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Introduction 
 
In timber structures, the earthquake energy is 
dissipated under several mechanisms such as 
internal friction, friction between structural and non-
structural elements, and inelastic deformation of 
structural members. However, large amount of this 
energy dissipation is mainly contributed through 
nonlinear load-deformation of their connections 
where the lateral loads are transmitted via bearing 
stress developed between the steel fasteners and the 
wood members. An effort to increase damping 
capacity of timber joints would greatly enhance the 
safety margin of wooden constructions especially 
that are placed in very active seismic zones. This 
increase can be carried out, for instance, by means of 
fastener pre-tensioning. 

This paper summarizes the experimental and 
analytical studies that are performed to examine both 
static and dynamic behavior of timber joints with 
pre-tensioned bolts. In addition, one-year stress 
relaxation measurement of the joints exposed to in-
door environment condition is presented to evaluate 
the long-term effectiveness of this joint pre-stressing. 
 
 
Load Carrying Capacity of Bolted Joint  
 
Load carrying capacity of timber joint with dowel-
type fasteners can be easily evaluated by using the 
yield theory. However, this theory does not take into 
account the fastener axial forces. In this study, 
therefore, the yield theory is extended to take the 
fastener axial force into consideration, including the 
axial force caused by steel plate embedment into the 
wood member. Verification is carried out by the 
tests of steel-wood-steel bolted connections under 
three different fastener axial pre-tension forces and 
two loading directions to the grain. Besides using the 
extended yield theory, the connection load carrying 
capacity is also analyzed with the finite element 
code DOWEL developed based on the beam on 
elastic wood foundation theory. 
 
Fastener Bending Angle 
 
Figure 1 shows the predicted fastener bending angle 
corresponds to joint slip (Δ) of 15 mm decreases as 
the fastener axial force is increased. Significant 

decrease of fastener bending angle is found when 
both fastener axial force due to pre-tension force 
(Ppt) and caused by steel splice plate embedment 
into wood member (Pst) are considered. When the 
pre-tension force is very large, the difference of 
fastener bending angle evaluated with and without 
the secondary axial force becomes very small. 

Direct measurement of fastener bending angle, γ, 
is carried out after completing the test as shown in 
Fig. 2 and found that fastener bending angle 
decreases as the magnitude of pre-tension force is 
increased. The predicted fastener bending angle 
shown in Fig. 1 is still relatively higher than that of 
the experiment. This is because the fastener elastic 
bending deformation recovers after the test, and 
some joints especially loaded in perpendicular 
direction to the grain attain their ultimate load before 
reaching the assumed joint slip, which is 15 mm. 
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Fig. 1 Fastener bending angle with respect to 
fastener axial force (Joint slip Δ = 15 mm) 
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Fig. 2 Fastener bending angle measurement 
(Joints with loading parallel to the grain)
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Load-Slip Curves 
 
Experimental load-slip curves presented in Fig. 3 
clearly show that the joint resistances during initial 
of loading or small joint slip increase as the pre-
tension force is increased. This joint resistance 
during initial of loading is completely caused by 
static friction between the steel splice plates and 
wood member. Afterward, sudden decrease of 
stiffness is found in the load-slip curve of the pre-
tensioned joints as an indication of slip occurrence 
between the steel plates and wood member. Average 
lateral load at this slip occurrence is 3.36 kN and 
6.92 kN, respectively, for the bolted joint with 4.0 
kN and 9.2 kN of pre-tension force. These frictional 
resistances are about 25 and 40 percent higher than 
the calculation using the static friction coefficient of 
0.30. This increase is probably caused by a greater 
coefficient of static friction when the joint is tested 
under double-shear test configuration. In the joint 
test, the compressive stress beneath the steel plate is 
not possible to be equally distributed on the contact 
surfaces, while in the friction test the stress is almost 
equally distributed. 

Figure 3 shows that additional shear resistance 
due to steel splice plate embedment into the wood 
member, which is most obviously indicated by the 
tangent of the non-linear portion of the curve, is 
found to be small in the case of the pre-tensioned 
joints. It is noticeable that decrease of fastener 
bending angle will reduce the embedment of steel 
plate into the wood member. Therefore, decrease of 

shear resistance contributed by steel plate 
embedment into the wood member is closely related 
to the reduction of the fastener bending angle when 
the joints are pre-stressed. This fact can also be 
viewed from the ratio of the yield load to the 
ultimate load carrying capacity. For the non-
pretensioned joints, this ratio is about 0.73 and 0.67, 
respectively, for loading parallel and perpendicular 
to the grain. In the case of pre-tensioned joint, this 
ratio is 0.83 and 0.74 for loading parallel and 
perpendicular to the grain, respectively. 

The joint load carrying capacity evaluated based 
on the joint slip of 15 mm and 0.3 of static friction 
coefficient is presented in Fig. 3 as the dashed-line. 
Good agreement is found between the prediction and 
the experimental results, except for the case of 
loading perpendicular to the grain with pre-tension 
force of 9.2 kN. Figure 3 also shows a good 
agreement is found between the experimental and 
analyzed curves. At the initial part of the curve, the 
analyzed and the experimental load-slip curves are 
coincided closely to each other in both loading 
parallel and perpendicular to the grain. For loading 
perpendicular to the grain with pre-tension force of 
9.2 kN, the analyzed curve seems to overestimate 
the experimental load-slip curves. This situation is 
not observed in the case of loading parallel to the 
grain; the load carrying capacities of the experiment 
and analysis are in good agreement. Introducing 
high pre-tension force to the steel fastener especially 
under loading perpendicular to the grain causes the 
prediction overcomes the pre-tensioning effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Load-slip curves of steel-wood-steel bolted joints with different fastener pre-tension forces 
(a∼c: Loading parallel to the grain; d∼f: Loading perpendicular to the grain) 
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Cyclic Properties of Bolted Joints 
 
To examine the effects of axial pre-tension in bolts 
on cyclic properties of timber joints, two kinds of 
moment-resisting joints are cyclically tested. These 
two joints are non-pre-stressed and pre-stressed 
joints with steel plates as the side members. In the 
non-pre-stressed joints, the bolt is just “fingertight”. 
While in the pre-stressed joints, an axial pre-tension 
force of 20 kN is applied to the bolt. The pre-stress 
level due to this pre-tension force is approximately 
equal to 1.6 MPa, which is about 90 percent of the 
allowable long-term edge-bearing stress of spruce 
species. After completing the cyclic test, all 
moment-resisting joints are monotonically loaded 
until failure to evaluate their ultimate resistances as 
well as their ductility coefficients. 
 
Cyclic Test Method 
 
Spruce-pine-fir glued laminated of 2.44 m in length 
is fabricated by using three laminas bonded with 
resorcinol-formaldehyde resin adhesive. A joint 
specimen shown in Fig. 4 is composed of two glued 
laminated lumbers that are connected to each other 
by two steel plates of 4 mm thickness and M12 mm 
bolts. In this test, three displacement transducers are 
used to measure the relative slip between the wood 
member and the steel plate, which is further used to 

calculate the joint rotation. 
Cyclic test protocol shown in Fig. 5 is consisted 

of six mid-span vertical displacement levels. At any 
displacement level, the cyclic load is repeated five 
times before going to a next level. Six non-pre-
stressed joints, six pre-stressed joints, and three 
standard joints are prepared and directly tested. The 
non-pre-stressed and pre-stressed joints are 
subjected to cyclic tests before finally loaded 
monotonically until failure. While the standard joints 
are loaded only monotonically until failure and no 
axial pre-tension is applied to their bolts. 
 
Hysteresis Curves 
 
Typical hysteresis curve of the joints are shown in 
Fig. 6. When the hysteresis loop of the pre-stressed 
joint is subtracted by the same amount of the 
hysteresis loop of the non-pre-stressed joint, a 
square hysteresis curve will be obtained as an 
indication of frictional damping due to pre-stressing.  
Besides frictional force due to initial pre-stressing, 
frictional force in bolted timber joints may also be 
introduced by secondary fastener axial force due to 
bending deformation of laterally loaded fastener. 
The hysteretic loop caused by this secondary axial 
force could be constructed in the similar way as the 
loop due to initial pre-stressing force. 

750 1,150 750 1,150 

Accelerometer 

Grain orientation 280 

100 Pm 

Bolt 

Hydraulic actuator 

LVDT 

Fig. 4 Test setup of the moment-resisting joint (LVDT, linear variable differential transducer, 
Pm, potentiometer, dimension given in millimeters) 
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Hysteretic damping or the area enclosed by a 
hysteresis loop of the non-pre-stressed joints 
decreases as the number of cyclic increases and its 
reduction occurs with a greater rate when the joints 
are cycled at higher rotation levels. On the other 
hand, the hysteretic damping of the pre-stressed 
joints during initial and last cycles is not much 
different because the frictional resistance minimizes 
the inelastic slip component of viscoelastic damages 
of wood fibers. Equivalent viscous damping ratio of 
the non-pre-stressed joints decreases sharply as the 
cyclic rotation level increases and it is essentially 
caused by narrowing of the hysteresis loop at 
rotations close to zero point. The equivalent viscous 
damping ratio of the pre-stressed joints remains 
fairly constant for all cyclic rotation levels tested in 
this study. Frictional damping due to friction 
between joint members greatly increases the 
equivalent viscous damping ratio especially in the 
case of pre-stressed joints. 

Within a given rotation level, the continuously 
reversed cycles causes stiffness of the joint to 
decrease from the initial cycle to the final cycle. 
Decrease of cyclic stiffness from the initial to the 
final cycle ranges from 6 to 10 percent at non-pre-
stressed joints and from 2 to 6 percent at pre-stressed 
joints. Remaining inelastic slip component of 
viscoelastic damages of wood fibers during the 
previous cycles potentially causes this cyclic 
stiffness degradation, which is also manifested 
through the decrease of moment resistance as shown 
in Fig. 7. By increasing the number of cycles, 
moment resistance of the non-pre-stressed joints 
decreases exponentially and can be assumed to 
finally stabilize after four or five cycles. Moment 
resistance degradation of the pre-stressed joints 
however occurs almost linearly up to the last cycle 
with a lower degradation rate than that of the non-
pre-stressed ones. 
 
Moment Rotation Relationship 
 
Figure 8 clearly informs that the pre-tension in bolts 
largely increases the initial rotational stiffness but 
slightly enhances the maximum moment resistance. 
Fasteners of the pre-stressed joint are bent with 
smaller final bending angle than fasteners of the 
non-pre-stressed joint. So that, additional resistance 
caused by steel plate embedment into the wood 
member is relatively higher in the case of the non-
pre-stressed joint than that of the pre-stressed one. 

The ultimate joint rotation defined as the 
rotation that corresponds to failure joint rotation or 
to 80 percent of maximum resistance, whichever 
occurs first in the test, is almost the same for both 
non-pre-stressed and pre-stressed joints. However, 
the pre-stressed joint reaches the maximum moment 
resistance at smaller joint rotation than the non-pre-
stressed joint. As a result, ductility coefficient (the 
ratio of ultimate rotation to joint rotation at moment 
resistance equals to maximum moment resistance) of 

the pre-stressed joint is higher than that of the non-
pre-stressed joint. The maximum moment resistance 
of the non-pre-stressed joint is roughly the same as 
the maximum moment resistance of the standard 
joint specimens. The introduction of cyclic loads up 
to joint rotation equals to 10 percent of the ultimate 
rotation therefore does not have adverse effects on 
the maximum moment resistance of the joint. 
 
 
Dynamic Properties of the Joints 
 
A single-degree-of-freedom oscillator model shown 
in Fig. 9 is developed to analyze the seismic 
response of moment-resisting joints. This model 
consists of the mass m, the viscous damping 
coefficient c, and the rotational spring coefficient 
(constant) kr. Dynamic equilibrium equation of 
motion of the model shown in Fig. 9 is derived by 
equating to zero the sum of inertial moment force 
(MI), the damping moment force (MD), the spring 
moment force (MS), and the external moment force 
(M). When the acceleration is assumed to be 
expressed by a linear function of time during the 
time interval Δt, the equation of motion in term of 

Fig. 7 Moment retention of the joints 
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unknown incremental joint rotation (Δθi) can finally 
be written as 
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Hysteretic Model 
 
Tri-linear hysteretic model shown in Fig. 10 derived 
from quasi-static cyclic test is implemented in the 
nonlinear dynamic analysis. Loading path from the 
point O to the point A describes moment-rotation 
behavior within the range that initial friction 
between steel plate and wood member restrains the 
interlayer slip between them. When the applied 
moment exceeds the resistance at upper limit of 
interlayer slip (Mf), unloading follows the line 
whose stiffness equals to the initial stiffness and 
produces some plastic rotations that correspond to 
the plastic embedment of wood beneath the fasteners. 
 
Shaking Table Test 
 
The test structure illustrated in Fig. 11 is secured by 
a stiff steel base plate that is anchored to the top 
plate of a shaking table. The test structure, which is 
equivalent to the mechanical model shown in Fig. 9, 
is glued laminated column of spruce-pine-fir species 

having a concentrated weight of 700 N at the top and 
is connected at the bottom to the base plate through 
steel splice plate of 4 mm thickness and 12 mm bolts. 
Three accelerometers and two high speed cameras, 
which are used to observe the displacement of the 
test structure, are being deployed in this test. 

The shaking table previously generates sine 
swept input excitation at non-detrimental peak 
ground acceleration (0.5g) for two different joint 
conditions: pre-stressed and non-pre-stressed. This 
test yields an average natural frequency of 9.69 Hz 
and 6.15 Hz for the pre-stressed and the non-pre-
stressed joints, respectively. By applying the Half-
Power method to this test result, viscous damping 
ratio is found as 9.40% and 6.59%, respectively, for 
the pre-stressed and non-pre-stressed joints. 
 
Time-History Response 
 
Figure 12 shows the time-history joint rotation under 
the ten-second acceleration record of 40% Kobe 
Earthquake 1995. Good agreement is found between 
the observed and predicted time-history joint 
rotation though there is a time lag between them. 
This is because the starting command of input 
excitation and joint rotation measurement are 
controlled by two different computers. Experimental 
moment-rotation relation due to ramped excitation 
shown in Fig. 13 indicates that higher applied 
moment is required to rotate the pre-stressed joints 
(Pj) than that of the non-pre-stressed joints (N-Pj) at 
the same rotation level. Hysteretic loop of the pre-
stressed joint attained from this shaking table test is 
much similar to that obtained from the cyclic test. 

Fig. 9 Oscillator model Fig. 11 Shaking table test Fig. 10 Hysteretic model 

Fig. 12 Time-history rotation due to Kobe earthquake 1995 Fig. 13 Moment-rotation due to ramped excitation 
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One-Year Stress Relaxation 
 
Nine moment-resisting joints are exposed to in-door 
environment condition for about one year right after 
the initial fastener pre-stressing. Three out of these 
nine joints experience two times re-stressing: three 
months and six months after the initial pre-stressing. 
Stress relaxation is regularly monitored from time-
dependent decrease of axial strain of the fastener. 
After completing this measurement, all specimens 
are subjected to cyclic loading tests to examine the 
effect of one-year relaxation on hysteretic damping 
properties. 
 
Stress Relaxation Model 
 
Stress relaxation problem can be partially overcome 
by demonstrating that real behavior is equivalent to 
that of the four-element relaxation model as shown 
in Fig. 14. The viscoelastic constants of Maxwell 
and Kelvin bodies are found to be dependent upon 
wood species and testing conditions. Therefore, to 
completely adopt the results of creep test of some 
previous studies may lead to disagreement between 
the prediction and experimental results. In this study, 
only the initial values of the constants of Kelvin 
body (kk and μk) are adopted from the creep test 
results of Douglas fir at constant environmental 
condition (73°C, 50% RH). While the constants of 
Maxwell body (ke and μv) are iteratively selected to 
fit the experimental stress-relaxation curves. 
 
Stress Ratio 
 
Experimental relaxation curves shown in Fig. 15 
inform that the stress relaxation occurs rapidly for 
the initial 120 days but it becomes very slow after 
that term. The average stress ratio R, defined as the 
ratio of the residual stress to the initial pre-stress, 
equals to 0.23 after one year since the initial pre-
stressing. In the case of re-stressed joints, the 
average residual stress after one year is found to be 
0.66. It is also observed that the re-stressing reduces 

the amount of stress-relaxation. After some trials, 
two simulated stress relaxation curves are presented 
in Fig. 15. 
 
Predicted Hysteretic Damping 
 
Hysteretic damping of the pre-stressed joint after 
some years can be attained by adding the rectangular 
hysteretic damping due to frictional resistance into 
the hysteretic damping of the non-pre-stressed joint. 
Table 1 shows the equivalent viscous damping ratio 
(ζeq) decreases rapidly during the first year since the 
initial pre-stressing. The remained pre-stress right 
after one year relaxation yields equivalent viscous 
damping ratio of 0.18, which is 125% higher than 
that of the non-pre-stressed joint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Summary and Conclusions 
 
Increase of frictional damping due to fastener pre-
stressing has been confirmed by this study. Besides 
increase of load carrying capacity and initial 
stiffness, improved seismic or dynamic response of 
the joints can be expected by applying axial pre-
tension force to the steel fasteners. Great loss of pre-
stressing effect due to stress relaxation found in this 
study indicated that joint pre-stressing carried out by 
applying pre-tension force to the fastener is not so 
effective unless a frequent re-stressing program is 
considered. 

Fig. 14 Joint cross section and its relaxation model Fig. 15 Stress relaxation curve of the joint without re-stressing 
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Table 1 Predicted equivalent viscous damping ratio (ζeq)  
 

Elapsed time R 
DrE  rrk  eqζ  

(year)  (kNm-rad) (kNm/rad)  

0 1.00 0.260 489 0.39 

1 0.19 0.071 284 0.18 

2 0.12 0.055 266 0.15 

5 0.03 0.034 244 0.10 

10 0.00 0.027 236 0.08 

EDr, krr: hysteretic damping and rotational stiffness of prediction  




