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Abstract 

This study attempts to explore the structural behaviour of traditional Dieh-Dou 
timber structure under different combinations of bracket structural forms and 
roof dead loads. The parameters used include two different structural forms 
(symmetric and asymmetric) and three different levels of roof weight (1.7, 2.6 
and 3.5 tons) which represent the span distance between two parallel frames at 3, 
4.5 and 6 meters. Two different semi full-scale specimens, made of China Fir 
(Cunninghamia lanceolata), were mounted and tested on the shaking table of 
National Centre for Research on Earthquake Engineering (NCREE) in Taipei. 
Time-history record (TCU 084) from the 1999 Chi-Chi earthquake in Taiwan 
was used to test at a level of 20, 42, 60, 80 and 100%. System identifications 
were carried out between every test to monitor the integrity of the structures. 
Results showed that increase vertical loadings will have significant effect on the 
natural frequencies and global structural stiffness of the specimens. Next, the 
experimental results were mapped with the theoretical model for initial stiffness 
prediction, whereby the entire structural frame was assumed to be a lump mass 
system with Single-Degree-Of-Freedom (SDOF). The predicted stiffness model 
is generally in good agreement with the dynamic results of both structural forms. 
This study suggests that the effects of increasing vertical loadings should be 
taken into consideration during future evaluation process.  Although using SDOF 
system to estimate the initial stiffness seems highly probable, more work still 
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needs to be undertaken on other types of theoretical models to find out the most 
optimal evaluation methods for Dieh-Dou timber frame.  
Keywords: Dieh-dou timber structure, bracket system, shaking table experiment, 
natural frequency, initial stiffness prediction, hysteretic loops. 

1  Introduction 

Bracket system and heavy roof are unique characteristics of traditional oriental 
timber frame. During the 1999 Chi-Chi earthquake, many invaluable historic 
timber structures were destroyed in Taiwan. Since then, a series of research was 
initiated to investigate the structural performance of the Taiwanese traditional 
timber structures. Generally, two main types of traditional timber frames are 
found in Taiwan, namely the Chuan-Dou frame and Dieh-Dou frame. For the 
past decade, much emphasis had been placed on the Chuan-Dou type as they 
account for nearly half of the total count of damaged historic buildings during 
the Chi-Chi earthquake. Having completed the first half of the study, now the 
focus is shifted to the studies of Dieh-Dou frame. For years, the debate over 
various structural issues such as the effects of vertical loadings, adequacy of 
reinforcement for damaged parts and connections etc., particularly for this type 
of traditional timber frame, is still on-going as both conservation architects and 
engineers are unable to find an optimal gauge for the evaluation and maintenance 
of traditional timber frame. This is mainly due to the limited research [1–9] 
found so far on the structural performance of Dieh-Dou type timber frame. 
Moreover, most of these studies are static-based experiments, hence in this 
paper, the dynamic structural performance of the Dieh-Dou timber frame will be 
studied. 

2  Experiment 

The aim of this experiment is to understand the dynamic structural behaviour of 
traditional Dieh-Dou timber structure under different combination of structural 
forms and roof dead loads. Two different semi-full-scale structural forms 
(symmetric and asymmetric specimens, fig. 1), made of China Fir 
(Cunninghamia lanceolata), were mounted and tested on the shaking table of 
National Centre for Research on Earthquake Engineering (NCREE) in Taipei. 
Based on unidirectional excitation mode, the two specimens were subjected to 
three different levels of roof weights – 1.7, 2.6 and 3.5 ton – each representing 
the span interval between two parallel frames of 3, 4.5 and 6 meter respectively. 
Time-history record (TCU 084, fig. 2) from the 1999 Chi-Chi earthquake in 
Taiwan was used. Although the seismic record used has a Peak Ground 
Acceleration (PGA) of 989 gal, but in this dynamic test, the amplitude was 
downscale to 160, 336,480, 640 and 800 gal, to represent the test levels of 20, 
42, 60, 80 and 100% respectively. System identifications were carried out 
between every test to monitor the integrity of the structures. The parameters used 
for this study are mainly roof weight, PGA and natural frequency. 
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Front view

Back view
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Back view

(S) Symmetric specimen (A) Asymmetric specimen  

Sill beam sectioned 200 x 150 mm

Using conventional bolt-and-screw method,
a total of 8 steel plates were secured one
top of the other to simulate roof weights of
1.7 ton, 2.6 ton and 3.5 ton.

30mm-thick plywood was used to
serve as a buffer and connecting
medium between the purlins and
steel plate.

Seismic
input
direction

Side view

 

Figure 1: Overview of symmetric and asymmetric specimen setup. 

 
 
 

 

Figure 2: Original time history of TCU 084. 
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3 Results and discussion 

3.1 Reduction of natural frequency with increasing roof weight and seismic 
input 

The natural frequency of the structure after every seismic test was generated 
using a Japanese spectra program (SPCANA© ver.4.91) via the Fast Fourier 
Transform (FFT) method. By using the theoretical free vibration theory, the 
natural frequency of the bracket system can be expressed as: 
 
 

T
f 1=

 (1) 

 
where f and T represent the natural frequency (cycles/sec = Hz) and time  
(seconds) respectively. 
     The natural frequency from eqn. (1) reflects the global stiffness of the entire 
structure, in other words, the larger the f value, the stiffer is the entire structure 
and vice versa. With reference to the past shaking table experiment done at 
Chubu University in Japan, where one old asymmetric specimen was subjected 
to a maximum limit of 15kN and 330 gal, the natural frequency of the specimen 
drop from 6.05 Hz to 4.12 Hz (fig. 3). The above observation is also seen in the 
symmetric and asymmetric structures. With reference to table 1 and fig. 4, the 
natural frequencies of both types of structures generally decline under the effects 
of increasing roof loading and seismic loading input.  
 

 

 
Table 1:  Effects of increase 

loading levels and dead 
loads on both types of 
structure. 

 
 

Figure 3: Effects of various load 
levels and dead loads on 
the natural frequencies of 
the asymmetric specimen. 

 

 

Dead load/kN 

Natural 
frequency 
/ Hz 

Load level/Gal 330 
   14.7 
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Figure 4: Changes in natural frequencies of both structural types with 
increasing load levels and dead loads. 

3.2 Initial stiffness prediction 

Using Chang’s [8] proposal of setting the entire bracket set as a Single-degree-of 
freedom (SDOF) system, and assumed the weight of bracket set to be negligible, 
the steel plates (roof loads) become the main mass contributor to be responsible 
for the global structural stiffness. By applying the concept of simple harmonic 
motion and free vibration further, the natural frequency can be presented as:  

m
k

T
f

π2
11 ==

 

After rearranging eqn. (2), the following theoretical global stiffness prediction, k 
was obtained: 

2

24
T

mk π
=  

     When the estimated stiffness predictions were mapped onto the dynamic 
results of both symmetric (fig. 5) and asymmetric specimens (fig. 6), good initial 
stiffness prediction results were achieved. Thus implying the above theoretical 
stiffness prediction method could be considered as an alternative to predict the 
initial stiffness of the Dieh-Dou timber frame. 
 

 
 

 

Figure 5: Comparison of estimated stiffness with experiment results for 
symmetric specimens under varying dead loads. 

(2) 

(3) 
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Figure 6: Comparison of estimated stiffness with experiment results for 
symmetric specimens under varying dead loads. 

3.3 Ultimate strength  

Under three different roof loads of 1.7 ton, 2.6 ton and 3.5 ton, each representing 
the inter-frame span distance of 3m, 4.5m and 6m respectively, the declination 
trend of the above natural frequencies also implies an overall decrease in the 
global stiffness of various span distances. During the experiment, it was found 
that shear failure of both symmetric and asymmetric specimens begin from 
336 gal/3.5 ton (or 6m span interval), as shown in table 2. Damage pattern of 
both specimens generally starts from the Dou member and eventually spread out 
to the mortise-tenon connections of adjoining members, as shown in figs 8 and 9.  
The above results can be used as a guide for future structural evaluation of the 
entire system’s seismic tolerance limit. 
 

 
 

Figure 7: Numbering of the Dou member for Table 2’s reference. 
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Table 2:  Damage pattern of the Dou member of both specimens. 
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Figure 8: General damage patterns observed in both specimens. 

 

Figure 9: Final damage mode of asymmetric specimen under maximum 
800 gal.  

Shear crack at the 
middle of Dou  

Part of the Dou 
was broken off 

Shear crack of Dou 
at mortise corner 

                   Original central alignment           Misalignment caused by high seismic force 

Slanting of the other adjoining members as a result of Dou deformation 
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4  Conclusion  

The dynamic test has been carried out to investigate the structural behaviour of 
the Dieh-Dou frame and the following conclusion can be drawn: 

(1) Varying vertical loads and loading levels have significant effect on the 
global structural stiffness of the specimen. 

(2) Overall stiffness of both types of structural forms falls within 336 gal/35kN 
(or 6m span interval), hence this reference can be viewed as the ultimate 
strength of Dieh-Dou structure. 

(3) This study suggests that the effects of varying vertical loadings should be 
taken into consideration during future evaluation process. 

(4) Although the use of SDOF system to estimate the initial stiffness seems 
highly promising, more testing still needs to be done on other types of 
theoretical models to find out the most optimal evaluation methods for 
Dieh-Dou timber frame.  
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