian Standards Association Standard CSA O86.1. Current 
design aids and procedures for timber riveted connections may be found in CSA 2001, CWC 2001, and 
CWC 1999. Recently, design procedures for timber rivets have been included in the USA timber design 
code, the National Design Specifications for Wood Construction (NDS, 2001).  
 

3.4 Previous Research 
 
Design of riveted connections in the current edition of the Canadian Code for Engineering Design in 
Wood CSA O86.1-01 (CSA 2001) is based primarily on the method developed by Foschi and Longworth 
(1975). According to this method, the ultimate capacity of the connection is governed by either rivet 
yielding or wood failure. Based on these findings, the design of riveted connections for loading parallel-
to-grain is governed by one of: 

a) rivet yielding failure;  
b) wood tension parallel-to-grain failure at the edge of the connection;  
c) wood shear failure around the group of rivets.  
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For perpendicular-to-grain loading, the design is governed by either a) rivet yielding failure, or b) wood 
tension perpendicular-to-grain failure at the edge of the connection. Steel side plates, of course, must be 
of adequate cross-section to resist tension and compression forces as well as buckling at critical sections. 
 
The rivet yielding failure mode, where the rivets bend and yield while the wood under their shanks fails in 
crushing, was first studied by Foschi (1974). Using finite-element analysis, the load-slip behaviour was 
approximated by an exponential function for the cases where the rivet head is clamped and where the 
rivet head is free to rotate with respect to the steel side plate. Foschi (1974) also studied the effect of rivet 
penetration and the effect of direction of loading with respect to grain orientation. Using a similar 
approach, Erki (1991) developed a model which also accounts for the axial forces in the rivets. The load 
carrying capacity of riveted connections in rivet yielding mode can also be determined using the 
European Yield Model (Karacabeyli et al. 1994; Buchanan and Lai, 1994).  
 
In some cases however, the strength of timber rivet connections depends not only on the load carrying 
capacity of the rivets, but also on either or both the tensile and shear strength of the wood surrounding the 
group of rivets. For the wood failure mode, Foschi and Longworth (1975) investigated the stress 
distribution around the rivet cluster by using finite element analysis, and derived some formulas for 
calculating maximum stresses in the member around the rivets. Each coefficient in these formulas is a 
function of geometric parameters such as number of rows of rivets, number of rivets per row, rivet 
spacing, end and edge distances, rivet length, and member width and depth. In shear and tension 
perpendicular-to-grain brittle wood failure modes, Weibull’s weakest link model was used to determine 
the ultimate wood strength. Foschi and Longworth verified their analytical model with test results on 
riveted connections in Douglas-fir glulam and offered the following conclusions: (i) rivet spacing controls 
the failure mode; (ii) larger spacing results in a rivet yielding failure mode while a smaller spacing 
produces a sudden wood failure, usually a block-shear around the group of rivets. This type of failure is 
quite sudden and can occur at loads much lower than the rivet capacity; (iii) for the same rivet spacing, a 
larger end distance leads to an increase in the ultimate load based on the wood shear failure; and (iv) it is 
possible to estimate failure loads for both modes and design the connection so that wood failures will not 
occur before rivet yielding, thus optimizing rivet utilization. 
 
The research results by Foschi were complemented by further experimental studies. Fox and Lincoln 
(1979) carried out experiments to investigate the effect of change in the ultimate tensile strength 
requirement on the rivet yielding capacity. Fox and Lincoln (1979) investigated the effect of plate 
thickness and hole size on the rivet yielding capacity. Karacabeyli and Foschi (1987) performed a 
theoretical and experimental study on eccentrically loaded riveted connections. They developed a 
simplified model for predicting the load carrying capacity for the rivet yielding mode and made 
recommendations to avoid a wood failure mode in moment connections. Foschi et al (1989) carried out 
combined reliability analysis which weights each failure mode and gives an expected range for the 
reliability index at a given value of the performance factor. Using a common performance factor of 0.70, 
they found reliability index β ?= 3 for Ottawa snow and office occupancy loads, and concluded that this 
level of reliability may be considered adequate in design. Karacabeyli and Fraser (1990) carried out 
experiments to extend the application of riveted connections to spruce-pine glulam.  
 
Madsen (1992) carried out comparative tests of two moment connections, one with timber rivets, and 
another with shear plates. Buchanan and Lai (1994) investigated the behaviour of timber rivets in radiata 
pine. They found that timber rivets in New Zealand radiata pine have 70% to 90% of the strength of rivets 
in Canadian Douglas-fir. They also confirmed that the European yield theory gives excellent predictions 
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of rivet strength and failure mode when wood tension failures are not expected. Karacabeyli et al. (1994) 
carried out a study to extend the use of rivet connections in sawn timber with the appropriate service 
conditions. They also investigated the effect of plate thickness on the joint capacity and determined the 
withdrawal strength of the rivets. Results showed that riveted connections made with Hem-Fir sawn 
timber and Douglas-fir-larch timber fail in similar modes, hence the timber rivet design procedures 
developed for Douglas-fir-larch glulam may also be employed for sawn timber. Based on the test results 
and the ratio of specified strength values for sawn timber and glulam, a species factor H was introduced in 
the 1989 Edition of CSA Standard CSA O86.1 under the name of “material factor” to include factors for 
wood products other than Douglas-fir glulam. The value of H is in the range of 0.3 for sawn timber from 
northern species to 0.8 for SPF glulam.  
 
Test results also showed that steel side plates thinner than 6.4 mm result in a loss of fixity and 
consequently do not allow for a plastic hinge to form at the rivet head, thus reducing the lateral resistance. 
Therefore connections with thinner plates may require a reduction factor. The 1989 Edition of the CSA 
Standard CSA O86.1 contains a factor of 0.90 for 4.8 mm thick plates. This factor is in close agreement 
with the parallel-to-grain load test results and, for simplicity, may conservatively be accepted for loads 
acting in the perpendicular-to-grain direction as well. For 3.2 mm thick side plates, a factor of 0.80 was 
proposed. 
 
Stahl et al. (2000) proposed a simplified analysis of timber riveted connections in wood failure mode. 
They proposed that a failure will occur when a volume of wood bounded by the perimeter of the closely 
spaced rivets pulls out from the timber member. The simplified solution takes into account the combined 
action of shear and tension planes during a wood failure, and is presented in closed form solution for 
direct incorporation into the design calculations.  
 
Roger Cheng (1996) investigated the behaviour of moment resisting rivet connections under static and 
cyclic loading, and compared that to the behaviour of moment-resisting bolted connections. A total of 10 
specimens were tested in three series of the exploratory phase of the program, followed by six improved 
full-scale riveted connections. Results showed that riveted connections exhibited a much better 
performance than bolted connections in both strength and stiffness categories. Specimens showed stable 
behaviour until large deformations were imposed, indicating that high ductility values were exhibited. 
The size of the gusset plate, as well as the number and pattern of the rivets were found to be important 
parameters affecting the performance of the connections. 
 
To determine the dynamic behaviour of riveted connections, Popovski (2000) conducted displacement-
controlled monotonic and cyclic tests on riveted connections with two different connection 
configurations. The tests were part of a joint research program between Forintek Canada Corp. and the 
Department of Civil Engineering at UBC on the seismic performance of braced timber frames (Popovski 
et al., 2002). During the monotonic and cyclic tests, riveted connections yielded in a ductile single shear 
mode, forming one plastic hinge in the process. The early connection behaviour was governed by a 
combination of rivet yielding and wood crushing, while the failure mode was characterized by rivet 
yielding and partial fastener pullout from the wood. The connections, however, showed high ductility and 
were able to carry a significant percentage of the maximum load for some time after the maximum load 
was obtained. They also showed higher consistency in resistance compared to other typical connections 
used in timber structures, such as bolts or dowels. 
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4 Timber Rivet Material Tests 
 
4.1 Methods  
 
The experimental part of the research program commenced with tests on basic properties of the timber 
rivets that will be used throughout the program. Two types of tests on timber rivets were conducted: 
tension tests and bending tests. To investigate the possible difference in material properties of the rivets 
available on the market today, both tension and bending tests were conducted on rivets provided from two 
different manufactures. For both tests, the rivets were 90 mm long.  
 
In the tension tests, two groups of five rivets were tested, one group from of each manufacturer. The 
cross-section of each rivet was reduced in the middle of the length to help achieve yielding of the rivets at 
lower loads. This also helped simplify deign of the grips for the tension machine where the tests were 
conducted. The dimensions of the reduced cross-section of each rivet were carefully measured and the 
corresponding area of the cross-section was calculated. Tests were conducted by monotonic increase of 
the tension force on the rivet. The loading rate was 2.54 mm/min (0.1 inch/min), so that the failure of the 
rivet usually occurred within the five minutes of the test. The variables that were measured during the 
tests include: the applied load, the actuator stroke and the relative extension of the rivet.  
 
For the bending tests, the rivets were placed in a testing apparatus initially developed for bending of nails. 
Using a simple leverage system, the vertical pressure applied manually on the apparatus is transferred as a 
bending moment on the rivet. Bending of the rivets is conducted until the rotation exceeds 45 degrees. 
The 45o rotation value is usually used to calculate a yield (plastic) moment of nails or any dowel type 
fasteners. It is also one of the requirements in EN 409, the European draft standard for determination of 
yield moment of dowel type fasteners (EN 1993). It is assumed that for a bending angle of 45o, the entire 
cross-section of the fastener is under plastic strain. Ten rivets were tested in bending from each of the two 
rivet manufacturers, for a total of 20 bending tests. The variables that were measured during the tests 
include the applied load and the apparatus stroke. The applied bending moment and exhibited rivet 
rotation were calculated based on the load, stroke and the fixed leverage. 
 
4.2 Results 
 
The moment-rotation curves obtained from a group of ten rivets tested for bending along the stronger axis 
are shown in Figure 3. The rivets exhibited linear elastic behaviour until the rotation reached 
approximately 8 degrees. This was followed by non-linear behaviour with characteristics of large 
deformation at higher rotation angles. The maximum bending capacity of the rivets was reached at 
approximately 45 degrees. The rivets showed very consistent moment-rotation behaviour with the average 
maximum moment obtained being 34.1 Nm, with a standard deviation of 0.9 Nm or 2.6%. In addition, the 
difference in moment and rotational capacity between the rivets from the two manufacturers was not 
significant.  
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Figure 3 Moment-rotation curves of ten timber rivets tested for bending along the stronger axis  
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Figure 4 Load-displacement curves obtained from tension tests on one group of timber rivets 
 
The load-deformation curves obtained from tension tests on one group of timber rivets are shown in 
Figure 4. The average stress-strain curve obtained for the same group of rivets is shown in Figure 5. As 
shown in Figure 5, the stress-strain relationship of the rivets is characterized by purely elastic behaviour 
until the strain reaches an average value of 0.07, after which yielding occurs. Using the 0.2% diameter 
offset method (ASTM 2000; Standard D 5652-95), the average yield stress at this yield strain point of 
0.07 was found to be 1.048 GPa. At higher strains, the rivets exhibited a non-linear behaviour typical of 
steel components, with the presence of strain hardening and high ductility. The average maximum stress 
obtained from the tests was 1.16 GPa (1.16 x 109 Pa), which is over the minimum strength of 1000 Mpa 
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required by CSA O86. From the curve in Figure 5, the average modulus if elasticity (MO E) was 
calculated to be 197 GPa (1.97 x 1011 Pa). It should be noted that the reduction of the cross section during 
the testing was not taken into account when calculating the stress-strain values. 
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Figure 5 Average stress-strain curve obtained from tension tests on one group of timber rivets 
 
 

5 Embedment Tests 
 
The embedment strength of various types of fasteners bearing upon wood or wood-based products is an 
important mechanical property for estimating the load-carrying capacity of laterally loaded timber 
connections. The non-linear relationships obtained from embedment tests provide the information 
necessary for development and verification of analytical models that simulate the connection behaviour.  
 
5.1  Materials and Methods 
 
The second part of the testing program consisted of embedment tests of timber rivets into three 
engineered wood products. The wood-based products used in these tests are the same as those used for the 
entire experimental program: SP Glulam 20f-EX, Aspen LVL 1.8E, Douglas-Fir PSL 2.0E and 1.7E LSL.  
 
Embedment tests are usually performed by embedding the fastener into a small wood specimen, provided 
that the fastener satisfies the criteria for a “stiff linear transfer” of force (ASTM D 5764-97a). In this case, 
for simplicity of the test setup, the opposite was performed. A wood member 152 mm x 152 mm (6” x 6”) 
in size with a thickness of 20 mm (0.78 in.) was vertically forced against a 90 mm long glulam rivet that 
was previously driven into the wood member without any pre-drilling. Several specimens exhibited 
splitting during this procedure and were rejected for that reason. The rivet was held firm on both sides by 
a thick steel clamping device that prevented any movement or rotation of the rivet, thus providing the 
required fastener stiffness. Figure 6 shows the test setup used for embedment tests.  
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Twelve replicates were tested from each engineered wood product in both directions, parallel to 
grain/strand and perpendicular to grain/strand, for a total of 96 tests for all four engineered wood 
products. The rate of loading for all tests was 1.92 mm/min (0.075 in/min). At the end of each test, a 
small wood section was cut from each specimen in the vicinity of the rivet, so that the moisture content 
and density of the specimens could be determined. These values obtained for all specimens used in the 
embedment tests are shown in Table 1.  
 

 
 

Figure 6 Test setup used for embedment tests; specimen shown is PSL loaded parallel to strand  
 
5.2  Results and Discussion 
 
The results from embedment tests parallel and perpendicular to grain/strand for the four engineered wood 
products are shown in Figures 7 to 14. As shown in Figures 7, 8, 9 and 10 for loading parallel to grain, 
there is well-defined yield point, beyond which the stress-deformation curves remain virtually flat. This 
phenomenon is more obvious in tests with Glulam and LVL and less obvious with PSL, possibly due to 
the more heterogeneous nature of the PSL as a material. For loading perpendicular to grain, the formation 
of a yield point is less obvious for all materials and the embedding force continues to increase with the 
increase of the deformation. This difference in stress-displacement relationships in the two orthogonal 
directions is closely related to the material properties in each direction. 
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Figure 7 Stress-deformation relationships from embedment tests parallel to grain in glulam  
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Figure 8 Stress-deformation relationships from embedment tests parallel to grain in LVL  
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Figure 9 Stress-deformation relationships from embedment tests parallel to strand in PSL  
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Figure 10 Stress-deformation relationships from embedment tests parallel to strand in LSL  
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Figure 11 Stress-deformation relationships from embedment tests perpendicular to grain in glulam  
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Figure 12 Stress-deformation relationships from embedment tests perpendicular to grain in LVL  
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Figure 13 Stress-deformation relationships from embedment tests perpendicular to strand in PSL  
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Figure 14 Stress-deformation relationships from embedment tests perpendicular to strand in LSL  
 
The actual embedment strength values for loads parallel to grain can be determined in several ways. In 
ASTM Standard D 5764-97a (ASTM 2000), widely used in the US, the embedment strength is 
determined using the 5% fastener diameter offset method. In this report, however, the embedment 
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strength for load parallel to grain is calculated at a displacement level of 2.1 mm. This value has been 
used in several studies in the past that dealt with embedment properties of nails and rivets in other wood-
based materials (Karacabeyli et al. 1998; Buchanan and Lai, 1994), and allows comparison of obtained 
values to the previous results. The values obtained by this method are usually higher than those obtained 
using the method in ASTM D 5764-97a. The average values for embedment strength obtained from the 
tests are shown in Table 2 for various displacement levels. The standard deviation of the results for 
Glulam, PSL, LVL, and LSL for load parallel and perpendicular to grain/strand is shown in Table 3.  
 
Table 1 Relative density and moisture content of the specimens used for embedment tests 
 

Relative Density Moisture Content % 
Material Designation 

Mean Deviation Dev. % Mean Deviation Dev. % 

Glulam SP 20f-EX 0.457 0.052 11.44 11.1 0.456 4.12 

PSL D. Fir 2.0E 0.638 0.023 3.66 8.6 0.454 5.31 

LVL Aspen 1.8E 0.504 0.023 4.58 8.8 0.175 1.98 

LSL 1.7E 0.709 0.028 4.02 6.2 0.029 2.08 

 
Table 2 Average stress at certain displacement levels obtained from embedment tests parallel and 
perpendicular to grain/strand 
 

Stress Parallel to Grain (MPa) Stress Perpendicular to Grain (MPa) 
Material 

0.8 mm 2.1 mm 4.8 mm 0.8 mm 2.1 mm 4.8 mm 10 mm 

Glulam 32.83 41.22 41.51 19.68 26.28 33.84 38.72 

PSL 30.06 39.92 44.25 29.31 39.93 46.58 55.32 

LVL 34.68 42.56 42.03 25.00 34.47 44.96 53.29 

LSL 76.76 89.03 90.00 42.28 60.98 82.03 101.77 
 
Table 3 Standard deviation (as a percentage of the mean) of stress at certain displacement levels 
obtained from embedment tests parallel and perpendicular to grain/strand 
 

Parallel to Grain (%) Perpendicular to Grain (%) 
Material 

0.8 mm 2.1 mm 4.8 mm 0.8 mm 2.1 mm 4.8 mm 10 mm 

Glulam 15.8 12.5 11.1 13.7 12.0 12.1 12.2 

PSL 33.5 29.8 24.6 17.5 12.4 17.4 14.3 

LVL 9.3 9.5 9.8 11.8 8.4 9.0 6.4 

LSL 19.4 18.7 21.3 11.0 12.3 11.2 26.9 
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6 Connection Compression Tests  
 
6.1 Materials and Methods 
 
In the third part of the experimental program, displacement controlled monotonic compression tests on 
small riveted connections loaded parallel and perpendicular to grain/strand were conducted. These tests 
represent one step further into the process of evaluating the performance of riveted connections under 
various types of loading. The test matrix used for this part of the experimental program is shown in 
Table 4.  
 
Table 4 The test matrix for riveted connections loaded parallel and perpendicular to grain/strand 
 

Material Cross 
Section 

Connection 
Configuration 

Rivet 
Length 
(mm) 

Number of 
Replicates 

Direction of 
load 

Min. loaded 
end / edge 
distance 

• • 
• • 40 5 ≡ 75 mm 
• • 
• • 

65 5 ≡ 75 mm 

• • 
• • 40 5 ⊥ 50 mm 

Glulam 130 x 152 
mm 

• • 
• • 

65 5 ⊥ 50 mm 
• • 
• • 

40 5 ≡ 75 mm 
LVL 89 x 151 

mm • • 
• • 40 5 ⊥ 50 mm 

• • 
• • 40 5 ≡ 75 mm 89 x 178 

mm • • 
• • 40 5 ⊥ 50 mm 

• • 
• • 65 5 ≡ 75 mm 

PSL 
130 x 178 

mm • • 
• • 65 5 ⊥ 50 mm 

• • 
• • 40 5 ≡ 75 mm 

LSL 89 x 300 
mm • • 

• • 
40 5 ⊥ 50 mm 

* Symbol “≡” indicates loading parallel to grain / strand; Symbol “⊥”indicates loading perpendicular to grain / 
strand. 
 
Each connection consisted of a wood product member with 6.4 mm steel side plates and four rivets on 
each side of the connection. Four engineered wood products were used in the testing program: Glulam, 
PSL, LVL, and LSL, along with two rivet lengths, 40 mm and 65 mm, where the specimen thickness 
allowed for it (Table 4). All connections were tested with rivets driven on the flat side only. Spacing 
between rivets was 25 mm in each direction in all cases, while the end distance was 75 mm for 
connections loaded parallel to grain. For connections loaded perpendicular to grain the loaded edge 
distance was 50 mm. Five replicates were tested from each connection configuration in both parallel and 
perpendicular to grain orientations, for a total of 60 tests. The test setup with a glulam connection ready 
for testing is shown in Figure 15a, while a diagram of the setup is shown in Figure 15b.  
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Figure 15 a) Photo of the test setup for connection tests parallel and perpendicular to grain; b) 
Diagram of the test setup (Grain/strand orientation in the test was not as illustrated.) 
 
The wood product members were conditioned for more than six months prior to testing, in a laboratory 
environment at an average temperature of 20oC ± 3oC and relative humidity of 50% ± 10%, which 
characterises typical dry indoor conditions. Riveted connections were fabricated by hand, the rivets driven 
with a hammer in pre-drilled 6.8 mm circular holes in the steel plates. Each rivet was placed with its 
major cross-sectional dimension aligned parallel to the grain/strand. After fabrication, riveted connections 
were conditioned in a dry laboratory environment for a minimum of three weeks to allow for the 
relaxation of wood fibres around the rivets. This conditioning time provides a more accurate 
representation of a riveted connection that has been in service for a longer period. Riveted connections 
usually have a higher initial stiffness immediately after assembly because the wood fibres in contact with 
the rivets have not yet relaxed. 
 
Four variables were measured during each test. Load was measured using a load cell attached to the 
hydraulic actuator, while the stroke was measured with a transducer internal to the actuator. Connection 
slip was measured using two displacement transducers, one on each face of the connection.  
 
The factored resistance (design load) for connections in rivet yielding mode in Glulam loaded parallel to 
grain was 1.56 kN per rivet for 40 mm long rivets and 1.89 kN per rivet for 65 mm long rivets. The 
corresponding values for perpendicular to grain loading were 0.89 kN and 1.075 kN per rivet respectively. 
The values were calculated according to the Canadian Standards Association (CSA), Standard O86.1-01 
for Engineering Design in Wood (CSA 2001), using dry service conditions (Ksf = 1.0), and a material 
factor H = 0.8 for Spruce-Pine Glulam.  
 

Riveted 
Connection 
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6.2 Results and Discussion 
 
During the monotonic tests, glulam riveted connections loaded parallel to grain/strand yielded in a ductile 
single shear mode, forming one plastic hinge in the process, while those loaded perpendicular to 
grain/strand formed two plastic hinges. The early connection behaviour was governed by a combination 
of rivet yielding and wood crushing, while the failure mode was characterized by rivet yielding and 
partial fastener pullout from the wood. The connections, however, showed high ductility and were able to 
carry a significant percentage of the maximum load for some time after the maximum load was obtained. 
They also showed higher consistency in resistance compared to other typical connections used in timber 
structures, such as bolts or dowels. Load-deformation curves obtained from monotonic tension tests of the 
connections in four different engineered wood products parallel and perpendicular to grain are shown in 
Figures 16 to 27. The displacement in each curve represents the average values of the connection slip 
obtained from both sides of the connection.  
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Figure 16 Load displacement curves of riveted connections (65 mm rivets) in SP Glulam loaded 
parallel to grain 
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Figure 17 Load displacement curves of riveted connections (65mm rivets) in PSL loaded parallel to 
strand 
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Figure 18 Load displacement curves of riveted connections in SP Glulam (65 mm rivets) loaded 
perpendicular to grain 
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Figure 19 Load displacement curves of riveted connections (65mm rivets) in PSL loaded 
perpendicular to strand 
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Figure 20 Load displacement curves of riveted connections (40 mm rivets) in SP Glulam loaded 
parallel to grain 
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Figure 21 Load displacement curves of riveted connections (40 mm rivets) in LVL loaded parallel to 
grain 
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Figure 22 Load displacement curves of riveted connections in SP Glulam (40 mm rivets) loaded 
perpendicular to grain 
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Figure 23 Load displacement curves of riveted connections (40 mm rivets) in LVL loaded 
perpendicular to grain 
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Figure 24 Load displacement curves of riveted connections (40 mm rivets) in LSL loaded parallel to 
strand 
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Figure 25 Load displacement curves of riveted connections (40 mm rivets) in PSL loaded parallel to 
strand 
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Figure 26 Load displacement curves of riveted connections (40 mm rivets) in LSL loaded 
perpendicular to strand 
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Figure 27 Load displacement curves of riveted connections (40 mm rivets) in PSL loaded 
perpendicular to strand 
 
The procedure described in the European CEN protocol was used for calculating the connection 
properties (CEN 1995). According to the procedure, the initial stiffness of the connection is defined by 
the line that connects two points on the load-deformation curve at 0.1 Fmax and 0.4 Fmax respectively. 
The yield deformation is then defined as the deformation at the intercept of the initial stiffness line and a 
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tangent line with stiffness equal to 1/6 of the initial stiffness. Yield load is the load on the curve that 
corresponds to the yield deformation, while the ultimate deformation was determined as the deformation 
at which the load drops to 80% of the maximum load.  
 
Connection properties such as initial stiffness, ultimate load, yield load, ultimate displacement and 
ductility, as determined from the connections loaded parallel and perpendicular to grain with 40 mm long 
rivets, are presented in Table 5. The corresponding values for connections with 65 mm long rivets are 
shown in Table 6.  
 
Table 5 Average rivet connection properties obtained from monotonic tests (40 mm rivets) 
 

 Glulam PSL LVL LSL 

Load direction* ≡ ⊥ ≡ ⊥ ≡ ⊥ ≡ ⊥ 
Yield load Fy (kN) 22.8 17.3 19.1 20.7 18.6 22.5 30.0 35.2 

Yield displacement ∆y (mm) 2.0 2.3 1.6 3.2 1.3 4.2 0.9 2.7 
Maximum load Fmax (kN) 32.6 27.2 31.3 28.7 31.4 33.7 51.7 50.0 
Displacement at Fmax (mm) 6.4 9.0 6.9 7.1 6.8 10.8 7.0 6.2 

Ultimate deformation ∆u (mm) 17.6 14.6 16.4 11.8 21.4 13.8 11.6 8.6 
Initial stiffness (kN/mm) 15.8 11.0 18.8 8.8 23.5 7.7 55.4 18.3 
Ductility (∆u / ∆y ) 8.8 6.3 10.2 3.7 16.5 3.3 12.9 3.2 
Max. load per rivet (kN) 4.1 3.4 3.9 3.6 3.9 4.2 6.5 6.2 
Standard dev. for Fmax (kN) 0.7 0.5 1.5 1.8 0.7 0.8 1.8 6.0 
COV for Fmax (%) 2.1 1.8 4.8 6.2 2.2 2.4 3.5 12.0 
* Symbol “≡” indicates loading parallel to grain / strand; Symbol “⊥”indicates perpendicular to grain / strand 
 
Table 6 Average rivet connection properties obtained from monotonic tests (65 mm rivets) 
 

 Glulam PSL 

Load direction* ≡ ⊥ ≡ ⊥ 
Yield load Fy (kN) 27.1 25.4 28.0 37.4 
Yield displacement ∆y (mm) 1.4 2.7 1.6 4.9 
Maximum load Fmax (kN) 39.9 40.3 42.6 47.7 
Displacement at Fmax (mm) 7.2 10.2 9.8 10.1 
Ultimate deformation ∆u (mm) 16.4 20.4 22.0 14.4 
Initial stiffness (kN/mm) 27.0 14.4 21.6 9.4 
Ductility (∆u / ∆y ) 11.7 7.5 13.7 2.9 
Load per Rivet (kN) 5.0 5.0 5.3 6.0 
Standard dev. for Fmax (kN) 2.9 2.3 3.4 2.2 
Coefficient of Variation for Fmax (%) 7.2 5.7 8.0 4.6 

* Symbol “≡” defines loading parallel to grain / strand; Symbol “⊥” defines perpendicular to grain / strand. 
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A typical connection failure is shown in Figure 28. The rivet yielding modes exhibited during connection 
tests parallel and perpendicular to grain/strand are shown in Figure 29a, and 29b respectively.  
 

 
 
Figure 28 Typical rivet connection failure at the end of a monotonic compression test  
 
a) 

 

b) 

 
 
Figure 29 Typical rivet yielding (deformation) modes after connection tests a) parallel and b) 
perpendicular to grain/strand 
 
 

7 Quasi-Static Tests on Diagonal Brace Members 
 
Since the deformation capacity and energy absorption of braced timber frames subjected to lateral loads 
largely depend on the behaviour of the diagonal braces and their connections, the main objective of this 
part of the experimental program was to characterize the behaviour and failure modes of diagonal braces 
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with riveted connections when subjected to monotonic and cyclic loading. This is a necessary step 
towards developing analytical models for the prediction of the behaviour of braced timber frames as 
lateral load resisting systems under static and dynamic loads.  
 
7.1 Materials and Methods 
 
Displacement controlled monotonic tension and cyclic tests were conducted on a total of 48 brace 
specimens in this part of the testing program. The diagonal brace members consisted of a main wood 
member (Glulam, PSL, LSL, or LVL) and double-sided riveted connections on both ends. Each 
connection utilized 6.4 mm steel side plates and 20 rivets (4 rows of 5) on each side of the wood member, 
for a total of 40 rivets on each end of the brace. According to the testing plan, three brace specimens of 
each configuration were tested in monotonic tension tests, while five replicates were tested using the 
reversible (cyclic) testing protocol. Specifications of the brace members tested are given in Table 7.  
 
Table 7 The test matrix for diagonal braces with riveted connections loaded under monotonic 
tension and cyclic loading 
 

Material Cross 
Section 

Rivet 
Length 
(mm) 

Number of 
Replicates 

Type of 
Test* 

40 3 T 

40 5 C 

65 3 T 
Glulam 130 x 152 

mm 

65 5 C 

40 3 T 
LVL 89 x 151 

mm 40 5 C 

40 3 T 89 x 178 
mm 40 5 C 

65 3 T 
PSL 

130 x 178 
mm 65 5 C 

40 3 T 
LSL 89 x 300 

mm 40 5 C 

* Symbol “T” indicates monotonic tension test; Symbol “C” indicates cyclic test. 
 
The spacing between rivets was 25 mm in all directions while the end distance was 75 mm. The test setup 
with a brace specimen placed vertically in the testing frame and prepared for testing is shown in Figure 
30a, while a diagram of the test setup is shown in Figure 30b. The brace was connected to a bolted fixture 
at the top and bottom. The top of the brace was also attached to the load cell and the 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 loading for the 
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specimens. A pair of rollers placed on both sides of the specimen prevented out-of-plane movements 
during the compression half cycles. 
 
a) 

 

b) 
 

Bottom 
Connection 

Upper 
Connection 

Wood 
Member 

Connection 
Steel Side 

Plates 
Glulam 
Rivets 

Upper Pin  

Lower Pin  

 

Figure 30 a) A photo of the test setup for monotonic tension and reversible (cyclic) tests on brace 
specimens with riveted connections; b) Diagram of the test setup (connections shown with fewer rivets 
that in the specimens tested; grain/strand orientation not as illustrated) 
 
The wood product used in the members was conditioned for more than eight months prior to testing, in a 
laboratory environment at an average temperature of 20o ± 3oC and relative humidity of 50% ± 10%, 
which characterises typical dry indoor conditions. Riveted connections were fabricated by hand, the rivets 
driven with a hammer in pre-drilled 6.8 mm circular holes in the steel plates. Each rivet was placed with 
its major cross-sectional dimension aligned parallel to the grain/strand. Timber rivets at the perimeter of 
the group were driven first, while successive rivets were driven in a spiral pattern from the outside to the 
centre of the group. After fabrication, riveted connections were conditioned in a dry laboratory 
environment for a minimum of three weeks to allow for the relaxation of wood fibres around the rivets. 
Six channels of data were collected during each test. The load was measured using a 445 kN (100,000 lb) 
load cell attached to the hydraulic actuator. Besides the stroke (movement of the actuator), connection slip 
for each connection was measured using two displacement transducers, one on each face of the 
connection.  
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To evaluate the performance of the connections, monotonic and cyclic loading regimes had to be 
specified. The issues that were considered in choosing a standardized test protocol included the loading 
regime procedure and the methodology for analyzing the data obtained from the tests. In the field of 
timber engineering a consensus on the best standard test protocol has not yet been reached. A number of 
protocols for cyclic testing of timber joints with mechanical fasteners have been proposed by Reyer and 
Oji, (1991), Dolan, (1993), and Foliente, (1995), and their influence and implications on the cyclic 
performance of the joints has been studied. It was found that test protocol characteristics such as the 
amplitude and number of cycles, frequency or velocity during the testing, duration of the test, procedure 
for defining the yield point and ductility, ultimate load, strength deterioration, and the assessment of 
stiffness and energy dissipation of the joints are important parameters to be considered (Chui et al. 1995). 
Based on research results, a number of test standards are under development (CEN 1995; ASTM 1993) or 
have already been adopted (AS 1995). Although the different standards agree on the protocol parameters 
that influence the cyclic properties of a connection, they differ in the proposed method for determining 
the yield point from the envelope curve of the load-deformation response and in the cycle sequence. To 
enable comparison of test data from different test laboratories, a standardized test procedure has been 
proposed by the International Organization for Standardization's Technical Committee on Timber 
Structures. The procedure is now summarized in an international standard that has been available to 
researchers since the end of 2003 (ISO 2003).  
 
Table 8 Relative density and moisture content of the brace specimens used in monotonic tension 
and cyclic tests  
 

Relative Density Moisture Content (%) 
Material Designation 

Mean Deviation Dev. (%) Mean St. Dev.* Dev. (%) 

Glulam SP 20f-EX 0.461 0.023 5.02 11.32 0.37 3.29 

PSL D. Fir 2.0E 0.655 0.016 2.47 7.98 0.25 3.18 

LVL Aspen 1.8E 0.497 0.006 1.18 8.41 0.10 1.25 

LSL 1.7E 0.694 0.044 6.36 6.46 0.22 3.39 
* St. Dev. Indicates Standard Deviation; Dev (%) indicates standard deviation as a percentage of the mean. 
 
The cyclic protocol selected in this project addresses all the factors that influence the joint performance. 
Firstly, since seismic excitation of structures is displacement driven, the loading regime used was 
displacement controlled. Secondly, since tests have revealed that strength degradation occurs when a 
connection is repeatedly loaded to the same deformation level, specimens were subjected to three cycles 
at the same deformation level. In addition, the cyclic loading protocol for each connection was defined in 
terms of the average yield deformation ), obtained from the monotonic tension tests on the three 
replicates for that particular connection (brace) using the European Standard (CEN 1995). The cyclic 
protocol used was a constant frequency protocol with one full cycle being completed in ten seconds. The 
calculation of the important properties based on the test data was also done according to the proposed 
European Standard (CEN 1995).  
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At the end of each test, a small section of wood was cut from each specimen in the vicinity of the 
connection, so that the moisture content and density of the specimens could be determined. The average 
moisture content of the wood products and their relative density is given in Table 8.  
 
7.2  Results and discussion 
 
During the monotonic tension tests, glulam riveted connections yielded in a ductile single shear mode. 
The early behaviour was almost completely governed by yielding of the fastener, while the failure mode 
was characterised by partial fastener pullout from the wood. It was observed during the tests and later 
confirmed from the data analysis, that the top and bottom brace connections experienced significantly 
different deformation levels. Once non-linear deformations started to develop in one of the connections, 
the reduced stiffness of that particular connection would result in an increase of the deformation demand 
in that particular connection. This connection will be referred to as the weaker connection in the 
remainder of the text, while the connection where less non-linear deformations occurred will be referred 
to as the stronger connection. Regardless of which connection in a brace is weaker or stronger, this 
finding is very important for understanding the seismic behaviour of braced timber frames. It shows that 
the deformation capacity of the brace is not equal to twice the capacity of one connection. This fact will 
be used later when developing the analytical models for braced timber frames.  
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Figure 31 Average response from the weaker connections in four materials obtained from monotonic 
tension tests on diagonal braces with riveted connections (40 mm rivets) 
 
Average response from the weaker connections in four materials obtained from monotonic tension test of 
the brace specimen is shown in Figure 31. Connection properties such as initial stiffness, ultimate load, 
yield load, ultimate displacement, load per rivet and ductility determined from the monotonic curves of 
the weaker connections for 40 mm and 65 mm rivets are presented in Tables 9 and 10 respectively. The 
results reveal that riveted connections showed highly ductile behaviour when used with any wood-based 
material. Connections in LSL were able to carry the highest load of all materials used, however, the 
deformation capacity of these connections was lower than that of the other three materials. 
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The values for the maximum load per rivet obtained from these tests were consistently lower than the 
values obtained from the small connection tests (section 6 of the report), for all materials and both rivet 
lengths. The load resistance per rivet in LVL was found to be approximately 20% lower than that 
obtained from the small connection tests, while the loads in the other three materials were approximately 
30% lower. Although reasons for such discrepancies are not completely clear, one possible explanation is 
the existence of a group effect in riveted connections, similar to the one found in bolted connections.  
 
Table 9 Average properties of the weaker connection obtained from the monotonic tests on 
diagonal braces (40 mm rivets) 
 

 Glulam PSL LVL LSL 

Yield load Fy (kN) 63.39 53.10 64.15 104.76 

Yield displacement ∆y (mm) 0.63 0.51 0.70 0.76 

Maximum load Fmax (kN) 116.82 105.40 124.22 176.60 

Displacement at Fmax (mm) 3.98 3.58 4.69 3.38 

Ultimate deformation ∆u (mm) 10.14 9.04 12.45 5.46 

Initial stiffness (kN/mm) 116.80 131.75 116.39 175.28 

Ductility (∆u / ∆y) 16.11 17.86 17.85 7.13 

Maximum load per rivet (kN) 2.92 2.64 3.11 4.42 

Standard deviation for Fmax  (kN) 1.24 1.79 1.40 7.24 

Coefficient of Variation for Fmax (%) 1.06 1.70 1.12 4.10 
 
 
Table 10 Average properties of the weaker connection obtained from the monotonic tests on 
diagonal braces (65 mm rivets) 
 

 Glulam PSL 

Yield load Fy (kN) 85.66 83.19 

Yield displacement ∆y (mm) 0.99 0.86 

Maximum load Fmax (kN) 143.57 147.95 

Displacement at Fmax (mm) 5.37 5.09 

Ultimate deformation ∆u (mm) 12.45 16.33 

Initial stiffness (kN/mm) 122.54 123.25 

Ductility (∆u / ∆y) 12.58 19.09 

Maximum load per rivet (kN) 3.59 3.70 

Standard deviation for Fmax  (kN) 3.65 5.75 

Coefficient of Variation for Fmax (%) 2.55 3.89 
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One of the most important parameters determined from the monotonic tension tests was the yield 
deformation ∆y, because the cyclic testing protocol was defined in terms of ∆y for each brace specimen. 
For calculating the connection properties the procedure described in the European CEN protocol was used 
(CEN 1995).  
 
The force-deformation (hysteresis) curves obtained from the cyclic tests are crucial for assessing the 
seismic performance of the brace members and braced timber frames as lateral load resisting systems in 
general. Typical load-deformation relationships of the brace members in different wood products are 
shown in Figures 32 to 37.  
 
As evident from Figures 32 to 37, significant 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, lateral resistance 
and energy dissipation occurs almost entirely in the metal connectors. 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. Previous research suggests that this 
degradation of strength stabilizes after three cycles and the third cycle is therefore often considered to 
represent the actual resistance when repeated (cyclic) loading is expected, such as for an earthquake.  
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Figure 32 A typical hysteresis loop obtained from cyclic tests on diagonal braces with riveted 
connections in glulam (40 mm rivets) 
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Figure 33 A typical hysteresis loop obtained from cyclic tests on diagonal braces with riveted 
connections in glulam (65 mm rivets) 
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Figure 34 A typical hysteresis loop obtained from cyclic tests on diagonal braces with riveted 
connections (40 mm rivets) in PSL 
 



Structural Systems with Riveted Connections for Non-Residential Buildings  

 
 
 
 

33 of 75 
 

-200

-160

-120

-80

-40

0

40

80

120

160

200

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

Displacement (mm)

Lo
ad

 (
kN

)

PSL 65mm Rivets
Test  6 

 
Figure 35 A typical hysteresis loop obtained from cyclic tests on diagonal braces with riveted 
connections (65 mm rivets) in PSL 
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Figure 36 A typical hysteresis loop obtained from cyclic tests on diagonal braces with riveted 
connections (40 mm rivets) in LVL  
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Figure 37 A typical hysteresis loop obtained from cyclic tests on diagonal braces with riveted 
connections (40 mm rivets) in LSL 
 
It was found that in riveted connections the pinching effect was most significant at higher deformation 
levels, while the hysteresis loops were thicker at lower deformation levels. Since the area inside the 
hysteresis loop for each cycle represents the amount of energy dissipated during that cycle, pinching in 
braced timber frames indicates a reduction the hysteretic damping of the structure. However, the shape of 
the hysteresis loop (pinching) is not the single most important parameter for adequate seismic behaviour 
of timber structures. The ability of the structure (connection) to sustain large deformations without 
significant strength deterioration is also very significant. That is exactly the behaviour that riveted 
connections exhibited during the cyclic tests. They showed very ductile behaviour and were able to carry 
a significant portion of the load even at high deformation levels. 
 
The locus of the extremities of the hysteresis curves is called the backbone or first cycle envelope curve, 
while the locus of the third cycle loops is called the stabilized (third cycle) envelope curve. Various 
measures of strength, stiffness and ductility can be obtained from the envelope curves. Currently work is 
continuing on determining the average connection properties obtained from the envelopes of the weaker 
connections during cyclic tests. All properties will again be determined using the CEN Standard 
procedures.  
 
During the alternating load cycles, in both tension and compression half cycles riveted connections 
yielded in a ductile single shear mode with one plastic hinge, which is typical behaviour for a nailed 
connector. Extensive wood crushing was observed on both sides of the rivet shanks. The failure mode in 
each wood product was similar to that obtained in monotonic tests: a fastener pullout from the wood.  
 
Connection properties such as initial stiffness, ultimate load, yield load, ultimate displacement, load per 
rivet and ductility determined on the basis of the first envelope of the weaker connection from the cyclic 
tests for 40 mm and 65 mm rivets are presented in Tables 11 and 12 respectively. Similarly, Tables 13 
and 14 show the connection properties based on the third (stabilized) envelope curve. 
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Table 11 Average properties of the weaker connection obtained from the first cycle envelope of the 
cyclic tests on diagonal braces (40 mm rivets) 
 

 Glulam PSL LVL LSL 

Yield load Fy (kN) 56.47 47.50 64.17 87.05 

Yield displacement ∆y (mm) 0.49 0.35 0.51 0.47 

Maximum load Fmax (kN) 112.50 99.32 127.22 155.82 

Displacement at Fmax (mm) 2.70 3.65 3.33 3.26 

Ultimate deformation ∆u (mm) 7.90 6.99 7.69 5.10 

Initial stiffness (kN/mm) 144.65 162.98 152.94 221.41 

Ductility (∆u / ∆y) 16.23 19.88 15.00 10.85 

Maximum load per rivet (kN) 2.81 2.48 3.18 3.90 

Standard deviation for Fmax  (kN) 10.60 3.32 2.73 25.24 

Coefficient of Variation for Fmax (%) 9.42 3.34 2.15 16.20 
 
 
Table 12 Average properties of the weaker connection obtained from the first cycle envelope of the 
cyclic tests on diagonal braces (65 mm rivets) 
 

 Glulam PSL 

Yield load Fy (kN) 80.55 73.21 

Yield displacement ∆y (mm) 1.02 0.90 

Maximum load Fmax (kN) 144.03 135.03 

Displacement at Fmax (mm) 4.15 5.10 

Ultimate deformation ∆u (mm) 9.59 11.50 

Initial stiffness (kN/mm) 98.42 102.25 

Ductility (∆u / ∆y) 9.43 12.75 

Maximum load per rivet (kN) 3.60 3.38 

Standard deviation for Fmax  (kN) 9.87 8.92 

Coefficient of Variation for Fmax (%) 6.85 6.61 
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Table 13 Average properties of the weaker connection obtained from the third cycle envelope of the 
cyclic tests on diagonal braces (40 mm rivets) 
 

 Glulam PSL LVL LSL 

Yield load Fy (kN) 43.49 37.97 48.35 79.92 

Yield displacement ∆y (mm) 0.27 0.21 0.28 0.41 

Maximum load Fmax (kN) 90.46 82.16 103.92 143.68 

Displacement at Fmax (mm) 3.32 2.65 3.65 2.43 

Ultimate deformation ∆u (mm) 8.80 7.29 8.19 5.59 

Initial stiffness (kN/mm) 179.21 198.11 199.66 221.49 

Ductility (∆u / ∆y) 32.25 35.11 29.36 13.52 

Maximum load per rivet (kN) 2.26 2.05 2.60 3.59 

Standard deviation for Fmax  (kN) 12.63 2.93 3.09 12.59 

Coefficient of Variation for Fmax (%) 13.97 3.56 2.97 8.76 
 
 
Table 14 Average properties of the weaker connection obtained from the third cycle envelope of the 
cyclic tests on diagonal braces (65 mm rivets) 
 

 Glulam PSL 

Yield load Fy (kN) 61.20 56.26 

Yield displacement ∆y (mm) 0.60 0.53 

Maximum load Fmax (kN) 119.77 109.41 

Displacement at Fmax (mm) 4.33 5.60 

Ultimate deformation ∆u (mm) 9.79 12.00 

Initial stiffness (kN/mm) 122.18 126.30 

Ductility (∆u / ∆y) 16.27 22.57 

Maximum load per rivet (kN) 2.99 2.74 

Standard deviation for Fmax  (kN) 10.38 8.08 

Coefficient of Variation for Fmax (%) 8.67 7.38 
 
Some differences were noticed in properties obtained from quasi-static monotonic and cyclic tests of the 
same connections. In general, average curves obtained from monotonic tests showed higher values for 
maximum load than the average non-stabilized (first cycle) envelope curves. Although a small number of 
specimens was tested and the obtained hysteresis curves depend on aspects of the testing protocol such as 
rate of displacement, number of cycles with high amplitude, and so on, it seems that results from cyclic 
tests should be used as more conservative alternative when determining the seismic properties of a timber 
riveted connections. 
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8 Duration of Load Tests 
 
8.1  Introduction 
 
One of the distinctive characteristics of wood is that its strength is influenced by the intensity and 
duration of the applied load (stress). Although this phenomenon is similar to that of fatigue in metals, 
strength degradation in wood is observed while under static (permanent) loading. Because of the time-
dependent properties of its constituents, wood experiences creep, or in other words, increasing 
deformation as a result of constant load applied over time. If stress levels are low, the effects of creep are 
mostly negligible. At relatively high stress levels, however, a deformation will be reached where the rate 
of creep starts to increase. Once this state is reached, a creep failure (rupture) is inevitable under that load. 
The process of creep rupture arises from the propagation of voids in the microstructure of the wood at a 
stress level lower than that of the member short-term strength.  
 
To account for duration of load effects in building codes, adjustment factors are usually applied when 
calculating the factored resistance of wood members or wood connections. These factors are primarily 
based on results of long term bending tests on either small clear wood specimens, or full size lumber 
specimens. Because of limited data on duration of load (DOL) effects on wood connections, the factors 
derived for lumber are also used for various types of connections. Furthermore, the DOL factors are used 
in most timber connections regardless of the property that governs the connection behaviour, which can 
relate either to the pure wood properties or to a combination of wood and fastener yield properties.  
 
The recent trend in reliability based design concepts in North America has highlighted this lack of 
knowledge on the DOL effects on wood connections. For that reason, a series of DOL tests is underway at 
Forintek as a part of the overall research program in an initial effort to determine if there are DOL effects 
for glulam riveted connections designed in rivet yielding mode. This report covers the trends observed 
during the first 16 months of the tests. Final recommendations for implementation of DOL factors will 
follow at the end of the testing program. 
 
8.2 Previous Research on the Duration of Load Phenomenon 
 
Duration of load (DOL) effects in wood have been studied by numerous researchers over the years. The 
first attempt in modern times to quantify the DOL effects in wood was made by Wood in the 1940’s 
(Wood, 1951). Wood’s model, sometimes referred to as the “Madison curve”, was the basis for 
determining the DOL effects for working stress design in the USA. The tests were conducted at the U.S. 
Forest Products Laboratory in Madison and included small Douglas-fir specimens 38 mm x 38 mm in 
cross section, with a length of 457 mm. The specimens were subjected to bending stresses from a 
concentrated load at mid span. Because these specimens were free of any defects they are usually referred 
to as “the small clear specimens”. The results from these tests were long used a basis for the DOL effects 
in the National Design Specification for Wood Construction in the U.S. (NDS, 2001). 
 
Research conducted at the University of British Columbia during the early 1970’s using long-term 
bending tests on Douglas-fir lumber in structural sizes, showed that the DOL effect was substantially 
different from that observed in small clear specimens (Madsen and Barrett 1976). This research showed 
that the strength degradation overall was less severe than predicted from earlier US tests. These test 
results were later replicated by Foschi and Barrett (1982). Adding to these Canadian results, a substantial 
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amount of testing has also been conducted in the U.S. since the late 1970s. A comprehensive summary of 
these efforts until the end of 1980s is presented in Karacabeyli and Soltis (1991). 
 
8.3 Objectives 
 
To avoid creep failures in structural members, design codes require the short-term values to be adjusted 
for Duration of Load (DOL) effects by introduction of duration of load factors. In recent years, damage 
accumulation models have been used in reliability analyses to evaluate new duration of load factors for 
wood. However, there has been no comprehensive or conclusive treatment of time effects in wood 
connections. Similarly, duration of load effects in glulam riveted connections designed to fail in rivet 
yielding mode have not been investigated in detail to date. In the CSA O86.1-01 standard for engineering 
design in wood (CSA 2001), factors obtained experimentally to account for duration of load in lumber 
presented in section 7.2 were directly extrapolated to account for the DOL effects on glulam riveted 
connections designed to fail in wood failure mode (and any other connection for that matter). Although 
this was deemed to be a reasonable assumption for connections designed to fail in brittle shear plug wood 
failure mode, for obvious reasons it could not have been applied directly to connections designed in rivet-
yielding mode. Consequently, the current design equations for riveted connections in CSA O86.1-01 do 
not include a duration of load effect factor for connections designed to fail in rivet yielding mode. The 
main objective of this part of the research program was to obtain the basic information on whether there is 
a DOL effect in riveted connections when designed in rivet yielding mode. 
 
8.4 Materials and Methods  
 
Vertical steel frames built for investigation of duration of load behaviour of lumber in tension were used 
for the tests. The frames have a loading mechanism that can apply tension load to the specimens installed 
in the frames at a ratio of 100:1. A total of 16 single sided (or 8 double-sided) riveted connections in 
series were installed in each of the tension frames. Each connection consisted of either four rivets (two 
rows of two) or six rivets (two rows of three) 65 mm long rivets. Connections with 4 and 6 rivets were 
placed in alternating pattern along the height of the tension frame, as shown in Figure 38a. A photo of a 
tension frames with riveted connections loaded in tension is shown in Figure 38b. 
 
The connections were built out of low-density (oven-dry specific gravity of 0.38) Spruce-Pine glued-
laminated beams 80 mm x 152 mm in cross section. The material was chosen with intention that it 
represents the lower tail of the distribution, so that the average test results may be used to characterize the 
lower tail of the strength distribution. Steel side plates used were 6.4 mm (¼”) thick, 76 mm (3”) wide 
and 400 mm (15.7”) long. Each steel plate was drilled with 6.8 mm diameter holes for the timber rivets. 
Timber rivets were driven by hammer, with their flat shank parallel to grain.  
 
Deflection (displacement) over time was measured using displacement transducers on each side of the 
connections. This means a total of 16 channels were monitored for each tension frame, for a total of 64 
channels for the four frames. The linear potentiometers used for measurement of deflections had a 
precision of 0.002 inches (approximately 0.05 mm). The tension force (axial load) was measured with a 
load cell for each frame at the time of loading. The tension load applied was 16 kN (3597 lbs), which 
translates to 2 kN per rivet for connections with 4 rivets on one side, and 1.333 kN per rivet for 
connections with 6 rivets on side. The load also corresponds to 63% of the nominal capacity for the 
connections with 4 rivets on one side according to CSA O86.1-01 for Spruce Pine glulam, and 42% of the 
nominal capacity for the connections with 6 rivets on side.  
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Frames were loaded at the end of March 2001. Material properties such as wood density and moisture 
content will be taken from all connection pieces after the tests are completed. It is expected that the tests 
will continue for at least five years. 
 

 
 

a) 
 

b) 
Figure 38 a) Diagram of the series of riveted connections in a single test frame; b) photo of the four 
testing frames with the testing specimens loaded. 
 

8.5 Current Results and Discussion 
 
A displacement versus time curve for one side of a typical connection with 4 rivets per side during the 
first 33 months of loading is shown in Figure 39, while the corresponding typical curve for connection 
with 6 rivets during the same time period is shown in Figure 40. 
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Figure 39  Displacement versus time curve for the front of connection No. 05 (4 rivets)  
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Figure 40 Displacement versus time curve for the back of connection No. 06 (6 rivets)  
 
Figures 39 and 40 show that there is a creep effect for the riveted connections at both load levels. The 
deflection for riveted connections with 4 and 6 rivets has increased approximately by 55% of the initial 
deflection during the first 16 months of loading. At 33 months of loading the deflections have increased 
to about 96% for both connections. Based on these observations, an implementation of a DOL factor in 
the design of riveted connections designed to fail in rivet yielding mode may be necessary. A 
recommendation for inclusion of DOL factors will be made to the appropriate code committees.  
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9 Cyclic Tests on Moment Resisting Portal Frames 
 
9.1 Introduction 
 
Moment resisting frames are a type of heavy timber frame that resist lateral loads by generating bending 
forces (called moments) in the beams and columns. The bending moments developed in one member 
(beam for example) are transferred to the other member (column) by the connections, which implies that 
connections will be subjected to rotations in the process. In general, moment resisting timber frames are 
used in one-storey industrial or commercial buildings where large open spaces are required so that the 
most common lateral load resisting systems such as shear walls cannot be utilized. Such single bay single 
storey moment resisting frames are also called portal frames. For higher buildings, panelled shear walls or 
bracing systems are preferred in order to limit the horizontal drift. However, recently, new jointing 
techniques such as expanded tube fasteners, glued-in-bolts, timber rivets and reinforced joints have 
opened new opportunities for utilization of moment resisting timber frames in multi-storey buildings. A 
deformed shape of a two-storey, double bay moment resistant frame subjected to lateral loads is shown in 
Figure 41. 

 
 
Figure 41 Deformed shape of a two-storey moment resistant frame subjected to lateral loads 
 
Although common in reinforced concrete and steel structures, moment resisting frames are not often used 
as a load bearing system in timber structures. Their limited use by structural engineers in timber structures 
is primarily due to the difficulties in designing and fabricating efficient moment resisting joints. For the 
performance of these joints efficiency means not only strength, but it also means adequate stiffness in 
high wind areas, and ductility (ability to dissipate energy) in seismic prone areas. Serviceability-state 
requirements under wind loads, for example, forces the designer to make sure that the structure is 
sufficiently stiff so that the user’s daily comfort is not disturbed, and to allow the proper functioning of 
the building facilities. On the other hand, ultimate-state requirements in seismic areas are stipulated such 
that the structure is able to undergo large deformations without collapse when subjected to even a severe 
earthquake in order to protect human lives. The deformation requirements gain even more importance as 
the height of the building increases. It becomes more difficult to meet these requirements, as they demand 
stiffer and stronger joints without compromising ductility. 
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9.2 Materials and methods 
 
To determine the seismic response of moment resisting portal frames with riveted connections, 
displacement controlled cyclic tests were conducted on a total of 12 single-storey frames. Frames with 
four different wood products were used in the testing program. Six of the frames tested were built with 
glulam, while two frames each were built with LVL, LSL and PSL. Each frame had a length of 3.6 m and 
a height of 2.4 m. The connections of the columns to the foundation were pinned for all 12 frames tested. 
The lateral load was applied from the actuator to the frame through use of a steel spreader bar attached to 
the beam. A diagram of the test set-up with a frame in place for testing is shown in Figure 42, while an 
actual photo of the test setup and the moment resisting frame is shown in Figure 43.  
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Figure 42 Diagram of the test set-up for cyclic tests on moment resisting portal frames 
 
Beam to column connections for all frames consisted of double sided steel plates and timber rivets on 
both sides of the members. To investigate the influence of number of rivets in the connections and the 
influence of position of rivet clusters, the first three glulam frames had a different beam to column 
connection configuration. The connection detail used in the first test frame is shown in Figure 44. The 
connection consisted of two clusters of 5 x 8 rivets on both sides of the beam and the column. The 
connection in Frame 1 also had a 38 mm gap between the column and the beam to allow for free rotation 
of both elements during the test (type A-gap connection). The connection used in Frame 2 had the same 
number of rivets as in Frame 1 but no gap between the members (type A). Connections in Frame 3 had an 
increased number of rivets, placed in two clusters of 7 x 8 rivets, with no gap between the members (type 
B connection). Based on the research results from the first three tests it was decided that the connection 
configuration used in the second frame (type A) be used for the rest of the testing program. By using the 
same connection in all remaining tests, comparisons could be made on the influence of frame material on 
the structural response. 
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Figure 43 Photo of the test set-up for cyclic tests on moment resisting portal frames with Frame 2 
ready for testing. 
 
The spacing between rivets was 25 mm in every direction for all connections, while the end distance was 
100 mm. The connection edge distance was 63 mm for the frames with glulam members and 61 mm for 
other materials. The testing matrix for the cyclic tests on moment resisting portal frames is shown in 
Table 15. 
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Glulam Column 

Connection Detail
Frame 1

Glulam Beam 

 
Figure 44 Scheme of the connection detail for portal Frame1 
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Riveted connections were fabricated by using a nail gun, driving the rivets in pre-drilled 6.8 mm circular 
holes in the steel plates. Each rivet was placed with its major cross-sectional dimension aligned parallel to 
the grain/strand. Timber rivets at the perimeter of the group were driven first, while successive rivets were 
driven in a spiral pattern from the outside to the centre of the group.  
 
Seven channels of data were collected during each frame test. The load was measured using a 111 kN 
(25,000 lbs) load cell attached to the hydraulic actuator. Besides the stroke (movement of the actuator), 
and the lateral movement of the frame, the rotation of each connection was also measured based on the 
difference of the readings between two displacement transducers, one placed on the top and the other at 
the bottom of the beam near the column. The testing protocol used for the cyclic tests of portal frames 
was the ISO 16670 (ISO 2003) a procedure developed by the International Organization for 
Standardization's Technical Committee on Timber Structures. The actuator displacement speed was set at 
20 mm per second (48 inches per minute) for all tests.  
 
Table 15 Testing matrix used for the portal moment resistant frames 
 

Test 
No. Material 

Connection 
Type 

Rivet length 
(mm) 

Beam / Column Size 
(mm) 

1 Glulam A – gap 65 130 x 304 

2 Glulam A 65 130 x 304 

3 Glulam B 65 130 x 304 

4 Glulam A 65 130 x 304 

5 Glulam A 40 130 x 304 

6 Glulam A 40 130 x 304 

7 LVL A 40 89 x 301 

8 LVL A 40 89 x 301 

9 PSL A 65 133 x 301 

10 PSL A 65 133 x 301 

11 LSL A 40 89 x 301 

12 LSL A 40 89 x 301 
 
Modulus of elasticity (MOE) of all members used as beams or columns during the program was 
determined using the bending third point load procedure. The average MOE was found to be 10,783 MPa 
with standard deviation (STD) of 2.9% for Glulam, 10,821 Mpa with STD of 1.8% for LVL, 12,089 Mpa 
with STD of 2.3% for LSL, and 14,166 MPa with STD of 2.2% for PSL. The members were conditioned 
for more than 15 months prior to testing, in a laboratory environment at an average temperature of 
20oC ± 5oC and relative humidity of 40% ± 10%, which characterises typical dry indoor conditions.  
 
9.3 Results 
 
The force-deformation (hysteresis) curves obtained from the cyclic tests are the most important test 
results to refer to when assessing the seismic performance of the moment resisting frames. The load-



Structural Systems with Riveted Connections for Non-Residential Buildings  

 
 
 
 

45 of 75 
 

deformation relationships of the moment resisting frames from tests 1, 2 and 3 are given in Figures 45, 46 
and 47 respectively.  
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Figure 45 Hysteresis loop from the cyclic test on Portal Frame 1 - 65 mm rivets in glulam 
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Figure 46 Hysteresis loop from the cyclic test on Portal Frame 2 - 65 mm rivets in glulam 
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Figure 47 Hysteresis loop from the cyclic test on Portal Frame 3 - 65 mm rivets in glulam 

 
 
As evident from the Figures 45 to 47, the maximum load sustained by the frames is dependent on the 
connection configuration. The maximum load obtained during the first test was 12.81 kN, while 21.04 kN 
and 24.53 kN were obtained from the second and the third tests respectively. Leaving no gap between the 
beam and the column increased the lateral load capacity of the connection by 64%. This increase of the 
load capacity was mostly due to the introduced wood crushing between the beam and the column. 
Increasing the number of rivets from 80 on the beam or column member (Frame 2) to 112 rivets in Frame 
3 resulted in load increase of only 16.6%. No abrupt failure of the connections occurred during the first 
two tests, although some rivet pull out of wood was observed in both tests. Due to the lower end distance 
however the Frame 3 experienced a drop in load capacity due to splitting of the wood, once again 
indicating the importance of the end distance in connections. 
 
During all tests the frames experienced highly ductile behaviour with large lateral deflections in excess of 
250 mm. No reduction of the maximum load of the frames was observed in some of the tests although the 
stroke capacity of the loading actuator was exhausted. However, based on the shape of the hysteresis 
loops and the amount of the lateral displacement exhibited, it seems highly unlikely that further increase 
of the lateral would result as a result of additional lateral deformation. Consequently, the exhibited 
maximum loads can be referred to as the actual maximum loads for the frames. A list of the maximum 
lateral loads and maximum bending moments experienced in the frame connections during all tests is 
shown in Table 16. The large deformations exhibited by the frames during the testing, however, suggest 
that the frames are very flexible and will probably have high fundamental periods of vibration. This will 
be a potential obstacle for satisfying the serviceability criteria for these frames subjected to wind or 
earthquake loading.  
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Table 16 Testing matrix used for the portal moment resistant frames 
 

Test 
No. Material Rivet Length 

(mm) 

Maximum Lateral 
Load 
(kN) 

Maximum 
Bending Moment 

(kN·m) 

1 Glulam 65 12.81 32.06 

2 Glulam 65 21.04 52.58 

3 Glulam 65 24.53 61.40 

4 Glulam 65 20.85 52.17 

5 Glulam 40 18.03 45.10 

6 Glulam 40 16.67 41.71 

7 LVL 40 18.08 45.24 

8 LVL 40 17.54 43.88 

9 PSL 65 24.98 62.49 

10 PSL 65 27.69 69.29 

11 LSL 40 33.18 83.01 

12 LSL 40 34.59 86.54 
 
The deformed shape of Frame 2 during the test is shown in Figure 48. This represents the typical 
deformation shape of all frames in the testing program.  
 

 
 
Figure 48 Typical deformed shape of a frame during the testing 
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A close-up view of the deformed connection during the testing of Frame 2 is shown in Figure 49. Typical 
load-deformation hysteresis loops representing frames built with other wood-based materials are shown in 
Figures 50, 51 and 52. Because of the density and strength properties of the material, frames built with 
LSL were able to carry the highest amount of lateral load, even though they used 40 mm long rivets. 
These frames, however, showed most prominent rivet pullout of the wood and wood splitting, as shown in 
Figure 53. The typical deformed connection of a portal frame built with PSL is shown in Figure 54. 
 

 
 
Figure 49 Typical deformed shape of a connection during the testing 
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Figure 50 Hysteresis loop from the cyclic test on Portal Frame 8 - 40 mm rivets in LVL 
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Figure 51 Hysteresis loop from the cyclic test on Portal Frame 9 - 65 mm rivets in PSL 
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Figure 52 Hysteresis loop from the cyclic test on Portal Frame 11 - 40 mm rivets in LSL 
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Figure 53 Typical deformed connection and failure mode of a portal frame built with LSL 
 

 
 
Figure 54 Typical deformed connection of a portal frame built with PSL 
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10 Analytical Studies 
 
10.1 Introduction to Force Modification Factors  
 
The force modification factors (R-factors) in building codes account for the capability of the structure to 
absorb energy within acceptable deformations and without failure, and thereby reduce the seismic design 
forces. The factor also takes into account the existence of alternate load paths and redundancy of the 
structural system. A building designed with a value of R greater than 1.0, which is deemed to be the 
calibrated value for elastic response, is presumed capable of undergoing inelastic deformations. Different 
R-factors are assigned to different types of structural systems reflecting their design, construction 
experience and seismic performance during past earthquakes. Those types of structures that performed 
well during past earthquakes are assigned a higher R-factor in the National Building Code of Canada 
(NBCC, 1995). 
 
Values of force modification factors in design codes are based mostly on empirical observations of the 
behaviour of different structural systems during past earthquakes. Often there is very little theoretical or 
experimental background for the numerical values given in the codes. In the field of timber structures 
there is even less information on R-factors than that available for other types of structures. Consequently, 
the definition of R-factors requires considerable individual judgement, resulting in vastly varying values 
in different codes. For that reason, the main objective of the research presented in this section was to 
develop an analytical procedure to validate the current force modification factors for braced timber frames 
in the National Building Code of Canada. In addition, the developed methodology was applied to simple 
portal moment resisting frames. 
 
10.2 Development of the Analytical Models for Braced Frames 
 
Based on the results from the experimental research presented in the previous sections of the report, non-
linear analytical models were developed to predict the dynamic behaviour of typical braced timber frame 
structure with riveted connections. A hypothetical structure representing an industrial or commercial type 
of building was chosen as basic model for the analyses. An example of such system is the braced glulam 
frame in the Wood Engineering Pilot Plant of Forintek Canada Corp. in Vancouver. As shown in Figure 
55, concentrically braced timber frames were assumed at both ends of the multi-bay frame. Dimensions of 
the frame other than those of the braced frame alone are given for orientation purposes only. The lateral 
load is generally resisted by a discrete number of braced frames, the placement and number of which 
would be determined by the lateral load generated by the tributary roof mass. To simplify the structure for 
computer analysis, only the concentrically braced frame was analyzed, representing the main lateral load 
resisting system of the building (Figure 56).  
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Figure 55 Elevation of a typical industrial type building utilizing braced frames as main lateral load 
resisting system 
 
The single braced frame analysed (Figure 56) was assumed to be 3.0 m wide and 7.2 m high. The frame 
was assumed to be constructed of 20f-EX Spruce-Pine (SP) glued-laminated timber with material 
properties as determined from the tests presented in section nine of this report (MOE of 10,783 MPa). The 
cross-sectional dimensions of the braces (132 mm by 150 mm) were the same as those of the diagonal 
braces tested during the experimental program. There were three diagonal braces and three cross beams 
placed between columns along the height of the frame. The gravity loads were assumed to be carried 
entirely by the columns.  
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Figure 56 Concentrically braced timber frame as the basic lateral load resistant system 
 
Based on the results obtained from the cyclic tests on diagonal braces (section seven of this report), non-
linear mathematical models for the braces were defined. The “Florence” non-linear model (Ceccotti and 
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Vignoli 1989) was suitable for modeling the hysteretic behaviour of the diagonal braces. The subroutine 
for this model was incorporated in the DRAIN-2DX computer package for two-dimensional non-linear 
analysis of building structures (Powell, 1993). The model reproduces the path of a typical hysteresis loop, 
keeping track of the maximum previous deformation, using different slopes to take into account the 
complex connection behaviour associated with wood crushing and steel yielding. The model (Figure 57) 
is defined by a total of nine parameters, including six stiffness parameters (K1 to K6), two deformation 
parameters (U1 and U2), and one force parameter (P0). The envelope curve is defined with three slopes: 
the initial stiffness K1, the tangent stiffness K2 and the degrading stiffness K3. The model also includes an 
unloading stiffness K5, an inner stiffness K4, which defines the pinched loops for the subsequent cycles, 
and a return stiffness K6. The force associated with zero deformation is defined as P0, while the 
deformations at the intersections of the lines defining the envelope curve are denoted as U1 and U2. 

 

 
 
Figure 57 Mathematical model for connection (brace) behaviour used in the analyses 
 
Figure 58 (a) presents the hysteresis loop of a diagonal brace with riveted connections obtained during a 
cyclic test, while the analytical response of the same brace modeled with the Florence model and 
subjected to the same displacement history is shown in Figure 58 (b). It is evident that a reasonable 
representation of the connection load-displacement curve can be achieved. 
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Figure 58 (a) A hysteresis loop of a diagonal brace with riveted connections in glulam obtained 
during a cyclic test; (b) Analytical response of the same brace modeled with the Florence model. 
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The average first cycle envelope curve from the cyclic tests of glulam braces with 65 mm rivets was taken 
as the basis for defining the brace models. Calibration of the brace model in each case was done not only 
in terms of strength and stiffness, but also in terms of energy dissipation. Model parameters were chosen 
so that the total hysteretic energy (area within the hysteresis loops) calculated from the analytical 
response of the brace model matches the hysteretic energy dissipated during the cyclic tests as much as 
possible (Figure 59). The developed brace models were than used in the DRAIN-2DX computer program 
when developing the analytical model for the entire braced frame shown in Figure 56. In the model the 
mass of the entire structure was concentrated at the roof level, equally distributed between the upper two 
nodes in the model. For that reason, this model will be referred to as the “single-storey model” in the 
remainder of the report. All brace and crossbeam connections in the model were assumed pinned, as were 
the base support connections. The non-linearity of the model was concentrated in the braces, while the 
vertical columns and the horizontal beams were assumed to remain linear elastic. The parameter that was 
varied for the analyses was the mass or in other words the tributary roof area for the braced frame.  
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Figure 59 Hysteretic energy dissipated during the cyclic test of a diagonal brace and the analytical 
model 
 
10.3 Earthquake Ground Motions 
 
Dynamic time history analyses were conducted using nine different acceleration records from previous 
earthquakes around the world. Records were chosen to satisfy the seismic zonal parameters for a locality 
such as Vancouver according to the 1995 NBCC, with peak horizontal ground velocity of 0.21 m/sec and 
peak horizontal ground acceleration of 2.26 m/s2 (0.23g) with probability of exceedance of 10% in 50 
years. The records were denoted as VAN-08, VAN-21, VAN-29, VAN-35, VAN-43, VAN-48, VAN-51, 
VAN-68, and VAN-72 for use in the analyses. The records are presented in Table 17 as they were used in 
the analyses, all of them scaled to have a peak ground acceleration (PGA) of 2.26 m/s2 (0.23g) and the 
corresponding peak ground velocity (PGV).  
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Table 17 Characteristics of the earthquake records used in the non-linear dynamic analyses 
 

Record 
Name 

PGV 
(m/s) 

PGA 
(g) Seismic Event Magnitude 

Epicentral 
Distance 

(km) 

VAN-08 0.220 0.23 San Fernando 1971 6.4 41 

VAN-21 0.245 0.23 San Fernando 1971 6.4 70 

VAN-29 0.213 0.23 San Fernando 1971 6.4 42 

VAN-35 0.231 0.23 San Fernando 1971 6.4 39 

VAN-43 0.228 0.23 San Fernando 1971 6.4 30 

VAN-48 0.235 0.23 San Fernando 1971 6.4 35 

VAN-51 0.203 0.23 San Fernando 1971 6.4 37 

VAN-68 0.245 0.23 Montenegro 1979 7.0 49 

VAN-72 0.193 0.23 Montenegro 1979 7.0 31 
 
The pseudo acceleration response spectra of these records for five percent damping, compared to the 
Vancouver design spectrum are shown in Figure 60. As shown in the Figure 60, besides satisfying the 
NBCC requirements for acceleration and velocity, the chosen records have different frequency 
characteristics throughout the spectrum and were recorded on different soil conditions.  
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Figure 60 Pseudo acceleration response spectra of the records used for the analyses compared to the 
Vancouver design spectrum according to NBCC 
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Figure 60 continued Pseudo acceleration response spectra of the records used for the analyses 
compared to the Vancouver design spectrum according to NBCC 
 
10.4 Non-linear Time History Analyses 
 
The main emphasis of the analyses presented here is the evaluation of force modification factors (R-
factors) for braced timber frames in NBCC. Force modification factors are assigned for different 
structural systems to reflect the structure’s ability to undergo inelastic deformations and dissipate the 
seismic input energy. The higher the R-factor assigned for a certain structure, the higher the ability for 
energy absorption, resulting in a lower seismic design force calculated by the Code equations. According 
to NBCC, braced timber frames with “ductile connections” are assigned an R-factor of 2.0, while all other 
braced timber frames are assigned an R-factor of 1.5. The criteria, however, for definition of a ductile 
versus non-ductile connection are not specified, neither in NBCC nor in CSA O86. 
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10.4.1 Analysis Procedure 
 
The NBCC expression for the minimum seismic base shear is given as: 
 

U
R
V

V e ⋅=                                                                         [1] 

where Ve is the equivalent lateral seismic force representing elastic response, R is the force modification 
factor and U is a calibration factor representing a level of protection based on experience, with an 
assigned value of 0.6. To understand the implication of equation [1] it is useful to rearrange it in the 
following form: 

R
V

U
V e=






⋅ 1

                                                                     [2] 

 
The factor 1/U can be considered as an over-strength factor. It has been observed that buildings designed 
using a base shear value of V have a lateral strength substantially higher than V. The product of the base 
shear V and the over-strength factor 1/U gives an estimate of the actual lateral strength of the structure. 
The equation [2] simply states that the actual lateral strength of a structure is equal to the elastic strength 
demand Ve, reduced by the R-factor. According to NBCC the elastic demand Ve can be expressed as: 
 

WFISvVe ⋅⋅⋅⋅=                                                                   [3] 
 
where S is the seismic response factor, F is the foundation factor, I is the importance factor, W is the total 
seismic weight and v is a zonal velocity parameter. The seismic response factor S corresponds to a 
smoothed design acceleration response spectrum for a 5% damped multiple degree of freedom system, 
subjected to an earthquake scaled to v = 1.0. The foundation factor F and the importance factor I in 
equation [3] account for the effects of local soil conditions and increase the safety level for post-disaster 
buildings, respectively. 
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2.4 m 

2.4 m 

2.4 m 

V 

V 

Fd 

a 

a 

Fd 

 
 
Figure 61 Single storey braced timber frame model used in the analyses 
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The braced timber frame model analysed (Figure 56), was assumed to be located in Vancouver (v = 0.21) 
with no post-disaster importance (I = 1.0) and founded on a dense coarse-grained soil (F = 1.0). The 
fundamental period of the frame T was determined to be 0.34 s according to the NBCC recommendations 
using the formula: 
 

sD
h

T
⋅

=
09.0

                                                                          [4] 

 
where h is the total height of the structure (h = 7.2 m) and Ds is the width of the braced frame (Ds = 
3.0 m). It should be kept in mind that this expression is used for a large variety of structures and can at 
best be considered a crude estimate. For the specified period T and building location Vancouver (Za = Zv), 
the seismic response factor was calculated as S = 2.56. Having all the values needed, the design shear 
force V (Figure 61) can be calculated according to the formula [1] as: 
 

R
W

V
⋅

=
3226.0

                                                                       [5] 

 
If we denote Fd as the design force in the brace which is at angle α = 38.6o (cosα = 0.78) with the 
corresponding horizontal seismic design force V, the equation [5] can be rearranged as: 
 

dFRW ⋅⋅= 418.2                                                                      [6] 

 
The equation [6] expresses the value of the total seismic weight W as a function of the R-factor and the 
design force of the brace connections. Using equation [6] the mass M placed on the top of the analytical 
model can be calculated for a model with a certain connection type (known Fd) and an assigned R-factor.  
 
A series of non-linear dynamic analyses was performed on the model with a range of R-factors from 1.0 
to 4.0. The analyses were performed using a Newmark constant acceleration scheme in DRAIN-2DX, 
with a time step of 0.002 sec. Mass and stiffness proportional (Rayleigh) damping was included in all 
analyses with a value of 2% of critical damping and the P-delta effects were considered in all analyses. As 
recommended by the NBCC, the flexibility of the roof diaphragm in its own plane was not taken into 
account. 
 
10.4.2 Fundamental Period 
 
The response of the warehouse model closely resembled a single degree of freedom system, and the 
fundamental period would thus be a representative seismic design parameter for this type of braced frame 
building. The fundamental period determined by the NBCC guidelines (T = 0.374 sec) would result in a 
conservative design, since the periods of the model obtained from Eigenvalue analyses for different R-
factors were longer than the NBCC value for all cases. The fundamental mode shape along with 
fundamental periods of the single storey braced frame model for different R-factors are given in Table 18. 
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Table 18 The fundamental mode shape and periods of the braced frame model for different R-
factors 
 

R-factor Period (s) 

1.0 0.435 

1.5 0.533 

2.0 0.616 

2.5 0.688 

3.0 0.754 

3.5 0.815 

 4.0 0.871 
 

10.5 Verification of Force Modification Factors for Braced Frames 
 
Using DRAIN 2DX, the non-linear analytical brace models were then used in a series of non-linear time 
history dynamic analyses to determine their seismic performance and obtain an estimate of the force 
modification factors for braced timber frames with riveted connections. Results from the non-linear 
dynamic analyses regarding the estimate on the force modification factors can be summarised in the graph 
shown in Figure 62. The maximum displacement in the diagonal braces was chosen as a basis for 
structural performance evaluation. The graph presents results for the braced frame subjected to the nine 
different earthquake records. Variation of the R-factor, as explained earlier, was achieved by changing the 
roof tributary area (and thus the mass) of the model.  
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Figure 62 Deformation demands on the diagonal braces of a braced timber frame subjected to 
different earthquakes  
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The graph represents the deformation demand (Y-axis) of the bottom brace of the braced frame designed 
with a certain R-factor according to NBCC (X-axis), for each of the nine different earthquakes. The thick 
horizontal line represents the ultimate deformation capacity of the brace. Because braced timber frames as 
a system typically have little redundancy, it was assumed that the structure has failed when the 
deformation demand of at least one given earthquake exceeded the capacity of the brace. As shown in 
Figure 61, the braced frame model was able to ″survive″ all earthquakes if designed with an R-factor 
lower than 2.5, using the CEN definition of failure described as displacement at a load level of 0.8 Pmax 
after the ultimate load Pmax is reached.  
 
It is evident that the earthquake record VAN-68 was the critical one in all analyses. The influence of this 
record on the response of the frames was significant because of the high spectral amplitudes for longer 
periods (Figure 60), which are much higher than the amplitudes given in the NBCC design spectrum for a 
site such as Vancouver. This long period range (from 0.75 s to 1.5 s) corresponds to the range of natural 
periods typical for braced timber frames during shaking. Contrary to common belief that braced timber 
frames are quite stiff structures, their initial natural periods were found to be longer than expected (0.43 s 
to 0.87 s), depending on the R-factor used for design. The initial periods are being significantly prolonged 
during the actual seismic event, because of the loosening of the connections after the first few larger 
cycles of motion. This suggests that braced timber frames can be expected to behave poorly if built on 
softer soils and this should be taken into account during the design, along with the higher value for the 
soil factor F. An R-factor of 2.0 appears to be appropriate for braced frames with riveted connections in 
yielding mode, since assuming a factor of 2.5 will induce a relatively low margin of safety.  
 
The aspect ratio of the braced frame has an influence on the deformation demand experienced during an 
earthquake. To determine this influence, non-linear dynamic analyses were also performed on braced 
frames with difference aspect ratios. The aspect ratio was defined as the ratio of the height h of one brace 
segment (h = H/3 = 2.4 m) to the width of the frame Ds. The results showed that narrow braced frames 
(with aspect ratios higher than one) should be avoided, because their cantilever bending type response 
showed a significant increase in earthquake demands. Wider frames (low aspect ratio) exhibit more of a 
shear type response and make better use of the braces and their connections. Very wide frames with 
aspect ratios lower than 0.67, however, should also be avoided because the benefits of having a wider 
frame are usually outweighed by the drawbacks of having a long brace, susceptible to buckling at lower 
force levels. Finally, the results showed that the suggested R-factor of 2.0 was not significantly affected 
by the frame aspect ratio within the recommended aspect range of 0.67 to 0.90. 
 
Based on the connection performance in testing, braced frames in PSL and LVL may also be assigned an 
R-factor of 2.0 when used with timber rivets designed in rivet yielding mode.  
 
10.6 R - Factors for Moment Resisting Frames with Hinged bottom Connections 
 
The procedure developed for verification of force modification factors for braced frames was also applied 
to portal moment resisting frames in glulam. Since there are no design values for riveted connections 
subjected to bending moments, an assumption has to be made in order to apply the procedure to portal 
moment resisting frames. The assumption made was that the if design criteria do existed for riveted 
connections subjected to bending moments, the safety factor (ratio between the average maximum load 
obtained from testing and the design load) would be the same as for riveted connections subjected to 
parallel to grain loads. In this particular case, this means that the design bending moment is about 50% of 
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the average maximum moment. The basic model used in the analyses of moment resisting frames was 
based on the frames already tested during the experimental part of the study (Figure 63).  
 

 

3.6 m 

2.4m  

V 

V/2 V/2 

Mb Mc 

 
 
Figure 63 Single storey portal moment resisting frame model used in the analyses 
 
For the frame shown in Figure 63, the bending moments at both frame corners Mb and Mc can be 
expressed as:  
 

2
hVMM cb

⋅==                                                                      [7] 

Where V is the lateral load and h is the height of the frame (h = 2.4 m). If we substitute the moment Mb or 
Mc with a value equal to 52% of the maximum moment obtained from the testing, and insert the relations 
[3] and [4] into the equation [7], the relationship between the load on the frame W and the R-factor is 
given in equation [8]. 
 

RW ⋅= 74.60                                                                      [8] 

The equation [8] was used to determine the mass (weight) introduced at the top of the analytical model as 
a function of the assigned R-factor.  
 
The model used in this part of the analytical study is shown in Figure 64. The model resembles the frames 
that were tested earlier in the experimental program. The columns were assumed pinned at the bottom, 
while the beam and the columns were connected with a rotational “Florence” type element with the 
properties obtained from the rotational properties of the tested frames. A series of non-linear dynamic 
analyses was performed on the portal frame model (Figure 64) with a range of R-factors from 1.0 to 4.0. 
The analyses were performed using a Newmark constant acceleration scheme in DRAIN-2DX, with a 
time step of 0.002 s. Mass and stiffness proportional (Rayleigh) damping was included in all analyses 
with a value of 2% of critical damping and the P-delta effects were considered in all analyses.  
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Figure 64 Element designation in the portal moment resisting frame model used in the analyses 
 
Using DRAIN 2DX, the non-linear portal frame models were used in a series of non-linear time history 
dynamic analyses to determine their seismic performance and obtain an estimate of the force modification 
factors. The same nine earthquake ground motions were used as in the case of the braced timber frame 
model. Results from the non-linear dynamic analyses regarding the estimate on the force modification 
factors for four (most damaging) of the nine earthquake motions are summarised in the graph shown in 
Figure 65. The maximum displacement at the top of the frame was chosen as a basis for structural 
performance evaluation. Variation of the R-factor, as explained earlier, was achieved by changing the 
roof tributary area (and thus the mass) of the model, according to equation [8]. The results for frames in 
PSL gave very similar results to those presented in Figure 65. Based on the connection performance 
moment resisting frames in LVL should behave very similar to glulam as well, if thicker members of the 
product become available for use in heavy timber frames. 
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Figure 65 Deformation demands at the top of the moment resisting frame subjected to different 
earthquakes  
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As shown in Figure 65, the portal frames with riveted connections were able to “survive” the influences 
from all earthquakes even with R-factor of 4.0 from a strength point of view. The displacement at the top 
of the frames is below the 20 cm or 25 cm levels at which the frames obtained the maximum load during 
the testing. However, such frames designed with even an R-factor of 1.0 will not be able to satisfy the 
deflection criteria in NBCC which states that the lateral load deflections should be limited to 2.5% of the 
storey height (Figure 65). The maximum storey drift of the frames with hinges was around 4% and was a 
result of their high flexibility (high values for their fundamental periods -Table 19).  
 
Table 19 The fundamental periods of the moment resisting frame model for different R-factors 
 

R-factor Period [s] 

1.0 0.977 

1.5 1.2 

2.0 1.386 

2.5 1.554 

3.0 1.693 

3.5 1.833 
3.6 m 

2.4m  

W/2 W/2 

 4.0 1.963 
 
In general, timber rivets showed promising behaviour when used in moment resisting frames. To reduce 
the flexibility of the frame it is suggested that portal frames with stiff connections at the bottom be used 
rather than frames with hinges. In addition, stiffer beam-to-column riveted connections should be used 
than those tested here. One solution is to use rivet clusters placed further from the connection centre of 
rotation (Figure 66). Further research is needed to better quantify the force modification factors for 
moment resisting frames with different connection configurations.   
 

 

Rivet 
Clusters 

 
 
Figure 66 Proposed beam-to-column rivet connection for stiffer portal frames 
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10.7 Analytical Model to Predict the Behaviour of Moment Connections  
 
In this part of the analytical program, an effort was made to develop a model that will predict the 
resistance of glulam riveted connections subjected to bending moments. This part of the work was 
conducted in collaboration with Mr. Joel Hampson, a graduate student at the Department of Civil 
Engineering at the University of British Columbia. Basic assumptions and procedures for development of 
the model are mentioned below. For more detailed information please refer to Hampson (2003).  
 

 
Figure 67  General loading on a riveted connection and its representation as an influence of a single 
eccentric force 
 
The model presented here utilizes the principle of equilibrium and assumes that the connection (a group 
of fasteners) will behave in a ductile rivet-yielding mode, with no sudden wood failure. The steel side 
plate is assumed to remain rigid and undergo general rigid-body motions. This general displacement can 
be reduced to a rotation about an instantaneous centre of rotation (ICR). The individual fastener 
displacements can then be calculated in terms of the plate displacement parameters, while the fastener 
loads can be derived from the load-displacement characteristics for that type of fastener in a particular 
wood product. This load-displacement relationship, in general, is non-linear, so a non-linear load-slip 
equation and parameters were is used to define this relationship. Finally, the equations of equilibrium 
were used to find the coordinates of the ICR for a particular the rotation of the side plate. 
 
If the connection is assumed to behave in a linear-elastic manner then the principle of superposition can 
be used. In this case, the general forces can be separated into a horizontal and vertical force – all acting 
through the centroid of the fastener group, plus a moment on the whole connection. The translational 
forces are then divided equally between the fasteners. The fastener forces due to the moment, M, can be 
determined with an elastic-torsion stress formula given in equation [9] 
 

J
rM i

i

⋅
=τ                                                                         [9] 

where the stress, ti, on each fastener is within the linear-elastic zone of behaviour, and the polar moment 
of inertia is given by J = S (A rj

2). If the cross sectional area A of all fasteners is considered constant, then 
the force on each fastener Pi due to the moment is given in equation [10]. 
 

∑ +
⋅

=

j
jj

i
i yx

rM
P

)( 22                                                              [10] 
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The fastener forces in this case act normal to the radius ri from the centroid of the connection to each 
fastener. The principle of superposition can be used to find the vector of the resultant force (magnitude 
and direction) on each fastener by adding the components from the horizontal and vertical forces plus 
those due to the moment. 
 
When the fasteners do not behave in a linear-elastic manner, the principle of superposition cannot be 
applied. The total motion of the plate has to be assessed and the individual fastener loads have to be 
determined from their respective displacement vectors. The latter is determined using the load-slip 
characteristics of the fastener.  The equilibrium of the fastener forces provides the equations to solve for 
the displacement components of the side plate. The side plate is assumed not to deform during the 
application of loads; therefore, it will undergo a rigid body motions. A rigid body motion in two-
dimensional space can be defined by three components: the horizontal deformation component u, the 
vertical v, and the rotation f , as shown in Figure 68. 
 
The horizontal and vertical displacement of each fastener is related to the side plate rigid body motion in 
the following way: 

δ xi
u φ yi⋅+=

δ yi
v φ xi⋅−=

                                                                    [11] 
where xi and yi describe the coordinate location of each fastener. As shown in Figure 68b, the individual 
fastener displacement can then be expressed as: 
 

∆ i δ xi( )2 δ yi( )2+=    
                                                                [12] 

 
a) 

 
 

b) 

 

Figure 68 Rigid body motion of a connection (a) connection plate; (b) single fastener 
 
The assumption made in previous equations is that the load on each fastener is in the same direction as the 
displacement. In such case the applied load (fastener resistance) is a function of the displacement (the 
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load-slip relationship) expressed as Pi = f (? i). The components of the load resistance parallel and 
perpendicular to the grain are given in equations [13]. 

Pparai
Pi

yi

ri









⋅=

Pperpi
Pi

xi

ri









⋅=
                                                                 [13] 

 
These components can be summed for each fastener to establish the equilibrium equations of the entire 
connection [14]. 

M Pi ri⋅( )∑=

H Pi
yi

ri
⋅







∑=

V Pi
x i

ri
⋅







∑=

                                                                 [14] 
 
By substituting the displacement and load-displacement relationships from the equations [12] and [13] 
into the equation [14], the moment, horizontal and vertical force component can be expressed as: 

     
M f u φ yi⋅+( )2 v φ x i⋅−( )2+  ri⋅ ∑=

H f u φ yi⋅+( )2 v φ x i⋅−( )2+ 
yi

ri
⋅







∑=

V f u φ yi⋅+( )2 v φ x i⋅−( )2+ 
xi

ri
⋅







∑=

                                [15] 
 
As mentioned above, the rigid body steel plate motion can also be described as a rotation about an 
instantaneous stationary point, which is often referred to as the instantaneous centre of rotation 
(Figure 69). In this case, the horizontal u and vertical v displacement components will be equal to zero, 
and the fastener displacement can be given as: 
 

22 )()( icriicrii YyXx ++−⋅=∆ φ                                                [16] 
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Figure 69 Loads applied on a single fastener as a result of the rigid body rotation of the side plate 
about the ICR 
 
With reference to Figure 69, the equilibrium equations will be as follows: 
 

      
M f ∆ i( ) xi Xicr−( )2 yi Yicr−( )2+⋅



∑=

H f ∆ i( )
yi Yicr−( )

xi Xicr−( )2 yi Yicr−( )2+
⋅







∑=

V f ∆ i( )
x i Xicr−( )

xi Xicr−( )2 yi Yicr−( )2+
⋅







∑=

                               [17] 
 
If the ICR approach is used, then the relative displacement of the plate with respect to the structural 
member at any fastener location can be expressed in terms of the rotation about the ICR and the radial 
distance between it and the fastener. This relative displacement is the fastener displacement as shown in 
Figure 70. 
 
From the fastener load-displacement curve, which is typically derived from experiments, the load on each 
fastener can then be determined. Since the externally applied loads are known and the load on every 
fastener is expressed in terms of the ICR, the equilibrium equations can be used to solve for the ICR 
coordinates and the angle of rigid body rotation. Once these parameters are known, the fastener forces can 
be calculated and compared to the maximum allowable fastener load. Alternatively, the connection 
rotation f  can be the independent variable, and the eccentric force and thus the moment can be calculated. 
By incrementally increasing this value of rotation f , the entire moment-rotation curve of the connection 
can be obtained. This was actually done herein and the results were compared to the experimental results. 
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Figure 70  The external eccentric load on a connection and resulting fastener resistance 
 
This method does not have a closed-form solution so the calculations must be repeated to converge on the 
correct ICR position. In the computer application developed in conjunction with the theoretical method 
presented here, the primary unknown adjusted in each iteration was the Cartesian location of the ICR. A 
given side plate rotation is set to the connection and the respective fastener displacements were then 
derived from the connection geometry. The equilibrium of the internal and external forces was checked 
and the convergent ICR was found by an incremental search. An incremental search is a numerical 
technique wherein the solution is found by adding an increment to the last trial value, then checking for a 
residual difference or error, and repeating the procedure until that residual difference is below a 
predetermined limit, which in this case was a stable equilibrium condition. The corresponding forces on 
the connection were subsequently obtained for this given displacement condition. By setting rotation of 
the side plate to various angles, the entire load-rotation curve of the connection can be obtained. 
 
The experimental verification of this non-linear model on eccentrically loaded single sided riveted 
connections (Figure 71) indicated that the model’s moment-rotation output needed to be increased for 
about 40% to mach the experimentally obtained behaviour, regardless of the connection configuration. 
With the increase, the ultimate load was almost exactly predicted with the analytical model, while the 
yield loads and the rotational stiffness were under-predicted by an average of about 10% and 30%, 
respectively (Figures 72 and 73). The instantaneous centre of rotation appeared to be in the predicted 
location. Vector addition may be used instead of Hankinson’s formula for keeping the model accessible 
and direct for the design engineer. Further refinement of the model is needed for accurate prediction of 
the moment-rotation of riveted connections in various wood products. 

 
Figure 71 Typical specimen used in the experimental testing for verification of the non-linear model  
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Figure 72 Moment-rotation curves of riveted connection in glulam, 40 mm rivets, 25 mm spacing 
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Figure 73 Moment-rotation curves of riveted connection in LVL, 40 mm rivets, 25 mm spacing 
 
 

11 Conclusions  
 
This report summarises the work completed in a research project aimed to quantify the structural 
performance of heavy timber frames with riveted connections. Besides a literature survey on the topic, the 
report presents results obtained from embedment tests of timber rivets in various wood products. This is 
followed by the results of a series of quasi-static tests on glulam riveted connections in four different 
wood products, along with tests on diagonal members with riveted connections used in braced timber 
frames. The experimental part of the study concluded with cyclic tests on moment resisting portal frames 
in different wood products. In the analytical part of the project mathematical models were developed to 
predict the seismic response of braced and moment resistant frames. The analytical models were used to 
predict the seismic response of braced and moment resisting frames. Finally, an analytical methodology to 
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quantify the dynamic performance of braced and one type of moment resisting frame with timber rivets 
was developed and force modification factors for the national Building Code of Canada were discussed. 
 
The research presented in this report is the first systematic attempt to produce seismic design factors on 
braced and moment resistant timber frames with timber rivets. The work presented can thus in many ways 
be considered as an important research contribution in the field of seismic behaviour of timber structures. 
The study has yielded results and conclusions on parameters that influence the seismic behaviour of 
braced and moment resisting timber frames. These findings are anticipated to be useful for design 
engineers and code officials in improving the understanding of the fundamentals of the seismic response 
of such frames. They can also be used by other researchers for refinement of procedures and expansion of 
the knowledge base. Some of the specific findings of the study are summarized as follows: 

• Timber riveted connections in rivet yielding mode showed superior seismic performance. During 
quasi-static and cyclic tests, riveted connections in four different EWPs were capable of resisting 
many load reversals without significant strength deterioration. In addition, large displacements 
were attained before failure, which permits warning before any potential structural failure. Heavy 
timber frames with riveted connections in yielding mode are capable of dissipating significant 
amount of the seismic energy generated by the earthquake;  

• Riveted connections showed low variability in the connection properties obtained from the quasi-
static tests. The obtained variability is much lower than that of the most commonly used fasteners 
in heavy timber construction;  

• The values for the maximum load per rivet obtained from larger connections were consistently 
lower than the values obtained from the small connection tests, for all materials and both rivet 
lengths. Although reasons for such discrepancies are not completely clear, one possible 
explanation is the existence of a group effect in riveted connections; 

• Regardless of the general misgivings about the use of concentrically braced frames in earthquake-
prone zones, it has been shown that braced timber frames can be used as efficient lateral load 
resisting systems;  

• The study confirmed that energy absorption capacity and overall ductility of the system, the two 
most important parameters for adequate seismic behaviour of braced timber frames, are almost 
entirely governed by the brace connections. This was evident from experimental as well as from 
analytical studies. It is therefore of paramount importance that the brace connections be designed 
and constructed to behave in a ductile manner;  

• According to the principle of capacity design, the brace connections must be designed to be the 
weak link in the structure. This will ensure that the non-linear deformations take place in those 
connections, thus reducing the seismic forces. The remainder of the frame has to be adequately 
designed to avoid any damage in components that could potentially fail in a brittle mode;  

• The study has shown that during a seismic event the two connections in a single brace of the 
braced frame structure do not experience the same deformation levels. Due to numerous factors, 
including the variability of the wood properties, one of the brace connections starts to experience 
higher initial deformations and wood crushing, which results in concentration of the deformation 
demand on that connection later in the response. This finding is important for understanding the 
seismic behaviour of braced timber frames, pointing out that the deformation capacity of a brace 
is not equal to the twice the capacity of one connection. This fact was used when developing the 
analytical models for braced timber frames throughout the study; 
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• The nine-parameter “Florence” hysteresis model implemented in the DRAIN-2DX computer 
package was found to be reasonably accurate in predicting the seismic response of braced timber 
frames, provided that the appropriate connection hysteresis parameters are used based on the 
experimental results; 

• Contrary to the common belief that braced timber frames tend to be stiff structures, it was found 
that their initial natural periods are relatively long (from 0.40 to 0.75 seconds), depending on the 
connections and the participating mass used for design. The initial periods were also found to be 
longer than the fundamental periods determined according to the NBCC recommendations for 
such structures. Since the structural periods of vibration are prolonged during the actual seismic 
event due to loosening of the connections after the first few large cycles of motion, caution 
should be used when designing braced timber frames on soft soils in seismic prone regions;  

• Since the seismic behaviour of the frame largely depends on the connection behaviour, braced 
timber frames with different fasteners should be assigned different force modification factors;  

• Riveted connections in glulam, LVL and PSL, showed non-brittle deformations in the wood 
along with yielding of the connectors, even at large displacement levels. The study showed that 
braced timber frames with riveted connections designed in rivet yielding mode built in glulam 
LVL, and LSL can be assigned an R factor of 2.0, in recognition of their high and consistent 
ductility capacity; 

• Narrow braced frames, with aspect ratios (storey height vs. frame width) higher than one, should 
be avoided because of their cantilever bending type response. Wider frames have been shown to 
exhibit more of a shear type response and make better use of the braces and their connections. 
Very wide frames with aspect ratios lower than 0.67, however, should be avoided because the 
benefits of having a wider frame are usually outweighed by the drawbacks of having a long brace, 
susceptible to buckling at lower force levels; 

• The seismic demands for multi-storey braced frames were shown to be either at the same level or 
slightly higher than the corresponding demands for the single storey frames. The increased 
demands, however, were not significant enough to warrant different recommended R-factor 
values; 

• Portal frames with bottom hinges that utilize riveted beam-to-column rigid connections will be 
able to withstand the influences from major earthquakes when designed with high R-factors. 
However, due to their high flexibility, which translates into high values for their fundamental 
periods, they will not be able to satisfy the deflection criteria given in the proposed 2005 NBCC 
which states that the lateral load deflections should be limited to 2.5% of the storey height. 
Further research is needed to better quantify the force modification factors for moment resisting 
frames with different (stiffer) connection configurations and fixed connections at the bottom of 
the columns; 

 
 

12 Code Implementation 
 
Force modification factor of two (R = 2.0) in the NBCC for braced timber frames with riveted 
connections in rivet yielding mode has been justified. The same information has been used to draft a 
proposal for the US Seismic Design Model Code (NEHRP). 
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Results showed that introduction of load duration factor in determining the rivet connection capacity in 
rivet yielding mode is justified. This information will be presented to Canadian and the US Wood Design 
Committees.  
 
 

13 Future Work 
 
Further work is needed in development of more refined analytical model able to predict the load-
deformation characteristics of eccentrically loaded riveted connections. The procedure described in 
Karacabeyli and Foschi (1987) might be used as one of the alternatives to the method presented in this 
report.  
 
Timber rivets can be effectively used in moment resisting frames. Further work is needed, however, on 
investigating different beam-to-column and column to base connection configurations with increased 
stiffness. Furthermore, research is needed to investigate the use of moment resisting frames in multi-
storey structures.  
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