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ABSTRACT: Prestressed timber systems made of laminated veneer lumber (LVL) 
members held together by unbonded post-tensioning have recently been introduced in 
multi-storey timber buildings. The system can be supplemented with mild steel energy 
dissipation elements. The whole arrangement, with enhanced recentering and energy 
dissipation characteristics, has shown excellent seismic performance. 

This paper summarizes the results of an experimental investigation into the seismic 
response of full-scale LVL beam-column joints, performed as part of a larger research 
programme at the University of Canterbury. The subassembly was tested for practicality 
of the arrangements as well as for examination of behaviour of the whole system. The 
joint was designed as part of a building frame for a six-storey building located in a high-
seismic zone. The timber beams and column, and the recentering/dissipating elements, 
were optimized to produce the intended behaviour in a real structure. Commercially 
available prestressing arrangements were used. The externally attached mild steel energy 
dissipaters were designed to be installed and replaced easily. 

Both exterior and interior joints were tested. Different arrangements of the members, with 
and without steel armouring plates were investigated. Effectiveness of the energy 
dissipation elements was also verified. A novel approach to overcome the inherent 
weakness in the timber joint was tried with steel reinforcement in the form of long screws 
embedded inside the joint region. The results of these full-scale tests helped to develop 
further understanding, and to solve practical issues with connection details for 
implementation in large multi-storey timber buildings. 

1 INTRODUCTION 

Innovative jointed ductile connections based on post-tensioning techniques and successfully 
implemented for precast concrete construction (Priestley 1991, Priestley et al. 1996, Priestley et al. 
1999)  have been extended to timber seismic resisting frame and wall systems (Palermo et al 2005, 
Palermo et al 2006a, 2006b, 2006c) with particular emphasis on Laminated Veneer Lumber (LVL) 
solutions for multi-storey buildings.  

These prefabricated ductile jointed connections consist of structural elements, connected by unbonded 
post-tensioning, so that the inelastic (seismic) demand is accommodated within the connection itself 
through the opening and closing of an existing gap, while the structural elements are kept within the 
elastic range with a very limited level of damage (Stanton et al. 1997). In addition, negligible residual 
deformations result due to the inherent re-centering capability provided by the unbonded tendons. 
These “hybrid” solutions are seen as superior to “monolithic” systems such as cast-in-place reinforced 
concrete, welded or bolted steel construction, or fully bolted, nailed or glued timber construction.  

The concept of hybrid or controlled rocking systems is proposed for laminated veneer lumber (LVL) 
in multi-storey frame or shear wall buildings (Smith et al. 2007, Smith et al. 2008a, Smith et al. 
2008b). The hybrid solution is not significantly affected by the strength of the material; hence this type 
of connection may also be used with different wood-based materials such as glulam. 
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Figure 1: Application of hybrid concept to LVL frame system and idealized flag-shape hysteresis loop 

(NZS3101:2006) 

This paper presents the outcomes of an experimental study of beam-column joints which is part of 
ongoing development of new seismic resisting systems (frames and walls) and connections for multi-
storey LVL timber buildings, either post-tensioned only or hybrid solutions, with external dissipaters. 

a)  b)  

Figure 2: a) Small-scale and b) Full-scale beam-column joint test specimen 

2 EXPERIMENTAL STUDY OF BEAM-COLUMN SUBASSEMBLY 

To gain insight into seismic design of multi-storied timber buildings, it was necessary to 
experimentally test a full-scale hybrid beam-column subassembly. The first test was on an exterior 
beam-column joint, followed by an interior beam-column joint through addition of another beam to 
the exterior joint subassembly. 

2.1 Design and construction of test specimen 

The previous experimental study of timber subassemblies upto this research has always been 
performed on small-scale models (Palermo et al 2005, Palermo et al 2006a, 2006b, 2006c). It was 
decided that the new specimen would be built in full-scale to study scale effects and also to develop 
and test practical connection details. This test series was a world-first on a full-scale sub-assembly, to 
investigate the additional complexities i.e. possible high deformation of the joint and local damage 
mechanisms in moving to full scale. It also provided the opportunity to go through the full 
prefabrication process and to test many practical connection details. 

A virtual six-story building was designed for the demands of a high seismic zone. Two frames along 
the long direction of the building were designed for seismic demands. Bay spacing of was 6m and the 
inter-storey height was 3.2m for all stories. The frame was designed following the Direct 
Displacement-Based Design procedure (Priestley et al. 2007). Figure 3a gives close up a view of a 
beam and the column. The beams were prestressed using a standard commercial system (Figure 3b) 
with 12-12.7mm diameter tendons stressed up to 60% of yield stress. Each joint interface was 
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designed to have four (two each at top and bottom edge) mild steel energy dissipaters (Figure 4). Both 
exterior and interior beam-column joint specimens were assembled in the same manner and tested. 

a)  b)  

Figure 3: a) components of beam-column joint assembly; b) post-tensioning of test specimen 

a)  b)  

Figure 4: a) mild steel energy dissipater; b) completed joint assembly with bracket and dissipater  

2.2 Properties of the specimens tested 

The LVL used for the column is HySpan (Futurebuild 2003), manufactured in accordance with 
AS/NZS 4357. The characteristic strengths of the LVL and the other materials are given in Table 1, as 
supplied by the manufacturer/supplier. 

Table 1. Material properties of test specimen  

Compressive Strength of LVL parallel to the grain 45 MPa 

Elastic Modulus of LVL 13.2 GPa 

Shear Modulus of LVL 660 MPa 

Yield stress of energy dissipaters 340 MPa 

Ultimate stress of energy dissipaters 460 MPa 

Yield stress of  prestressing strand 1560 MPa 

Ultimate stress in prestressing stand 1870 MPa 

2.3 Test set-up and loading regime 

A series of quasi-static cyclic tests was carried out with a beam-column joint subjected to uni-
directional loading. The test set-up is shown in Figure 3. The beam is 3m long while the column is 4m 
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high. The load was applied at the mid-level of inter-storey height of the column, simulating the point 
of contra-flexure in a real structure. Additional axial force representing gravity load was applied 
through vertical bars anchored to steel plates at the top and bottom of the column. The quasi-static 
loading protocol consisted of two cycles of increasing inter-storey drift, following the acceptance 
criteria for moment-frames proposed by the ACI T1.1-01 and ACI T1.1R-01 (ACI 2001). The load 
was applied through a hydraulic actuator.  

Mild steel energy dissipaters (Figure 4a) were added to the column for the hybrid tests. The energy 
dissipaters consisted of steel rods designed to yield in both tension and in compression, encased in 
steel tubes injected with epoxy to prevent buckling in compression. One end of each dissipater was 
connected to a steel bracket fixed to the beam, and the other end was attached to a steel threaded bar 
inside the column through a metal coupler. Each bracket was anchored with four smaller threaded bars 
embedded inside the beam. All the threaded bars, both in the beams and the column were attached to 
the timber with epoxy. For the armoured tests, 30mm thick steel armouring plates were provided at the 
beam-column interfaces to reduce the local stresses in compression perpendicular to grain. The joint 
setup is shown in Figure 4b. 

  
Figure 5: Exterior Joint Specimen details and test setup 

Table 2. Types and properties of exterior joint specimens tested. 

Specimen Type Initial PT, kN (% yield stress)  Dissipater 

PT-only, armoured 490 (25%) None 

PT-only, armoured 876 (45%) None 

PT-only, armoured 997 (55%) None 

Hybrid, armoured 966 (54%) 4-22mm   

  
Figure 6: Interior Joint Specimen details and test setup 

The armoured beam-column joint test specimen was first tested with post-tensioning only under 
different levels of initial prestressing and then tested with energy dissipaters. The joint region was then 
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reinforced with screws keeping the armouring plates on. The specimen was then tested with the steel 
armouring plates taken off. Finally, another specimen was tested without any armouring and 
reinforcement. The details of the test specimens are presented in Tables 2 and 3. 

Table 3. Types and properties of interior joint specimens tested. 

Specimen Type Initial PT, kN (% yield stress) Dissipater 

PT-only, armoured 560 (30%) None 

PT-only, armoured 996 (55%) None 

Hybrid, armoured 965 (53%) 8-16mm   

Reinforced armoured 1089 (58%) None 

Reinforced unarmoured 1010 (55%) None 

Unreinforced unarmoured 1101 (58%) None 

3 TEST RESULTS AND FINDINGS 

3.1 Post-tensioned-only solutions 

The post-tensioned-only specimens (i.e. lower bound of a hybrid system with fully re-centering 
behaviour without specific energy dissipation devices) were tested with different levels of initial 
prestressing. Figure 7 illustrates the recorded values of lateral force vs. inter-storey drift (ratio of top-
displacement and column height). The plots are characterised by a non-linear elastic hysteresis with 
full re-centering properties. The observed bi-linear behaviour is similar to yielding point of a 
dissipative traditional connection. But unlike other materials, the bi-linearity in this case is due to 
geometrical non-linearity, i.e. a reduction of section stiffness due to relocation of the neutral axis 
position. The reduced stiffness after the equivalent “yielding” corresponds to an increase in moment 
capacity primarily due to the elongation of the tendons as confirmed in Figure 7. As anticipated, the 
yielding occurs at greater lateral force for higher level of initial prestress. Importantly, no visible 
damage could be detected in the structural elements even at lateral deformations of 2.5% inter-storey 
drift.  

The hysteresis loops show that a minor amount of hysteretic dissipation is provided by the local non-
linear behaviour of the LVL material, particularly at higher levels of drifts, at the column contact 
section loaded in compression perpendicular to the grain. A small decrease in tendon forces is also 
observed after each test. However, the losses of forces are in the order of 1% to 2% of the yield forces 
of the tendons and do not have any significant effect on the overall behaviour. 
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Figure 7: Load-drift plots of post-tensioning-only a) exterior and b) interior specimen with armouring 
and no screw reinforcing 
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3.2 Hybrid solution 

The same specimens that had been tested in the pure unbonded post-tensioned case were then tested in 
the hybrid configuration, incorporating the dissipation devices. Addition of the dissipaters meant that 
there was an energy-dissipating moment contribution to the system, resulting in the visible “flag-
shaped” hysteresis behaviour. With the significant energy dissipation, however, there were also some 
residual displacements because of plastic deformations within the hybrid connection. The difference in 
behaviour compared to the post-tensioned-only solution is clearly visible in Figure 8. 
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Figure 8: Load-drift plots of hybrid a) exterior and b) interior specimen, with armouring and no screw 
reinforcing 

a)  b)  

Figure 9: View of a) exterior and b) interior joint at 3.5% drift 

3.3 Armoured joint solution 

During all the tests discussed so far the joint interface had thick steel armouring plates, primarily to 
protect the column from crushing in direction perpendicular to the grain. To fully investigate the effect 
of the steel armouring plates, tests were also performed on the interior joint without the plates between 
the beams and the column. As apparent from Figure 10a, there is a significant reduction of stiffness 
after removal of the armouring plates.  
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Figure 10: Comparative a) load-drift and b) tendon force-drift plots of armoured specimens with no 
screw reinforcing 
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It was predicted that at high drift levels during the test, without the armouring, the compressive 
stresses at the column face will exceed the yield stress of timber perpendicular to the grain. The 
predicted yielding of timber at column faces was confirmed during the test from progressive crushing 
at the column face at each cycle with each incremental drift. This resulted in a significant drop from 
the initial prestressing force (Figure 10b) by the end of the test due to shortening of the column width 
and subsequent decrease in distance between the anchorage points of the tendons. 

3.4 Screw reinforced joint solution 

To overcome the problems due to low modulus of elasticity of timber perpendicular-to-grain, long 
steel screws were provided as internal reinforcement inside the joint panel region of the column. 
Special “Spax” screws up to 600mm long were inserted into the column in both horizontal and 
diagonal directions (Figure 11). Tests were performed on the interior joint specimen without the steel 
armouring plates to study the effects of the Spax screws. 

  

Figure 11: Horizontal and diagonal screws being inserted into the column 
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Figure 12: Comparative a) load-drift and b) tendon force-drift plots of specimens with no armouring 
plates 

It is very clear from Figure 12a that there is no significant change in stiffness with addition of the 
screws in the interior joint specimen. But the loss of prestress is significantly reduced (Figure 12b) 
after the screws are inserted into the column, indicating that the screws were effective in reducing 
perpendicular-to-the-grain crushing of the timber. The use of such screws and other reinforcing for the 
beam-column joint is being studied in several related projects.  

4 CONCLUSIONS 

The experimental results of cyclic quasi-static tests on a full-scale LVL beam-column joint confirmed 
the excellent potential of these connections for multi-storey prestressed timber buildings. As expected, 
the post-tensioned-only solutions exhibited nonlinear elastic behaviour with full re-centering. The 
hybrid systems provided significantly greater levels of energy dissipation compared with the post-
tensioned-only solution. Protecting the column faces with steel plates resulted in higher stiffness and 
less deformation in compression perpendicular to the grain than for the unarmoured column. 
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Reinforcing of the joint region with long screws helped to reduce subsequent relaxation of prestressing 
forces in the system. In all simulations of seismic loading, the tested systems exhibited high levels of 
ductility, negligible residual deformations and no significant damage of the structural elements. 
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