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Abstract 
 
In Japan, there are many large-scale old wooden buildings such as the architecture of shrines and temples. These 
buildings are subjected to external forces of various sizes, including several disasters throughout the years. 
Therefore, in order to bequeath these buildings to future generations, it is important to ensure the safety of their 
structural mechanics.  

In this study, Young’s modulus (an important practical index of mechanical property) of timber which 
is which was built into the old wooden structure was estimated by measuring only the stress wave propagation 
velocity. This estimation method doesn’t need the measurement of density, and is based on the existing database 
of mechanical property of full-scale lumbers. Furthermore, the stress state of the Japanese traditional wooden 
buildings where the mechanical property of member has unevenness and metal connectors are hardly used for 
joints was estimated from above Young’s modulus and strain measured during demolition work. Then, the 
estimated stress  was compared with the stress analysed by 2D-FEM analysis.  
 
Keywords: Stress wave velocity, in-situ estimation of Young’s modulus, Monte carlo simulation, Stress 
estimation 
 
1.  Introduction  
 
In Japan, there are many large-scale old wooden buildings such as the architecture of shrines 
and temples. The durability of these structures is demonstrated by the existence of buildings 
that are more than 1300 years old, such as Horyuji Temple. These buildings are subjected to 
external forces of various sizes, including several disasters throughout the years. Therefore, in 
order to bequeath these buildings to future generations, it is important to ensure the safety of 
their structural mechanics. In recent years, some scientific studies targeting existing 
traditional old architecture and seismic retrofitting of these structures have been carried out 
[1-3]. However, the mechanical properties of the wood members used in these buildings are 
not being evaluated quantitatively and scientifically due to the difficulty in measurement. In 
Japanese traditional wooden building, wood members are combined together by a joining 
method that creates mortises on the wood. Throughout the years, because a building may have 
been subjected to both large and small external forces, including several disasters, its 
framework structure (post and beam construction) might have possibilities to be distorted. In 
such case, the stress states of the member cannot be evaluated exactly only from calculation 
based on structural plans. Therefore, it is considered that the mechanical property of wooden 
members should be precisely evaluated in order to comprehend such condition. 

In this study, Young’s modulus of timber which was built into the old wooden 
structure was estimated by measuring only the stress wave propagation velocity [4,5]. 
Young’s modulus is most important practical index of mechanical property of full-scale 
timber [6,7]. This estimation method doesn’t need the measurement of density, and is based 
on the existing database of mechanical property of full-scale lumbers [4,5]. Furthermore, the 
stress state of the Japanese traditional wooden buildings where the mechanical property of 
member has unevenness and metal connectors are hardly used for joints was estimated from 
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above Young’s modulus and strain measured during demolition work. Then, the estimated 
stress  was compared with the stress analysed by 2D-FEM analysis.  

 
2.  Materials and methods 
 
2.1 Measured Building and Wood Member 
 
The roof members of the temple in Nagano City, Nagano Prefecture, named Zenkoji 
Daikanjin Manzendo (Fig. 1(a)) was the target of this study. This temple was built in 1894 
and its roof frame was renovated from July 2010 to February 2012 (Fig. 1(b)). The age of the 
roof frame during the renovation was 115 years. Fig. 2 shows the cross-sectional view in the 
Span direction of the roof. The total building height was at 17,940 mm; the height under the 
floor was at 1,680 mm and the room height was 15,180 mm. In addition, the roof span was at 
19,090 mm (Y direction), the roof ridge was at 19,420 mm (X direction), and the floor area 
was 370.75 m2. The roof consisted of pantile roofing on an Irimoya (hip and gable) roof; the 
tiles were thatched on roof clay. The length of the overhanging eaves was about 3600 mm. 
 

 
 
 
As for the roof frame targeted in this study, the actual area was 979.0 m2; its 

horizontal projection area, including the front gate (Kohai), was 793.64 m2. Because it 
dismantled once for refurbishment from November 2010 to March 2011, the Young’s moduli 
of members were measured using stress 
waves prior to demolition. All measured 
members were Japanese red pine (Pinus 
densiflora Sieb.et Zucc.). Descriptive 
statistics on dimension for all roof frame 
girders are listed as follows; Number of 
measured members was n = 32; bottom 
end diameter was 229 ~ 344 ± 74 ~ 541 
mm (in minimum ~ average ± standard 
deviation ~ maximum); top end 
diameter was 191 ~ 273 ± 37 ~ 376 mm 
(same as above); length of members was 
1500 ~ 6000 ± 1500 ~ 8200 mm (same 
as above). And, those for the vertical 

Fig. 1. Zenkoji Daikanjin Manzen-do 

(a) Before demolition work (b) Demolition of roof frame 

Fig. 2. Cross-sectional view in the span direction 



roof struts are listed as follows; Number of measured members was n = 7; cross-sectional side 
length was about 136 mm square; length of member was 934 mm while excluding the tenon 
of “Shiguchi” parts at both end; length of member was 1176 mm, including of these parts.  

The vertical roof struts were resting on girders. Both types of members have some sort 
of “Shiguchi” joints along the fiber direction. Furthermore, for members that were studied via 
stress analysis by measuring the strain return amount along the demolition work, larger 
bending returns were expected in one roof girder (Bottom end diameter was 350 mm; top end 
diameter was 258 mm; average diameter was 304 mm) and five roof vertical struts (136 mm 
in square) resting on this girder and on other girders. Both types of members, the roof girder 
and the vertical roof struts, were subjected to Young’s modulus estimation via the stress wave 
method. The moisture content on the surface of the members was measured by using a 
moisture content measuring device (Electrical resistance type), then values were around 10% 
or less. 
 
2.2 Estimation of Young’s Modulus Using Stress Wave Velocity 
 
For all 32 roof girders and 7 roof vertical 
struts inside the roof frame, the Young’s 
moduli were estimated using the stress 
wave propagation velocity measurement 
before the demolition (2009 December). 
Fig. 3 shows the stress wave propagation 
velocity measurement of the roof girder in 
the roof frame. The stress wave 
propagation velocity was measured using a 
portable resonant-type stress wave 
propagation timer (FAKOPP). In order to 
propagate stress waves in the fiber 
direction, the transmitter and receiver were 
placed at an angle of 45o to the surface of 
each member. For both roof girders and 
vertical roof struts, it was ensured that the 
joints were not within the stress wave propagation range of the placed sensors. The measuring 
distance of stress wave was taken in a length range that did not include the joints as far as 
possible. Therefore, the measuring distance for each member is different. The measuring 
distances for roof girders and roof vertical struts were 1421 ~ 5829 ± 1385 ~ 8015 mm and 
320 ~ 513 ± 137 ~ 760 mm (same as above), respectively. The average values for stress wave 
propagation time were determined by measuring it at each position 3 times in order to obtain 
stable values. The propagation velocity, V, was calculated by using the average propagation 
time and the measuring distance. 

In general, Young's modulus (E) can be obtained by using propagation velocity (V) 
and density (ρ) with the equation, E = ρV2. In this study, however, the member was still in use 
in the building when the stress wave velocity was measured. In addition, the cross-sections of 
these members had mortises and were irregular. Thus, it was not easy to measure the densities 
appropriately in order to obtain the Young’s moduli of these materials. In this study, by using 
the Monte Carlo simulation method based on the existing database of mechanical properties 
of Japanese lumbers [4], the Young's modulus (E) was estimated from the propagation 
velocity (V) without the density (ρ). The database of mechanical properties for estimation 
purposes is currently being accumulated in research institutes across Japan. In this study, the 
database of all species was employed [5], in which 12967 data were existed. Fig. 4 shows the 

Fig. 3 Measurements of stress wave 
propagation velocity on each member 



database as the relationship between 
Young’s modulus of softwood lumber in full 
scale and its density. 
 
2.3 Stress estimation 
 
2.3.1 Stress Analysis of Roof Girder by FEM 
 
In order to determine the weight of the roof 
and the roof frame, the weights of the 
discharged building material were measured 
whenever materials were carried to the 
disposal site. The weight measurement was 
accumulated on each strain measurement 
day. On the other hand, the progress of the 
demolition work was investigated visually at the same time. Based on this visual observation 
of each demolition circumstance, the weights of the roof and roof frame members were 
calculated respectively. 

Using the estimated Young's modulus (E) and observed dimensions of members, the 
stress state of the roof girder was analysed by a 2D skeleton structural analysis program (2D 
FEM analysis) [8]. In the analysis, the supporting point and the load point were assumed to be 
the positions where the roof girder touched the lower roof girder, and where one touched the 
upper roof girder or the upper vertical roof strut, respectively. 

re set as 295mm x 295mm, and those 
Young's moduli were set as 10GPa. The other jointed positions were set as rigid joints without 
providing other constraint conditions.  

Vertical loads were determined by the weight values of the roof and the roof frame 
members which were discharged during the demolition. The front eaves consisted of a large 
overhang from the roof frame as shown in Figs. 1(a) and 2. The overhanging sections from 
the roof frame and non-overhanging section were partitioned by the projected area ratio on the 
horizontal plane. The area portion of the non-overhanging section is 47.8% and from this, the 
load of the non-overhanging section was estimated. By multiplying this value with the 14.3% 
load-sharing percentage of the vertical 
frame including the roof girder used in 
strain measurement, the vertical load used 
in the analysis could be calculated. In 
accordance with strain and weight 
measurements and visual observation of 
each demolition circumstance, described 
above, the stress analysis was carried. 

  
2.3.2 Field verification 
 
Just prior to the demolition of the roof 
frame, preparation for the strain 
measurement on roof girders was carried 
out (2nd November 2010). Strain gauges 
(Tokyo Sokki Co Ltd., PLW-60-11, Gauge 

Fig. 4. Existing database of Japanese 
commercial lumber; the relationships 
between density and Young’s modulus [5] 
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length is 60 mm) and data loggers (San-ei, Logger Mate DL1200) were used for the strain 
measurement. Fig. 5 shows the preparation states for the strain measurement. Here, since the 
measured strain, ε, was exactly the “strain return amount” because it was associated with the 
demolition. In this paper, however, it is simply referred to as "strain". The strains of 3 points 
in one roof girder were measured. All 3 points were at the roof girder’s lowermost surface 
(tensile surface). Disappointingly, it was impossible to measure the strain at the position that 
is expected to show the largest return amount of bending. The surface of members was 
flattened with sandpaper before attaching the strain gauges in order to measure the strain in a 
more accurate and stable manner throughout the demolition work period. After attaching the 
strain gauge on a member, a soft rubber plate was affixed on the surface of the strain gauge 
with adhesive tape for pressing and curing. During the demolition work (From November 
2010 to February 2011), there were 7 measurements in total at a frequency of about once a 
week.  
 
3.  Results and discussion 
 
3.1 Young’s modulus of roof member estimated by stress wave velocity 
 
As for the members of the frame, Fig. 6 shows the distributions of stress wave propagation 
velocity (V) (Fig. 6(a)) and Young's modulus (E) that was estimated from V using the Monte 
Carlo simulation method) (Fig. 6(b)). As shown in Fig. 6(a), the value of minimum ~ average 
± standard deviation ~ maximum for V of the roof strut was 4776.1 ~ 5091.3 ± 233.3 ~ 5479.5 
m/s and that for the roof girder was 3162.0 ~ 4897.6 ± 397.2 ~ 5454.3 m/s. The value of V, 
3162.0 m/s, was much smaller than the 
other measured values. Investigated in 
detail , decay was observed in the roof 
girder and this decay is considered the 
reason for the resulting small stress wave 
propagation velocity. Using the Monte 
Carlo simulation method with these 
propagation velocities, the value of 
minimum ~ average ± standard deviation ~ 
maximum for E of the roof strut and the 
roof girder were estimated as 9.8 ~ 12.3 ± 
2.0 ~ 16.0 GPa and 7.5 ~ 11.1 ± 1.9 ~ 15.6 
GPa respectively (shown in Fig. 6(b)). Fig. 
6(b) shows these results with the new 
lumber’s data [9]. Comparing the members 
of Zenkoji Daikanjin Manzendo and the 
database, the Young's modulus distribution 
for the members is slightly larger than the 
database. However, it is still within the 
Young's modulus distribution range of 
Japanese red pine materials in general. 
Therefore, it is thought that the Young’s 
modulus of wood can be measured with 
only stress wave propagation velocity even 
if the measured wood is used in the 
building. 
 

Stress wave propagation velocity (m/s)
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3.2  Weight of roof and roof frame 
 
The total weight of the roof and roof frame was 2418 kN (5841 N/m2), which was considered 
as the final removal load. The breakdown of that is as follows; the total weight of the roof and 
and the wooden roof frame were 1601.8kN (66.2% of the total) and 816.2 kN (33.8% of the 
total) respectively. On the other hand, the volume of the wooden roof frame that had been 
discharged was 166.63 m3. Therefore, the density of the wooden roof frame members, which 
were mostly Japanese red pine, was calculated to be 499.3 kg/m3. According to the database 
of new lumber in Japan [9], the average density of Japanese red pine lumber with standard 
deviation is 526±56.8 kg/m3. Therefore, the result in this study is considered to be reasonable. 
 
3.3  Estimation of Bending Stress 
 
The Young's modulus (E) of the roof girder, which was analysed the bending stress, was 
estimated as 12.1 GPa. Using this value and observed dimension of the girder, the stress state 
of the roof girder was estimated by 2D FEM analysis. Furthermore, the measured strain value 
of the roof girder (ε) and the estimated Young’s modulus was used to calculate the obtained 
bending stress, σbo = Eε, at the position of strain measurement. 

The result of 2D FEM analysis is shown in Fig. 7(a). Three strain gauges were placed 
at different positions on the one girder. On the other hand, the strain measured during the  

 

 
 

Fig. 7. The results of 2D FEM analysis. 
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demolition work is shown in Fig. 8. Although the observed deflection of ch2 was largest 
among 3 points as shown in Fig. 8, the largest deflection was indicated at point of ch3 in the 
case of 2D FEM analysis as shown in Fig. 7(a). This difference suggested that the analysis 
model might not reproduce the actual condition properly. Then, assuming that the one virtual 
column hardly worked as supported point, the analysis was done again. That is, as the analysis 
condition, the Young’s modulus of VC-A shown in Fig. 7(b) was changed to 0.006 GPa. As 
shown in Fig. 7(b), the largest deflection was indicated at point of ch2 in the case of 2D FEM 
analysis. Moreover, Fig. 9 shows the comparison of analysed results and observed one. When 
the value of the vertical axis is 1.0, both agree. As shown in Fig. 9, in the case of this analysis 
condition where the Young’s modulus of VC-A was set as 0.006 GPa, the ratio of analysed 
value to observed one for ch2 was almost 1.0 and those for ch1 and ch3 were less than 1.5. 
From this result, it is considered that all joints are not necessarily joined properly, that is, 
there are mechanically invalid joints. In other words, it is suggested that there is the point 
loaded too much. During the long-term use, the building has received various external forces; 
such as wind pressure and seismic force of horizontal forces as well as vertical load due to 
snow accumulation. Therefore, it is thought that the skeleton structure have gradually changed 
by the influence of such external forces; as a result, the joints of the entire skeleton structure 
are not necessarily well-joined. In the case of the final strain measurement (No 8 in Table 2, 
83% of the total load removed), the bending stress, σbo, calculated from the measured strain 
value and the estimated Young’s modulus was 3.1 ~ 5.9 N/mm2. From  

Lastly, the maximum bending stress was estimated. The bending moment via FEM 
analysis on the strain measurement position (ch2), Mbc, and the maximum bending moment 
acting on the relevant roof girder, Mmax, were determined respectively, then the maximum 
bending stress of roof girder was estimated by using σmax = σbo x Mmax/Mbc. Here, because it’s 
given that the above results are related to the stress in the roof girder, FEM analysis was 
conducted as if the Young’s modulus of VC-A was set as 0.006GPa. As the result, the 
maximum stress acting on the girder, σmax, was estimated at 11.91 N/mm2. Because the 
allowable stress in bending of Japanese red pine lumber (fb) is 10.2N/mm2 [10], the estimated 
maximum stress is 117% of fb. Therefore, it was suggested that the measured girder could 
have a stress state more than or equal to the allowable stress, fb. 
 
4.  Conclusions 
 
This study aimed to investigate the Young’s modulus of timber which was built into the old 
wooden structure by measuring only the stress wave propagation velocity as well as the stress 
state of the structural members inside the roof frame of an old wooden temple. Furthermore, 
the estimated stress value from skeleton structural analysis was compared with the standard 
allowable stress of Japanese red pine material, determined by the Japanese Building Codes. 

The obtained results are as follows: The distribution of estimated Young’s modulus 
was within the Young's modulus distribution range of Japanese red pine materials in general. 
Therefore, the Young’s modulus of wooden member can be measured with only stress wave 
propagation velocity even if the measured wood is used in the building. Using this estimated 
Young’s modulus, the stress state of member was estimated. As a result, it was suggested that 
the measured girder had a stress state more than or equal to the allowable stress. In 
comparison with the calculated results of 2D-FEM analysis, it is considered that all joints 
were not necessarily joined properly. 
 



References 
1. S Miyamoto, K Miyazawa, Y Irie, O Goto, 'Case study of seismic diagnosis and retrofit 

for Japanese old temple (in Japanese)', Journal of Structural Construction Engineering 
AIJ, Vol 593, pp 87-94, 2005 

2. T Suda, Y Suzuki, H Shimizu, M Ogasawara, 'Dynamic tests of traditional wooden 
house in Kyoto using large-scale shaking table', Proceedings of WCTE, pp 1354-1359, 
2006 

3. Y Imanishi, 'Documentation on the restoration work at Toshodai-ji temple Kondo a 
national treasure (in Japanese) ', GBRC (J Gene Build Res Corp Jpn), Vol 34, No 4, pp 
6-20, 2009 

4. M Yamasaki, Y Sasaki, 'Determining Young’s Modulus of Timber on the Basis of a 
Strength Database and Stress Wave Propagation Velocity I: An Estimation Method for 
Young’s Modulus Employing Monte Carlo Simulation', Journal of Wood Science, Vol 
56, No 4, pp 269-275, 2010. 

5. M Yamasaki, Y Sasaki, Y Iijima, ' Determining Young’s Modulus of Timber on the 
Basis of a Strength Database and Stress Wave Propagation Velocity II: Effect of the 
Reference Distribution Database on the Determination', Journal of Wood Science, Vol 
56, No 5, pp 380-386, 2010. 

6. EN, 'EN 14081: Timber Structures - Strengths Graded Structural Timber with 
Rectangular Cross-section', European Committee for Standardization, 2005. 

7. JAS, 'Japanese Agricultural Standard for Lumber Revised from 1083th Article of 
Japanese Agricultural Standard for Lumber. Notification No. 1920 of the Ministry of 
Agriculture, Forestry and Fisheries', Ministry of Agriculture, Forestry and Fisheries in 
Japan, 2013. (in Japanese) 

8. S Yamashita, S Tanaka, 'Introduction of FEM analysis using EXCEL –Analysis for the 
frame construction–, 'INDEX Press, Tokyo, 2004. (in Japanese) 

9. Forestry and Forest Products Research Institute, 'Database of Strength Performance of 
Commercial Lumber: Database No. 7', The Institute, Ibaraki, 2005. (in Japanese) 

10. Architectural Institute of Japan, 'Standard and explanatory for the design of wooden 
construction –Allowable stress design and allowable proof stress design method–', 
Maruzen, Tokyo, pp 395-412. (in Japanese) 

 


