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ABSTRACT:  This paper describes the results of shake-table testing on one-quarter 
scale of LVL frames with post-tensioned beams using the Pres-Lam system. The main 
objective of this research is to validate previous results obtained from static testing 
conducted as part of the extensive on-going research program at the University of 
Canterbury, New Zealand.  

Additionally, given that these are the first dynamic tests performed for Pres-Lam 
systems, an investigation of the dynamic factors that define the behaviour is carried 
out. The main factor to determine is the elastic damping, which until now has been 
assumed as 2% and is known to have a significant influence in the analysis and design 
of buildings subject to seismic loading. 

The experimental results show that Pres-Lam systems have the ability to resist strong 
ground motions and undergoing large deformations without failure, the level of 
damaged is minimal keeping beams and columns close to the elastic range, and the 
self-centring action provided ensures negligible residual deformations. The elastic 
damping varied between 2% and 6% and it was found to be drift proportional.  
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1 INTRODUCTION 

Based on emerging technology developed in the precast concrete industry (PRESSS technology), 
new solutions for multi-storey timber buildings are currently being developed at the University of 
Canterbury.  The system proposed and referred to as “Pres-Lam” combines laminated veneer 
lumber (LVL) with post-tensioned steel strands and eventually dissipater devices (Figure 1a).  LVL 
is an engineered wood product that increases the natural strength capacity of timber up to four 
times, reaching 40 Mpa in compression, thus making it capable of competing with concrete as a 
building material. Post-tensioned tendons help decrease beam deflections and provide re-centring 
action. Energy dissipaters are optional and can be installed internally or externally (plug &play). 
Mild steel bars, the dissipater currently being used in the research program, in addition to provide 
stiffness and moment capacity, increase ductility, and seismic energy absorption of the structure. 
The system is characterized by flag shaped hysteresis loops during cyclic testing as a result of the 
combination of post-tensioning plus energy dissipaters (Fig. 1b)  

During lateral displacement of the frame, a rocking movement occurs at the beam-column interface 
(joint). For a specific drift of the structure the contributions to that drift will be given for 4 
components; deformation of beams, deformations of columns, panel zone deformation and joint 
opening. A good design will have total control over the amount of each one of this components and 
the goal is to avoid damage in  beams, columns and panel zone, concentrating  non linear behaviour 
and additional sources of dissipation ( if required) in the joint area.   
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a) 

 
b) 

Figure 1: a) Hybrid connection with internal dissipaters (courtesy of M. Newcombe); b) Idealised 
hysteresis behaviour. 

 

Displacement based design (DBD) is the most appropriate method to analyze Pres-Lam structures 
because force based design does not consider different hysteretic shapes (uses bi-linear hysteresis 
when Pres-lam structures are represented by a flag shape), there is not a clear reduction factor to be 
used for Pres-Lam structures, and most importantly because the damage is related to displacement.  
DBD defines an equivalent viscous damping determined as the sum of the elastic and the hysteretic 
damping ξeq=ξel+ξhyst [Priestley et al., 2007]. The hysteretic damping in Pres-Lam systems will be 
given by the dissipater devices, when the elastic damping is the one not captured by hysteresis.  

As part of this research, real-time shake table tests were performed using LVL frames with post-
tensioned connections without any dissipater devices. Particular attention was given to the level of 
damage achieved, overall displacement (drift), and demand of the system due to dynamic loading 
and evaluation of damping levels.  

2 MOTIVATION 

The research program started in 2005 with simple 2-dimensional subassemblies, and beam-column 
connections and walls were included (Figs. 2a & 2b).  A wide variety of rocking connection were 
tested utilising external and internal dissipation. Recently, more sophisticated and larger 
subassemblies were included in the program including a 2 Storey building, at 2/3 scale tested as a 
3-dimensional structure and loaded simultaneously in 2 directions.  All tests mentioned were 
performed in a static or quasi static manner, which means that the velocity and acceleration 
dependent parameters were not considered in the response. The effects of earthquakes and wind 
need to be analyzed and understood in a dynamic mode before being confident about an equivalent 
static analysis.   

     

a) b) 

 

 

 

 

 

 

c) 

Figure 2: a) Beam-column static test with external dissipaters; b) Post-tensioned wall static test; 
c) Three dimensional static test. 
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The experimental analysis has been combined with analytical formulation to estimate and predict 
the dynamic response of Pres-lam systems in order to develop design guidelines [Newcombe, 
2008b]. However some important dynamic parameters have been assumed based on not equivalent 
configurations, the most important is the elastic damping value assumed as 2% of critical damping.  
This value was computed through ambient vibration tests performed on light timber frame 
construction [Filiatrault et al., 2002]. The assumed 2% value seems to be conservative, small 
variations in the damping levels could generate big differences during the design process (Fig. 3). It 
can be seen that for a 3 sec natural period structure, there is not a big difference in the design 
acceleration; however the design displacement decreases in 31% just with a 3% of additional 
damping. 

 
 

 

3 RESEARCH PROGRAM 

A program that includes experimental and analytical research is currently underway.  Shake table 
tests were performed using 3-dimensional prototypes having 3 and 5 stories. The geometry is based 
on the Biological Sciences building (Canterbury University, Ilam campus) reduced to 1/4 scale.  
Although it is a 3D structure, the prototypes have been designed and built in order to be tested only 
in one direction. Two symmetric post-tensioned frames are oriented in the direction of loading and 
they are connected in the short direction using secondary beams and bracing elements to minimize 
any possible torsion (Fig. 4). 

 

Material properties 

 

LVL: Parallel to the grain  

fc= 34 Mpa; E=13.2 Gpa 

 

LVL: Perpendicular to the grain  

fp= 12 Mpa; E=0.66 Gpa 

 

Post-tensioning steel 

fpy= 1530 Mpa; fpu= 1860 Mpa 
εsy=0.0077 

 
 

Figure 4:   3D prototype set up for Shake-Table test 

Figure 3 Influence of damping design: a) Spectral Acceleration; b) Spectral Displacement.  
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The accelerations were recorded using 3 accelerometers per floor, one at the middle of the plan 
area measuring the testing direction, and two accelerometers at the edges of the building measuring 
in the perpendicular direction to compute torsion. Rotary potentiometers were included in each 
level to measure displacements.  Spring potentiometers were placed at the bottom of the columns to 
compute uplift of each side of the columns during the rocking. Joint openings were measured using 
3 linear potentiometers per joint. 

Similitude methods were used to determine sizes of the prototype and other requirements, such as; 
acceleration scale, time scale, and amount of mass required.  Cauchy and Froude similitude laws 
were used, this means that acceleration was kept constant, when time was modified by λ½, and 
displacement for λ, where λ is the scale factor (λ=¼). Figure 5 shows the frames, completed 5-
storey specimen and beam-column joint details. 

The dynamic tests included are divided in two groups, sinusoidal and real recorded seismic records. 
Sinusoidal tests are included to measure variations in the natural period of the structure and to 
compute damping values. Seismic record tests are included to assess the capacity of the proposed 
system to resist expected earthquakes. Variations in the prototype are considered in order to 
determine their influence on the response of the structure.  The variables to consider are the amount 
of mass, post-tensioning force and inclusion or not of corbels to support the post-tensioned beams. 

 

 

 

 

 
a) 

 
c) 

 
b) 

Figure 5: a) Construction Stage; b) Beam-Column joint; c) Completed Structure on shake table. 
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3.1 Seismic tests 

In order to examine the seismic behaviour of the system, 6 seismic records were included to 
consider a variety of seismic conditions.  Every record used was modified (scaled down) to satisfy 
maximum capacity of the shake table (related to a maximum velocity) and similitude conditions.  A 
table with the seismic cases analyzed is included, as well as, the spectral comparison with 
Auckland and Wellington design spectra. 

 

Table 1 Seismic Records utilized: Original record values/Scaled values for shake table  

Earthquake 
Event Year Station 

Mw    PGA  

        (g) 

PGV 

(mm/s) 

PGD 

(mm) 

Loma Prieta 1989 Saratoga-W Valley Coll 6.9 0.33/0.22 615/325 364/320 

Kobe 1995 CEOR Sakai 6.9 0.38/0.24 -/225 -/232 

Northridge 1994 LA Dam 6.7 0.46/0.36 564/320 -/427 

Cape Mendocino 1992 CDMG 89324 Rio Dell Overpass-FF 7.0 0.39/0.38 439/328 220/281 

Parkfield 1966 Cholame, Shandon, California  6.2 0.49/0.33 761/339 469/295 

Sylmar 1994 Sylmar - 6-Story County Hospital 6.6 0.58/0.33 811/317 191/112 

Mw: Magnitude; PGA: Peak Ground Acceleration; PGV: Peak Ground Velocity; PGD: Peak Ground 
Displacement. 

 

 
a) 

 
b) 

Figure 6: a) Spectral Acceleration; b) Spectral Displacement. (Scaled for shake table) 

 

 

3.2 Sinusoidal tests 

Through sine functions it is possible to reach a target maximum displacement (drift level) in the 
structure and at the same time compute the natural frequency of the structure.  This is possible 
through changes in amplitude and frequency of the exciting function.  Three levels of excitation 
amplitude were included, for each of these levels, 11 points of frequency were considered. 

Sine excitation displacement patterns were applied to the prototype for a number of cycles that 
ensure a pure steady state response, i.e., after the transient response is vanished (Figs. 7a & 7b).  
Then the damping is computed using the decay of the response (Fig. 7b).   

Auckland 

Wellington 

Auckland 

Wellington 

NZS1170-5-2004 
Sp=0.67 
Normal Structures 
μ=1 
Shallow Soil 
N= 1/500 
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a) 

 
    b) 

Figure 7 a) Sine wave input     b) Damping calculation method 

 

where Xn: Initial amplitude; Xn+m: Final amplitude; m= number of cycles; and ξ: equivalent viscous 
damping (fraction of critical damping). 

 

4 RESULTS 

4.1 Damage: 

As it was expected, a low level of damage was achieved.  The only damage was produced in the 
internal face of the columns. Approximately 1mm of compression in columns was observed (at 
beams edge) as a result of compression perpendicular to the grain.  This compression was probably 
produced during the test that went over the 2.5% drift that was not expected. At 2.5% drift the 
timber strain was expected to be around 90% of the yielding strain, and then increased values in 
drift could have produced yielding of the timber in compression perpendicular to grain. The 
damage can be observed in Fig. 8  

 
Figure 8: Cumulated final damage on columns at beam-column interface and at site of anchorage plate 

 

4.2 Re-centring action: 

The re-centring action proved to be effective, negligible residual displacements (smaller to 1mm at 
each floor level) resulted after subjecting the structure to high levels of deflections.  

Vanishing of transient response 
Xn 

Xn+m 
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4.3 Seismic Tests: 

Seismic tests were performed for each of the prototype configurations. For each record the spectral 
displacement was computed for 0%, 2%, 5%, 10% and 20% of critical damping. Maximum 
displacements are measured for each seismic test on the shake table. The sinusoidal tests gave a 
range of natural periods for each maximum. The maximum displacement, for each seismic record, 
is plotted versus spectral displacement (Fig. 9) with two dots to represent minimum and maximum 
natural period expected. How it can be seen, the minimum equivalent viscous damping obtained in 
this way is around 5% in figure 9c), all other values obtained are bigger than 5%, reaching around 
15%. 

 

 
a) 

 
b) 

 
c)  

 
d) 

 

Figure 9 Spectral Displacements for estimated natural period range (dots) and response spectra for 
shake table motion. 

 

4.4 Damping Through Sinusoidal Tests: 

From the tests performed, it is observed that the amount of elastic damping is greatly influenced by 
the drift level over other parameters. Figure 10a) includes data from all sinusoidal tests performed. 
It can be observed that for service limit state (SLS) level of deflection, the minimum value obtained 
is around 3%, when for ultimate limit state (ULS), 5% seems to be suitable. For a same drift level 
the variation of elastic damping obtained is within 1%. This variation is analyzed for every 
parameter changed during the test sequence; every analysis is performed using drift v/s elastic 
damping curves due to its predominance. 

Natural period range 
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4.4.1 Influence of the number of floors (number of connections): 

Fixing all other parameters but the amount of floors, the influence of number of floors is analyzed. 
From figure 10b) no clear variation in elastic damping levels is observed once the number of levels 
is modified. Thus, the number of connections is not an important factor to consider. 

4.4.2 Influence of amount of mass: 

For the 3-storey prototype all factors monitored but the amount of mass are fixed. Figure 10c) 
shows the results for this study. There is not a clear influence of the amount of mass included in the 
prototypes. In conclusion, an estimation of the response including a 100% of the mass required is 
possible. 

4.4.3 Influence of amount of post-tensioning forces: 

In Figure 10d) all parameters are fixed but the post-tensioning force for a 3-storey building, it is 
shown that the elastic damping obtained for configuration with 45 kN is smaller than the one with 
15 kN; this maximum difference is approximately 0.5%. 

4.4.4 Influence of corbel: 

As it was expected, there is a reduction of elastic damping for the cases without corbel. The 
maximum difference is around 0.5%.  This damping is generated by friction between the base of 
the beams and the corbel and only occurs in some connections; hence, it should not be relied upon 
in seismic design. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 10: a) All tests; b) Number of floors influence; c) Mass influence; d) Post-tension influence.   
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5 CONCLUDING REMARKS 

1. Low levels of damage were achieved, only a small permanent compression (1mm) at the 
internal face of the columns in contact with the beams, was produced.  

2. Re-centring actions has been proved to be effective, residual deformations were smaller 
than 1mm. 

3. Elastic damping levels are highly influenced by drift levels; the relation between these two 
parameters follows a parabolic shape. The minimum value obtained was around 2%. At 
SLS level 3% elastic damping is obtained when at ULS the value reach 5%, the maximum 
value obtained is 6% at 2.8% drift. 

4. Seismic test on the shake table showed that the equivalent viscous damping ranged from 
5% to 15%, therefore this rage of value seem to be suitable to use in modelling to compute 
expected displacement design. 

5. The mass quantity does not seem to influence the elastic damping value. For the three 
levels of mass tested there is not a clear effect in the amount of elastic damping obtained. 
An estimation of the response, when including 100% of the mass, is likely to be accurate.  

6. The number of connections does not influence the elastic damping. Comparison between 5-
storey prototype and 3-storey prototype do not show a clear difference. 

7. The level of post-tension could have a minor influence in the elastic damping value. In 
both, 3-storey prototype and 5-storey prototype, the damping values obtained at 45kN of 
post-tension were smaller than the ones obtained at 15kN of post-tension; however there is 
not a clear difference in between the values for 15kN and 30 kN of post-tension. Thus, a 
more accurate study is required. 

8. Timber corbels increase the level of elastic damping of the structure up to 0.5%. This 
damping is the result of the friction in between corbel and beam, and then to determinate 
properly this value it is necessary to analyze corbels of different size and material. 

 

REFERENCES:  

Buchanan, A. H., Deam, B. L., and Dean, J. A. (1991). "Multi-Storey Timber Buildings." Proceedings of 
1991 IPENZ Conference, Auckland, New Zealand, pp 601-610. 

Carr, A.J. (2007), “RUAUMOKO Program for Inelastic Dynamic Analysis – Users Manual”, Department of 
Civil Engineering, University of Canterbury, Christchurch, New Zealand. 

Filiatrault, A. (2002). "Hysteretic damping of wood framed buildings" Engineering Structures Journal Vol. 
25 pp 461-471. 

Newcombe, M. P., Pampanin, S., Buchanan, A., and Palermo, A. (2008a). "Section Analysis and Cyclic 
Behavior of Post-Tensioned Jointed Ductile Connections for Multi-Storey Timber Buildings (in print)." 
Journal of Earthquake Engineering,Vol.11(Special Edition). 

Newcombe, M. P., Pampanin, S., Buchanan, A., and Palermo, A. (2008b). "Seismic Design of Multistorey 
Post-Tensioned Timber Buildings (in print)," Masters Thesis, University of Pavia, Pavia. 

Palermo, A., Pampanin, S., Buchanan, A., and Newcombe, M. (2005). "Seismic Design of Multi-Storey 
Buildings using Laminated Veneer Lumber (LVL)." 2005 NZSEE Conference, Wairaki, New Zealand, pp. 
8. 

Palermo, A., Pampanin, S., Fragiacomo, M., Buchanan, A., Deam, B., and Pasticier, L. (2006c). "Quasi-static 
cyclic tests on seismic-resistant beam-to-column and column-to-foundation subassemblies using 
Laminated Veneer Lumber (LVL)." Australasian Conference on the Mechanics of Structures and 
Materials, Christchurch, pp. 6. 


