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ABSTRACT 

The angle to the grain has a significant influence on timber bearing strength. As the 

grain angle increases the bearing strength decreases. The aim of this research was to obtain 

the dowel bearing strength of the Red Meranti (Shorea spp.) timber at an angle to the grain. 

The scope of this research was as follows the specimens were made according to ASTM 

D143, the grain angle ranged from 0° to 12°, and the dowel bearing tests were displacement 

controlled in accordance with ASTM D5764. Results of this research was an empirical 

equation of dowel bearing strength (in MPa) in terms of an angle to grain θ (in degrees) 

namely Fe = 32.74 - 4.701θ + 0.2064θ2. The importance of studying the influence of the grain 

angle to the dowel bearing strength for timber connection design is because the direction of 

the timber grain is not perfectly 0°. 

 

KEYWORDS: Dowel bearing strength, Grain angle, Red Meranti, Orthotropic.  

 

INTRODUCTION 

The dowel bearing strength is the value that can be reached before a timber hole fails 

due to compression from dowel, when a timber connection is laterally loaded. Bearing strength 

at 5% offset diameter value load is an important parameter used in timber design, for example 

in design of timber truss bridge and timber truss roof. The angle to the grain (the angle between 

the grain direction and the compressive bearing stress) has a significant influence on timber 

bearing strength, since timber is an orthotropic material and have three main direction which 

are longitudinal, radial, and tangential. As the grain angle increases the bearing strength of the 

timber decreases. 

The aim of this research was to obtain the dowel bearing strength of the Red Meranti 

(Shorea spp.) timber species at an angle to the grain experimentally. The scope of this research 

was as follows: the timber species studied was Red Meranti (Shorea spp.) from Indonesia, the 

specimens were made according to clear specimen primary method of ASTM D143 (ASTM, 

2022), the number of specimens were 171 specimens, the grain angle ranged from 0° to 12°, 

and the dowel bearing tests were done using Universal Testing Machine, set as bearing test 

mode with displacement controlled (crosshead speed) of 0.6 mm per minute according to 

ASTM D5764 (ASTM, 2018).  

 



MATERIAL AND METHODS 

Since the dowel bearing strength is an important parameter for design of wood 

connections, for example a tension member subjected to axial tension force, the past research 

were also carried out to tests the round timber bolted connections (a bolted joint) with slotted in 

steel plates subjected to axial tension (Lokaj & Klajmonova, 2014). 

The dowel bearing strength is an important parameter for the design of connection 

members in timber truss bridge, timber truss roof of building, and building with frame system. 

Red meranti (Shorea spp.) is a species that is easily found in Indonesia and is commonly used as 

a construction material (structural member) and as a nonstructural for example door and 

window. The objective of this study is to obtain an empirical equation for the dowel bearing 

strength with different grain angles ranging from 0° to 12°. The importance of studying the 

influence of the grain angle to the dowel bearing strength is because the direction of the timber 

grain is frequently not perfectly 0°. 

Hankinson’s Formula (Bodig & Jayne, 1993) is widely known as the analytical equation 

to predict the mechanical properties and the strengths of timber at an angle to the grain. In terms 

of experimental tests, there is no previous study for effect of grain angle to the timber dowel 

bearing strength. Experimental test, analytical research, and numerical analyses on the 

distortion energy criterion for timber that have been done previously were the compression at 

an angle and the tension at an angle.  

The previous study on the effect of grain angle was the compression strength and the 

tension strength. In 2012 and 2013, the experimental tests and numerical analyses were done to 

study the compression strength of Red Meranti (Shorea spp.) timbers at an angle to the grain 

(Pranata & Suryoatmono, 2012; Pranata & Suryoatmono, 2013). In 2012 the experimental tests 

were also carried out to study the tensile strength of 8 (eight) species of timber at an angle to the 

grain (Suryatmono & Pranata, 2014). The timber species were Pete, Red Meranti, Keruing, 

Acacia Mangium, Durian, Mahoni, Nangka, and Sengon. In 2013 the experimental tests were 

also performed to study the tensile strength of Yellow Meranti timber at an angle to the grain 

(Pranata & Surono, 2015). In 2021, the investigation of compressive strength of wood using 

Hankinson’s criterion was also done for 5 (five) species of wood (Agarana et.al., 2021).  

The specimen dimension for dowel bearing test is 50 mm by 50 mm by 30 mm with a 

half of hole for placing the dowel. The applied load and the support of the specimen are on 

end-grain surfaces. The compression tool includes an adjustable crossbar to align the specimen 

and support the back surface at the base plate (ASTM, 2022). The tests were performed using a 

universal testing machine, with the crosshead speed of 0.6 mm/minute in accordance with 

ASTM D5764 (ASTM, 2018). 

The compression load for calculation of the bearing strength is the 5% offset load that 

cause the failure of specimen in terms of bearing plane 30 mm by 12 mm (bolt or dowel 

diameter) in accordance with the past research (Munoz et.al., 2010). Proportional limit load is a 

load that is calculated as a yield point that shows the stress and strain in terms of plastic region. 

Method to determining the bearing load or proportional limit load used in this research is 5% 

offset diameter method. What is meant by diameter in this case is the diameter of the dowel. In 

this method, the first straight line that connects the origin and the point in the experimental 

curve with 0.4Pmax is developed. The second straight line developed is the line that is parallel to 



the first line that starts from displacement of 5% diameter. The intersection of the second 

straight line with the experimental curve is the yield point P y and ∆y [9]. Both lines and the 

yield point are shown in Figure 1. In the following, the terms Pu5% is used as a replacement of 

the yield point. 

 

 
Figure 1. The 5-% offset diameter method. 

Source: Munoz et.al, 2010. 

 

In order to compute the dowel bearing strength Fe//, bearing are needs to be calculated 

using Equation 1 

A = t × d           (1) 

and the dowel bearing strength can be computed using Equation 2, which is 5%-offset 

diameter load divided by the bearing area. The strain can also be calculated using Equation 3 

and 4. 

/ /e
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A
         (2) 

 
d
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          (3) 
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Du5%ε =
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          (4) 

where A is the bearing area of the specimen, t is the thickness of the specimen, d is dowel hole 

diameter, Fe// is dowel bearing strength, Pu5% is 5% offset diameter load, Lo is the initial length 

of bearing line, p is total height of specimen, ɛ// is the dowel bearing strain, and DU5% is the 

displacement at 5%-offset diameter load. See Figure 2 for the visualization of p, t, and Lo.  

 
Figure 2. The dowel bearing test specimen in accordance with primary method. 

Source: ASTM D143 [7]. 

 



Several parameters for inferring statistical data, including mean, standard deviation, and 

coefficient of variation, are needed for analysis of test results, especially after obtaining 

proportional limit load data for each test object. Standard deviation measures how many 

observations vary or how they are distributed around the arithmetic mean (Heumann et.al., 

2017). A low standard deviation value indicates that the values are highly concentrated around 

the mean. High standard deviation values indicate a lower concentration of observations around 

the mean, and some observed values may even be far from the mean. Meanwhile, the 

coefficient of variation is a comparison (ratio) between the standard deviation and the average 

value. The coefficient of variation is usually expressed as a percentage. 

Polynomial regression is a regression model that is formed by adding up the influence of 

each independent variable raised to increasing powers up to the n-1 order. The highest power of 

the independent variable determines the shape of the response curve. The polynomial model 

can be used to find out that there is a linear curve influence on the response, its shape resembles 

a curve. The polynomial model is also useful as an approximation function for very complex 

models and non-linear relationships (Source: 

https://pages.uoregon.edu/jschombe/glossary/correlation.html).  

  

RESULTS AND DISCUSSION 

Specimens for the dowel bearing tests were made from raw timber logs, which have 

been visually sorted to obtain defect-free parts. The number of test specimens in this study was 

171 test specimens with grain angle variations ranging from 0° to 12°. The method of making 

the test specimens and the test methods are in accordance with ASTM D143-22 (ASTM, 2022). 

Figure 3 shows some of the test specimens, Figure 4 shows setup of the experiment on the 

universal testing machine.  

 

 
Figure 3.  Samples of the dowel bearing test specimens. 

 

 
Figure 3. Setup of the experiment on the universal testing machine. 



 

 
(a). Specimen 1.xx 

 
(b). Specimen 2.xx 

 
(c). Specimen 3.xx 

Figure 5. Bearing load versus deflection curves obtained from experimental tests. 

 



 
(d). Specimens 4.xx 

 
(e). Specimens 5.xx 

Figure 5. Bearing load versus deflection curves obtained from experimental tests 

(continued). 

 

 
Figure 6. Calculation of 5-% offset diameter or proportional limit load of Specimen 1.23. 

 

Figure 5 shows the results of the experimental tests in terms of load versus 

displacement curves with various grain angle. Figure 6 shows an example on how 

proportional limit load Py (= 5% offset diameter loads Pu5%) is obtained. Table 1 shows the 

results of dowel bearing strengths Fe along with the grain angle for all 171 specimens. 

 



Table 1. The 5-% offset diameter method [9]. 

No Specimen Pu (N) A (mm2) Fe (MPa) θ (o) 

1 1.10 7999.86 348.00 22.99 4 

2 1.11 8332.99 336.00 24.80 1 

3 1.12 3523.38 354.00 9.95 5 

4 1.13 2991.81 348.00 8.60 9 

5 1.14 7086.85 360.00 19.69 4 

6 1.15 7252.20 360.00 20.15 2 

7 1.16 6054.23 348.00 17.40 8 

8 1.18 2822.58 360.00 7.84 5 

9 1.19 6452.73 348.00 18.54 2 

10 1.2 10161.95 348.00 29.20 0 

11 1.20 6074.61 348.00 17.46 8 

12 1.21 11026.47 360.00 30.63 3 

13 1.22 4370.52 360.00 12.14 3 

14 1.23 10811.47 360.00 30.03 1 

15 1.24 5925.19 348.00 17.03 7 

16 1.25 10392.79 348.00 29.86 1 

17 1.27 9493.70 348.00 27.28 1 

18 1.28 9135.44 360.00 25.38 1 

19 1.29 9065.16 360.00 25.18 1 

20 1.30 11832.17 360.00 32.87 0 

21 1.31 12479.45 348.00 35.86 0 

22 1.32 8405.52 348.00 24.15 6 

23 1.33 10702.84 360.00 29.73 1 

24 1.34 13364.40 348.00 38.40 0 

25 1.37 2113.39 360.00 5.87 11 

26 1.38 11338.79 348.00 32.58 0 

27 1.4 8593.64 348.00 24.69 1 

28 1.40 11587.74 348.00 33.30 0 

29 1.41 2362.35 360.00 6.56 7 

30 1.43 2581.34 348.00 7.42 6 

31 1.44 4438.39 360.00 12.33 7 

32 1.46 2898.61 348.00 8.33 10 

33 1.47 6817.32 354.00 19.26 4 

34 1.48 2427.92 360.00 6.74 7 

35 1.5 12026.80 348.00 34.56 0 

36 1.50 2351.02 348.00 6.76 8 

37 1.51 2934.77 348.00 8.43 10 

38 1.6 11807.27 336.00 35.14 2 

39 1.7 12744.25 360.00 35.40 1 

40 1.8 12438.71 348.00 35.74 1 

41 1.9 7743.81 348.00 22.25 6 

42 2.1 9434.74 366.00 25.78 2 

43 2.11 9652.43 361.20 26.72 3 

44 2.12 10960.84 356.40 30.75 2 

45 2.13 2258.30 357.60 6.32 9 



No Specimen Pu (N) A (mm2) Fe (MPa) θ (o) 

46 2.14 8552.84 363.60 23.52 3 

47 2.15 5757.68 358.80 16.05 6 

48 2.17 4979.13 358.80 13.88 3 

49 2.19 6531.98 355.20 18.39 5 

50 2.2 9940.17 360.00 27.61 3 

51 2.20 5418.16 361.20 15.00 3 

52 2.21 3703.09 357.60 10.36 4 

53 2.22 1966.32 354.00 5.55 12 

54 2.23 2283.14 360.00 6.34 8 

55 2.24 9042.49 354.00 25.54 2 

56 2.26 5569.80 363.60 15.32 4 

57 2.28 8883.79 358.80 24.76 2 

58 2.29 2031.94 362.40 5.61 12 

59 2.3 5646.76 366.48 15.41 3 

60 2.32 5925.19 362.40 16.35 4 

61 2.33 7261.26 362.40 20.04 2 

62 2.34 2219.77 354.00 6.27 10 

63 2.35 6495.75 357.60 18.16 2 

64 2.36 5241.63 361.20 14.51 7 

65 2.37 2694.93 360.00 7.49 8 

66 2.38 7132.15 360.00 19.81 4 

67 2.39 3004.91 372.00 8.08 6 

68 2.4 9507.30 352.80 26.95 3 

69 2.40 7141.21 372.00 19.20 2 

70 2.41 5868.60 354.00 16.58 4 

71 2.42 10619.10 354.00 30.00 2 

72 2.45 8378.32 355.20 23.59 6 

73 2.46 4207.65 360.00 11.69 9 

74 2.47 5372.89 357.60 15.02 7 

75 2.5 8339.79 360.00 23.17 2 

76 2.6 7537.64 357.60 21.08 3 

77 2.8 6556.89 356.40 18.40 2 

78 3.1 2458.80 363.60 6.76 6 

79 3.10 9334.97 360.00 25.93 3 

80 3.16 2790.04 361.20 7.72 5 

81 3.18 4171.46 362.40 11.51 4 

82 3.19 5363.84 362.40 14.80 5 

83 3.2 12488.50 362.40 34.46 2 

84 3.20 3002.93 361.20 8.31 6 

85 3.23 2857.97 362.40 7.89 11 

86 3.27 3317.41 360.00 9.22 5 

87 3.28 3956.59 363.60 10.88 7 

88 3.3 4137.53 361.20 11.45 4 

89 3.30 9105.97 361.20 25.21 3 

90 3.32 7809.52 362.40 21.55 5 

91 3.33 10207.22 363.60 28.07 2 



No Specimen Pu (N) A (mm2) Fe (MPa) θ (o) 

92 3.35 2726.75 362.40 7.52 8 

93 3.36 7737.02 361.20 21.42 2 

94 3.37 5142.06 362.40 14.19 3 

95 3.38 2771.88 361.20 7.67 9 

96 3.39 9473.29 362.40 26.14 3 

97 3.4 10933.68 362.40 30.17 4 

98 3.40 12418.34 362.40 34.27 2 

99 3.41 15559.90 362.40 42.94 0 

100 3.42 2873.89 362.40 7.93 11 

101 3.43 2495.96 362.40 6.89 6 

102 3.44 2636.24 362.40 7.27 7 

103 3.46 4773.22 362.40 13.17 3 

104 3.47 3864.95 364.80 10.59 4 

105 3.5 9471.02 362.40 26.13 2 

106 3.6 14835.59 362.40 40.94 0 

107 3.7 14287.85 362.40 39.43 0 

108 3.9 8940.47 360.00 24.83 3 

109 4.1 14016.24 361.20 38.80 1 

110 4.10 2744.80 363.60 7.55 9 

111 4.11 2550.21 366.00 6.97 9 

112 4.12 6688.24 362.40 18.46 3 

113 4.13 4825.26 361.20 13.36 5 

114 4.14 7487.80 363.60 20.59 7 

115 4.16 7329.22 362.40 20.22 6 

116 4.17 9534.51 363.60 26.22 5 

117 4.18 8620.84 364.80 23.63 5 

118 4.19 9763.56 361.20 27.03 5 

119 4.20 8625.38 363.60 23.72 4 

120 4.21 2538.86 361.20 7.03 8 

121 4.23 5918.40 364.80 16.22 3 

122 4.24 8521.11 360.00 23.67 5 

123 4.25 1810.37 362.40 5.00 12 

124 4.26 8609.51 364.80 23.60 3 

125 4.27 4162.41 361.20 11.52 5 

126 4.28 5529.06 362.40 15.26 3 

127 4.29 6987.19 362.40 19.28 5 

128 4.3 14251.64 362.40 39.33 0 

129 4.32 5596.97 363.60 15.39 7 

130 4.34 3892.12 358.80 10.85 5 

131 4.4 9439.27 362.40 26.05 4 

132 4.43 2789.99 362.40 7.70 9 

133 4.44 7385.86 362.40 20.38 4 

134 4.45 4411.24 362.40 12.17 3 

135 4.46 5456.64 361.20 15.11 3 

136 4.48 11549.26 362.40 31.87 3 

137 4.5 14462.13 361.20 40.04 0 



No Specimen Pu (N) A (mm2) Fe (MPa) θ (o) 

138 4.6 5121.69 363.60 14.09 5 

139 4.7 10879.36 362.40 30.02 3 

140 4.8 11780.11 363.60 32.40 3 

141 4.9 7168.39 361.20 19.85 2 

142 5.1 4194.08 738.00 5.68 6 

143 5.10 2678.04 729.60 3.67 8 

144 5.13 10503.68 733.20 14.33 1 

145 5.16 7383.59 735.60 10.04 4 

146 5.17 4302.66 734.40 5.86 8 

147 5.18 2204.03 734.40 3.00 10 

148 5.19 1773.82 712.80 2.49 12 

149 5.2 8496.18 727.20 11.68 2 

150 5.20 9133.17 740.40 12.34 6 

151 5.22 9502.77 751.20 12.65 1 

152 5.23 6984.92 746.40 9.36 3 

153 5.24 7900.16 732.00 10.79 5 

154 5.25 8337.53 726.00 11.48 1 

155 5.27 9872.28 742.80 13.29 2 

156 5.28 10118.96 730.80 13.85 3 

157 5.29 10458.42 742.80 14.08 1 

158 5.30 9473.29 736.80 12.86 4 

159 5.31 2587.91 733.20 3.53 6 

160 5.32 9937.91 734.40 13.53 2 

161 5.33 2611.48 744.00 3.51 7 

162 5.36 2989.45 741.60 4.03 9 

163 5.38 2147.33 726.00 2.96 11 

164 5.39 5056.07 742.80 6.81 3 

165 5.42 3637.94 730.80 4.98 4 

166 5.43 2427.13 753.60 3.22 7 

167 5.44 2221.44 745.20 2.98 9 

168 5.45 2477.86 716.40 3.46 6 

169 5.5 3508.26 732.00 4.79 10 

170 5.8 2324.05 752.40 3.09 8 

171 5.9 5010.81 747.60 6.70 8 
 



 
Figure 7. Results obtained from polynomial regression analysis. 

 

Figure 7 shows the data points obtained experimentally and the curve obtained from the 

polynomial regression analysis that shows the relationship between the dowel bearing strength 

Fe (in MPa) and the grain angle θ (in degrees). The regression equation for the curve in Figure 7 

is shown in Equation 5. 

 

 Fe = 32.74 - 4.701θ + 0.2064θ2    (5) 

 

with the coefficient of determination of R2 = 60.3%. Although the coefficient is generally not 

convincing because it is relatively far from 100%, for wood this is considered normal because 

wood is a material that comes from nature and far from homogeneity. Using the regression 

equation (Equation 5) it can easily be seen that grain angle of just 4o reduces the dowel bearing 

strength by approximately 50%, while grain angle of 10o reduces dowel bearing strength by 

80%. It is, therefore, important to design and construct connection in timber structure using 

zero or as small as possible grain angle. 

 

CONCLUSIONS 

Based on experimental tests, the main result of this research are: 

1. An empirical regression equation to predict the dowel bearing strength of Red Meranti 

(shorea spp.) The dowel bearing strength (in MPa) as a function of the grain angle (in 

degrees), namely Fe = 32.74 - 4.701xθ + 0.2064xθ2 with coefficient of determination R2 of 

60.3%.  

2. This result shows that the dowel bearing strength decreases significantly with the 

increasing grain angle.  

3. Therefore, it is important to consider the grain angle (the angle between the grain and the 

direction of the bearing stress), if any, in the design and construction of timber connection 

using dowel fastener. 



4. The equation of Fe (at an angle to the grain) can be alternative solving to calculate the 

dowel bearing strength, one of main parameter in analysis or design of axial tension timber 

connection, that widely used for design of timber truss bridge or timber truss roof, 

especially for famous structural timber in Indonesia such as Red Meranti (Shorea spp.). 
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ABSTRACT 

 

The angle to the grain has a significant influence on timber bearing strength. As the grain 

angle increases the bearing strength decreases. The aim of this research was to obtain the dowel 

bearing strength of the red meranti (Shorea spp.) timber at an angle to the grain. The scope of 

this research was as follows the specimens were made according to ASTM D143, the grain 

angle ranged from 0° to 12°, and the dowel bearing tests were displacement controlled in 

accordance with ASTM D5764. Results of this research was an empirical equation of dowel 

bearing strength (in MPa) in terms of an angle to grain θ (in degrees) namely Fe = 32.74 - 4.701θ 

+ 0.2064θ2. The importance of studying the influence of the grain angle to the dowel bearing 

strength for timber connection design is because the direction of the timber grain is not 

perfectly 0°. 

 

KEYWORDS: Dowel bearing strength, grain angle, red meranti, orthotropic.  

 

INTRODUCTION 

 

The dowel bearing strength is the value that can be reached before a timber hole fails due to 

compression from dowel, when a timber connection is laterally loaded. Bearing strength at 5% 

offset diameter value load is an important parameter used in timber design, for example in 

design of timber truss bridge and timber truss roof. The angle to the grain (the angle between 

the grain direction and the compressive bearing stress) has a significant influence on timber 



bearing strength, since timber is an orthotropic material and have three main direction which 

are longitudinal, radial, and tangential. As the grain angle increases the bearing strength of the 

timber decreases. 

Since the dowel bearing strength is an important parameter for design of wood 

connections, for example a tension member subjected to axial tension force, the past research 

were also carried out to tests the round timber bolted connections with slotted in steel plates 

subjected to axial tension (Lokaj and Klajmonova 2014). 

Hankinson’s formula (Bodig and Jayne 1993) is widely known as the analytical equation to 

predict the mechanical properties and the strengths of timber at an angle to the grain. In terms of 

experimental tests, there is no previous study for effect of grain angle to the timber dowel 

bearing strength. Experimental test, analytical research, and numerical analyses on the 

distortion energy criterion for timber that have been done previously were the compression at 

an angle and the tension at an angle.  

The previous study on the effect of grain angle was the compression strength and the 

tension strength. The experimental tests and numerical analyses were done to study the 

compression strength of Red Meranti (Shorea spp.) timbers at an angle to the grain (Pranata and 

Suryoatmono 2012, Pranata and Suryoatmono 2013). Suryatmono and Pranata (2014) were 

also carried out to study the tensile strength of 8 species of timber at an angle to the grain. They 

used Pete, Red Meranti, Keruing, Acacia mangium, Durian, Mahoni, Nangka, and Sengon. 

Pranata and Surono (2015) were performed to study the tensile strength of Yellow Meranti 

timber at an angle to the grain. Agarana et.al. (2021) investigated the compressive strength of 

wood using Hankinson’s criterion was also done for 5 species of wood. 

The specimen dimension for dowel bearing test is 50 mm by 50 mm by 30 mm with a half 

of hole for placing the dowel. The applied load and the support of the specimen are on end-grain 

surfaces. The compression tool includes an adjustable crossbar to align the specimen and 

support the back surface at the base plate (ASTM D143-22 2022).  

The compression load for calculation of the bearing strength is the 5% offset load that 

cause the failure of specimen in terms of bearing plane 30 mm by 12 mm (bolt or dowel 

diameter) in accordance with Munoz et.al. (2010). Proportional limit load is a load that is 

calculated as a yield point that shows the stress and strain in terms of plastic region. Method to 

determining the bearing load or proportional limit load used in this research is 5% offset 

diameter method. What is meant by diameter in this case is the diameter of the dowel. In this 

method, the first straight line that connects the origin and the point in the experimental curve 

with 0.4Pmax is developed. The second straight line developed is the line that is parallel to the 

first line that starts from displacement of 5% diameter. The intersection of the second straight 

line with the experimental curve is the yield point P y and ∆y. Both lines and the yield point are 

shown in Fig. 1. In the following, the terms Pu5% is used as a replacement of the yield point. 



 
 

Fig. 1: The 5-% offset diameter method (Munoz et al. 2010). 

 

In order to compute the dowel bearing strength Fe//, bearing are needs to be calculated 

according to Eq. 1, and the dowel bearing strength can be computed using Eq. 2, which is 

5%-offset diameter load divided by the bearing area. The strain can also be calculated using 

Eqs. 3 and 4. Visualization of p, t, and Lo is shown in Fig. 2a. 

A = t × d           (1) 

/ /e

Pu5%
F =

A
         (2) 

d
Lo=p-

2
          (3) 

 
/ /

Du5%ε =
Lo

          (4) 

 

where: A is the bearing area of the specimen, t is the thickness of the specimen, d is dowel hole 

diameter, Fe// is dowel bearing strength, Pu5% is 5% offset diameter load, Lo is the initial length 

of bearing line, p is total height of specimen, ɛ// is the dowel bearing strain, and DU5% is the 

displacement at 5%-offset diameter load.  

  

The aim of this research was to determine the dowel bearing strength of the Red Meranti 

(Shorea spp.) timber at an angle to the grain experimentally. Red meranti is a species that is 

easily found in Indonesia and is commonly used as a construction material and as a 

nonstructural for example door and window. Tets were provided on 171 specimens, the grain 

angle ranged from 0° to 12°. The importance of studying the influence of the grain angle to the 

dowel bearing strength is because the direction of the timber grain is frequently not perfectly 0°. 

 

MATERIAL AND METHODS 

 

Specimens for the dowel bearing tests were made from raw timber logs, which have been 

visually sorted to obtain defect-free parts. The number of test specimens in this study was 171 

test specimens with grain angle variations ranging from 0° to 12° (Fig. 2b). The method of 

making the test specimens and the test methods are in accordance with ASTM D143-22 (2022). 

Fig. 2c shows setup of the experiment on the universal testing machine, set as bearing test mode 

with displacement controlled (crosshead speed) of 0.6 mm per minute according to ASTM 

D5764 (2018). 



 

      
Fig. 2. a) The dowel bearing test specimen according to ASTM D143, b) samples, c) setup of the 

experiment on the universal testing machine. 

 

RESULTS AND DISCUSSION 

 

text… 

 

  
(a)                                                                  (b) 

   
(c)                                                                      (d) 

 
(e) 

Fig. 3: Bearing load versus deflection curves obtained from experimental tests. a-…., b- …. 



 
Fig. 4: Calculation of 5-% offset diameter or proportional limit load of Specimen 1.23. 

 

Fig. 5 shows the results of the experimental tests in terms of load versus displacement 

curves with various grain angle. Fig. 4 shows an example on how proportional limit load Py 

(= 5% offset diameter loads Pu5%) is obtained.  

 

 
Fig. 5: Results obtained from polynomial regression analysis. 

 

Fig. 5 shows the data points obtained experimentally and the curve obtained from the 

polynomial regression analysis that shows the relationship between the dowel bearing strength 

Fe (in MPa) and the grain angle θ (in degrees). The regression equation for the curve in Fig. 5 is 

shown in Eq. 5. 

 

 Fe = 32.74 - 4.701θ + 0.2064θ2    (5) 

 

with the coefficient of determination of R2 = 60.3%. Although the coefficient is generally not 

convincing because it is relatively far from 100%, for wood this is considered normal because 

wood is a material that comes from nature and far from homogeneity. Using the regression 

equation (Eq. 5) it can easily be seen that grain angle of just 4o reduces the dowel bearing 

strength by approximately 50%, while grain angle of 10o reduces dowel bearing strength by 

80%. It is, therefore, important to design and construct connection in timber structure using 

zero or as small as possible grain angle. 

 



CONCLUSIONS 

 

An empirical regression equation to predict the dowel bearing strength of Red Meranti 

(shorea spp.) The dowel bearing strength (in MPa) as a function of the grain angle (in degrees), 

namely Fe = 32.74 - 4.701xθ + 0.2064xθ2 with coefficient of determination R2 of 60.3%. This 

result shows that the dowel bearing strength decreases significantly with the increasing grain 

angle. Therefore, it is important to consider the grain angle (the angle between the grain and the 

direction of the bearing stress), if any, in the design and construction of timber connection using 

dowel fastener. The equation of Fe (at an angle to the grain) can be alternative solving to 

calculate the dowel bearing strength, one of main parameter in analysis or design of axial 

tension timber connection, that widely used for design of timber truss bridge or timber truss 

roof, especially for famous structural timber in Indonesia such as Red Meranti (Shorea spp.). 
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ABSTRACT 

 

The angle to the grain has a significant influence on timber bearing strength. As the grain 

angle increases the bearing strength decreases. The aim of this research was to obtain the dowel 

bearing strength of the red meranti (Shorea spp.) timber at an angle to the grain. The scope of 

this research was as follows the specimens were made according to ASTM D143, the grain 

angle ranged from 0° to 12°, and the dowel bearing tests were displacement controlled in 

accordance with ASTM D5764. Results of this research was an empirical equation of dowel 

bearing strength (in MPa) in terms of an angle to grain θ (in degrees) namely Fe = 32.74 - 

4.701θ + 0.2064θ2. The importance of studying the influence of the grain angle to the dowel 

bearing strength for timber connection design is because the direction of the timber grain is not 

perfectly 0°. 

 

KEYWORDS: Dowel bearing strength, grain angle, red meranti, orthotropic.  

 

INTRODUCTION 

 

The dowel bearing strength is the value that can be reached before a timber hole fails due to 

compression from dowel, when a timber connection is laterally loaded with axial tension 

internal load. Bearing strength is an important parameter used in timber design, for example in 

design of timber truss bridge and timber truss roof. The angle to the grain or the angle between 

the grain direction and the compressive bearing stress has a significant influence on timber 

bearing strength, since timber is an orthotropic material and have three main direction which 



are longitudinal, radial, and tangential. As the grain angle increases the bearing strength of the 

timber decreases. 

The aim of this research was to determine the dowel bearing strength of the Red Meranti 

(Shorea spp.) timber at an angle to the grain experimentally. Red meranti is a species that is 

easily found in Indonesia and is commonly used as a construction material and as a 

nonstructural for example door and window. The importance of studying the influence of the 

grain angle to the dowel bearing strength is because the direction of the timber grain is 

frequently not perfectly 0°. The scope of this research was as follows the specimens were made 

according to ASTM D143, tests were provided on 169 specimens, the grain angle ranged from 

0° to 12°, and the dowel bearing tests were displacement controlled in accordance with ASTM 

D5764. 

 

Previous Studies 

Since the dowel bearing strength is an important parameter for design of wood 

connections, for example a tension member subjected to axial tension force, the past research 

were also carried out to tests the round timber bolted connections with slotted in steel plates 

subjected to axial tension (Lokaj and Klajmonova 2014). 

Hankinson’s formula (Bodig and Jayne 1993) is widely known as the analytical equation to 

predict the mechanical properties and the strengths of timber at an angle to the grain. In terms of 

experimental tests, there is no previous study for effect of grain angle to the timber dowel 

bearing strength. Experimental test, analytical research, and numerical analyses on the 

distortion energy criterion for timber that have been done previously were the compression at 

an angle and the tension at an angle.  

The previous study on the effect of grain angle was the compression strength and the 

tension strength. The experimental tests and numerical analyses were done to study the 

compression strength of Red Meranti (Shorea spp.) timbers at an angle to the grain (Pranata and 

Suryoatmono 2012, Pranata and Suryoatmono 2013). Suryatmono and Pranata (2014) were 

also carried out to study the tensile strength of 8 species of timber at an angle to the grain. They 

used Pete, Red Meranti, Keruing, Acacia Mangium, Durian, Mahoni, Nangka, and Sengon. 

Pranata and Surono (2015) were performed to study the tensile strength of Yellow Meranti 

timber at an angle to the grain. Agarana et.al. (2021) investigated the compressive strength of 

wood using Hankinson’s criterion was also done for 5 species of wood. 

The specimen dimension for dowel bearing test is 50 mm by 50 mm by 30 mm with a half 

of hole for placing the dowel. The applied load and the support of the specimen are on end-grain 

surfaces. The compression tool includes an adjustable crossbar to align the specimen and 

support the back surface at the base plate (ASTM D143-22 2022).  

 

Calculation of the Bearing Load 

The compression load for calculation of the bearing load is the 5% offset load that cause 

the failure of specimen in terms of bearing plane t mm (see Fig. 2a) by bolt or dowel diameter in 

accordance with Munoz et.al. (2010). Proportional limit load is a load that is calculated as a 

yield point that shows the stress and strain in terms of plastic region. Method to determining the 

bearing load or proportional limit load used in this research is 5% offset diameter method. What 

is meant by diameter in this case is the diameter of the dowel. In this method, the first straight 



line that connects the origin and the point in the experimental curve with 0.4Pmax is developed. 

The second straight line developed is the line that is parallel to the first line that starts from 

displacement of 5% diameter. The intersection of the second straight line with the experimental 

curve is the yield point Py and ∆y. Both lines and the yield point are shown in Fig. 1. In the 

following, the terms Pu5% is used as a replacement of the yield point. 

 

 
Fig. 1: The 5-% offset diameter method (Munoz et al. 2010). 

 

In order to compute the dowel bearing strength Fe//, bearing are needs to be calculated 

according to Eq. 1, and the dowel bearing strength can be computed using Eq. 2, which is 

5%-offset diameter load divided by the bearing area. The strain can also be calculated using 

Eqs. 3 and 4. Visualization of p, t, and Lo is shown in Fig. 2a. 

          (1) 

         (2) 

          (3) 

           (4) 

 

where: A is the bearing area of the specimen, t is the thickness of the specimen, d is dowel hole 

diameter, Fe// is dowel bearing strength, Pu5% is 5% offset diameter load, Lo is the initial length 

of bearing line, p is total height of specimen, ɛ// is the dowel bearing strain, and DU5% is the 

displacement at 5%-offset diameter load.  

  

MATERIAL AND METHODS 

 

Specimens for the dowel bearing tests were made from raw timber logs, which have been 

visually sorted to obtain defect-free parts. The number of test specimens in this study was 169 

test specimens with grain angle variations ranging from 0° to 12° (Fig. 2b). The method of 

making the test specimens and the test methods are in accordance with ASTM D143-22 (2022). 

Fig. 2c shows setup of the experiment on the universal testing machine, set as bearing test mode 

with displacement controlled (crosshead speed) of 0.6 mm per minute according to ASTM 

D5764 (2018). 

 



      
    (a)          (b)               (c) 

Fig. 2. a) The dowel bearing test specimen according to ASTM D143, b) samples, c) setup of the 

experiment on the universal testing machine. 

 

RESULTS AND DISCUSSION 

 

Five raw timber logs were used to make specimens for the dowel bearing tests in this 

research. 41 specimens using notation 1.xx were made from first timber log, 36 specimens 

using notation 2.xx were made from second timber log, 29 specimens using notation 3.xx 

were made from third timber log, 33 specimens using notation 4.xx were made from fourth 

timber log, and 30 specimens using notation 5.xx were made from the last fifth timber log. 

Fig. 3 shows the results of the experimental tests in terms of load versus displacement curves 

with various grain angle for all of 169 specimens. Fig. 4 shows an example of Specimen 1.23 

on how proportional limit load Py (= 5% offset diameter loads Pu5%) is obtained. 

 

  
(a)                                                                  (b) 

   
(c)                                                                      (d) 

Fig. 3: Bearing load versus deflection curves obtained from experimental tests. a) 

Specimens 1.xx, b) Specimens 2.xx, c) Specimens 3.xx, d) Specimens 4.xx, e) Specimens 5.xx. 

 



 
(e) 

Fig. 3: Bearing load versus deflection curves obtained from experimental tests. a) 

Specimens 1.xx, b) Specimens 2.xx, c) Specimens 3.xx, d) Specimens 4.xx, e) Specimens 5.xx 

(continued). 

 

 
Fig. 4: Calculation of 5-% offset diameter or proportional limit load of Specimen 1.23. 

 

 
Fig. 5: Results obtained from polynomial regression analysis. 

 

Fig. 5 shows the data points obtained experimentally and the curve obtained from the 

polynomial regression analysis that shows the relationship between the dowel bearing strength 

Fe (in MPa) and the grain angle θ (in degrees). The regression equation for the curve in Fig. 5 is 

shown in Eq. 5. 

 

 Fe = 32.74 - 4.701θ + 0.2064θ2    (5) 

 



with the coefficient of determination of R2 = 60.3%. Although the coefficient is generally not 

convincing because it is relatively far from 100%, for wood this is considered normal because 

wood is a material that comes from nature and far from homogeneity. Using the regression 

equation (Eq. 5) it can easily be seen that grain angle of just 4o reduces the dowel bearing 

strength by approximately 50%, while grain angle of 10o reduces dowel bearing strength by 

80%. It is, therefore, important to design and construct connection in timber structure using 

zero or as small as possible grain angle. 

 

CONCLUSIONS 

 

An empirical regression equation to predict the dowel bearing strength of Red Meranti 

(Shorea spp.) The dowel bearing strength (in MPa) as a function of the grain angle (in degrees), 

namely Fe = 32.74 - 4.701xθ + 0.2064xθ2 with coefficient of determination R2 of 60.3%. This 

result shows that the dowel bearing strength decreases significantly with the increasing grain 

angle. Therefore, it is important to consider the grain angle (the angle between the grain and the 

direction of the bearing stress), if any, in the design and construction of timber connection using 

dowel fastener. The equation of Fe (at an angle to the grain) can be alternative solving to 

calculate the dowel bearing strength, one of main parameter in analysis or design of axial 

tension timber connection, that widely used for design of timber truss bridge or timber truss 

roof, especially for famous structural timber in Indonesia such as Red Meranti (Shorea spp.). 
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ABSTRACT 

 

The angle to the grain has a significant influence on timber bearing strength. As the grain 

angle increases the bearing strength decreases. The aim of this research was to obtain the dowel 

bearing strength of the red meranti (Shorea spp.) timber at an angle to the grain. The scope of 

this research was as follows the specimens were made according to ASTM D143, the grain 

angle ranged from 0° to 12°, and the dowel bearing tests were displacement controlled in 

accordance with ASTM D5764. Results of this research was an empirical equation of dowel 

bearing strength (in MPa) in terms of an angle to grain θ (in degrees) namely Fe = 32.74 - 

4.701θ + 0.2064θ2. The importance of studying the influence of the grain angle to the dowel 

bearing strength for timber connection design is because the direction of the timber grain is not 

perfectly 0°. 

 

KEYWORDS: Dowel bearing strength, grain angle, red meranti, orthotropic.  

 

INTRODUCTION 

 

The dowel bearing strength is the value that can be reached before a timber hole fails due to 

compression from dowel, when a timber connection is laterally loaded with axial tension 

internal load. Bearing strength is an important parameter used in timber design, for example in 

design of timber truss bridge and timber truss roof. The angle to the grain or the angle between 

the grain direction and the compressive bearing stress has a significant influence on timber 
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bearing strength, since timber is an orthotropic material and have three main direction which 

are longitudinal, radial, and tangential. As the grain angle increases the bearing strength of 

the timber decreases. 

The aim of this research was to determine the dowel bearing strength of the red meranti 

(Shorea spp.) timber at an angle to the grain experimentally. Red meranti is a species that is 

easily found in Indonesia and is commonly used as a construction material and as 

a nonstructural for example door and window. The importance of studying the influence of 

the grain angle to the dowel bearing strength is because the direction of the timber grain is 

frequently not perfectly 0°. The scope of this research was as follows the specimens were made 

according to ASTM D143, tests were provided on 169 specimens, the grain angle ranged from 

0° to 12°, and the dowel bearing tests were displacement controlled in accordance with ASTM 

D5764. 

 

Previous studies 

Since the dowel bearing strength is an important parameter for design of wood 

connections, for example a tension member subjected to axial tension force, the past research 

were also carried out to tests the round timber bolted connections with slotted in steel plates 

subjected to axial tension (Lokaj and Klajmonova 2014). 

Hankinson’s formula (Bodig and Jayne 1993) is widely known as the analytical equation to 

predict the mechanical properties and the strengths of timber at an angle to the grain. In terms of 

experimental tests, there is no previous study for effect of grain angle to the timber dowel 

bearing strength. Experimental test, analytical research, and numerical analyses on 

the distortion energy criterion for timber that have been done previously were the compression 

at an angle and the tension at an angle.  

The previous study on the effect of grain angle was the compression strength and 

the tension strength. The experimental tests and numerical analyses were done to study 

the compression strength of red meranti (Shorea spp.) timbers at an angle to the grain (Pranata 

and Suryoatmono 2012, Pranata and Suryoatmono 2013). Suryatmono and Pranata (2014) were 

also carried out to study the tensile strength of 8 species of timber at an angle to the grain. 

They used pete, red meranti, keruing, Acacia mangium, durian, mahoni, nangka, and sengon. 

Pranata and Surono (2015) were performed to study the tensile strength of yellow meranti 

timber at an angle to the grain. Agarana et.al. (2021) investigated the compressive strength of 

wood using Hankinson’s criterion was also done for 5 species of wood. 

The specimen dimension for dowel bearing test is 50 mm by 50 mm by 30 mm with a half 

of hole for placing the dowel. The applied load and the support of the specimen are on end-grain 

surfaces. The compression tool includes an adjustable crossbar to align the specimen and 

support the back surface at the base plate (ASTM D143-22 2022).  

 

Calculation of the bearing load 

The compression load for calculation of the bearing load is the 5% offset load that cause 

the failure of specimen in terms of bearing plane t mm (Fig. 2a) by bolt or dowel diameter in 

accordance with Munoz et.al. (2010). Proportional limit load is a load that is calculated as 

a yield point that shows the stress and strain in terms of plastic region. Method to determining 
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the bearing load or proportional limit load used in this research is 5% offset diameter method. 

What is meant by diameter in this case is the diameter of the dowel. In this method, the first 

straight line that connects the origin and the point in the experimental curve with 0.4Pmax is 

developed. The second straight line developed is the line that is parallel to the first line that 

starts from displacement of 5% diameter. The intersection of the second straight line with 

the experimental curve is the yield point Py and ∆y. Both lines and the yield point are shown in 

Fig. 1. In the following, the terms Pu5% is used as a replacement of the yield point. 

 

 
Fig. 1: The 5-% offset diameter method (Munoz et al. 2010). 

 

In order to compute the dowel bearing strength Fe//, bearing are needs to be calculated 

according to Eq. 1, and the dowel bearing strength can be computed using Eq. 2, which is 

5%-offset diameter load divided by the bearing area. The strain can also be calculated using 

Eqs. 3 and 4. Visualization of p, t, and Lo is shown in Fig. 2a. 

= A t d           (1) 

=
/ /

5%
e

P
uF

A
         (2) 

= -
2

d
Lo p           (3) 

  =
/ /

5%Du
Lo

          (4) 

 

where: A is the bearing area of the specimen, t is the thickness of the specimen, d is dowel hole 

diameter, Fe// is dowel bearing strength, Pu5% is 5% offset diameter load, Lo is the initial length 

of bearing line, p is total height of specimen, ɛ// is the dowel bearing strain, and DU5% is 

the displacement at 5%-offset diameter load.  

  

MATERIAL AND METHODS 

 

Specimens for the dowel bearing tests were made from raw timber logs, which have been 

visually sorted to obtain defect-free parts. The number of test specimens in this study was 

169 test specimens with grain angle variations ranging from 0° to 12° (Fig. 2b). The method of 

making the test specimens and the test methods are in accordance with ASTM D143-22 (2022). 



WOOD RESEARCH 

___________________________________________________________________________________________________ 

 

 

Fig. 2c shows setup of the experiment on the universal testing machine, set as bearing test mode 

with displacement controlled (crosshead speed) of 0.6 mm per minute according to 

ASTM D5764 (2018). 

 

      
    (a)          (b)               (c) 

Fig. 2. a) The dowel bearing test specimen according to ASTM D143, b) samples, c) setup of 

the experiment on the universal testing machine. 

 

RESULTS AND DISCUSSION 

 

Five raw timber logs were used to make specimens for the dowel bearing tests in this 

research. 41 specimens using notation 1.xx were made from first timber log, 36 specimens 

using notation 2.xx were made from second timber log, 29 specimens using notation 3.xx 

were made from third timber log, 33 specimens using notation 4.xx were made from fourth 

timber log, and 30 specimens using notation 5.xx were made from the last fifth timber log. 

Fig. 3 shows the results of the experimental tests in terms of load versus displacement curves 

with various grain angle for all of 169 specimens. Fig. 4 shows an example of Specimen 1.23 

on how proportional limit load Py (= 5% offset diameter loads Pu5%) is obtained. 

 

  
(a)                                                                  (b) 

   
(c)                                                                      (d) 
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(e) 

Fig. 3: Bearing load versus deflection curves obtained from experimental tests. a) specimens 

1.xx, b) specimens 2.xx, c) specimens 3.xx, d) specimens 4.xx, e) specimens 5.xx 

 

 
Fig. 4: Calculation of 5-% offset diameter or proportional limit load of specimen 1.23. 

 

 
Fig. 5: Results obtained from polynomial regression analysis. 

 

Fig. 5 shows the data points obtained experimentally and the curve obtained from 

the polynomial regression analysis that shows the relationship between the dowel bearing 

strength Fe (in MPa) and the grain angle θ (in degrees). The regression equation for the curve in 

Fig. 5 is shown in Eq. 5: 

 

 Fe = 32.74 - 4.701θ + 0.2064θ2    (5) 
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With the coefficient of determination of R2 = 60.3%. Although the coefficient is generally 

not convincing because it is relatively far from 100%, for wood this is considered normal 

because wood is a material that comes from nature and far from homogeneity. Using 

the regression equation (Eq. 5) it can easily be seen that grain angle of just 4o reduces the dowel 

bearing strength by approximately 50%, while grain angle of 10o reduces dowel bearing 

strength by 80%. It is, therefore, important to design and construct connection in timber 

structure using zero or as small as possible grain angle. 

 

CONCLUSIONS 

 

An empirical regression equation to predict the dowel bearing strength of red meranti 

(Shorea spp.) The dowel bearing strength (in MPa) as a function of the grain angle (in degrees), 

namely Fe = 32.74 - 4.701xθ + 0.2064xθ2 with coefficient of determination R2 of 60.3%. 

This result shows that the dowel bearing strength decreases significantly with the increasing 

grain angle. Therefore, it is important to consider the grain angle (the angle between the grain 

and the direction of the bearing stress), if any, in the design and construction of timber 

connection using dowel fastener. The equation of Fe (at an angle to the grain) can be alternative 

solving to calculate the dowel bearing strength, one of main parameter in analysis or design of 

axial tension timber connection, that widely used for design of timber truss bridge or timber 

truss roof, especially for famous structural timber in Indonesia such as red meranti (Shorea 

spp.). 

 

ACKNOWLEDGMENTS 

 

The authors gratefully acknowledge the support from Universitas Kristen Maranatha for 

providing funds (Professorship Acceleration Research Scheme, Fiscal Year 2022) and research 

facilities. The authors also gratefully acknowledge the support from all staffs, and technicians 

of Building Materials and Structures Laboratory at the university to gain successful results. 

 

REFERENCES 

 

1. AGARANA, M.C., BISHOP, S.A., IKUMAPAYI, M.O., EHIGBOCHIE, A.I. (2012): 

Hankinsion’s criterion investigation of uniaxial compressive strength of wood, Proceeding 

World Conference on Timber Engineering, July 7-9, 2021, London, United Kingdom. 

2. ASTM D143-22, 2022: Standard test methods for small clear specimens of timber, West 

Conshohocken, Pennsylvania, United States, 2022. 

3. ASTM D5764-97a, 2018: Standard test method for evaluating dowel-bearing strength of 

wood and wood-based products, West Conshohocken, Pennsylvania, United States, 2018. 

4. BODIG, J., JAYNE, B.A. (1993). Mechanics of wood and wood composites, Krieger 

Publishing Company, Malabar, Florida, USA, 1993. 

5. LOKAJ, A., KLAJMONOVÁ, K., (2014): Round timber bolted joints exposed to static and 

dynamic loading. Wood Research 59(3): 439-448. 



WOOD RESEARCH 

___________________________________________________________________________________________________ 

 

 

6. Munoz, W., Mohammad, M., Salenikovich, A. & Quenneville, P. (2010): Determination of 

yield point and ductility of timber assemblies: In Search for a Harmonized Approach, 

Engineered Wood Products Association, 2010. 

7. PRANATA, Y.A., SURYOATMONO, B. (2013): Nonlinear finite elemen modeling of red 

meranti compression at an angle to the grain, Journal of Engineering and Technological 

Science, Volume 45 No. 3, pp. 222-240, 2013. 

8. PRANATA, Y.A., SURYOATMONO, B. (2012): Distortion energy criterion for timber 

uniaxial compression mechanical properties, Jurnal Dinamika Teknik Sipil, Volume 12 

No. 02, May 2012 (in Indonesian).  

9. PRANATA, Y.A., SURONO, R. (2014): Uniaxial tension of yellow meranti at an angle to 

the grain, Wood Research Journal, Volume 4 No. 2, pp. 83-87, 2014. 

10. SURYOATMONO, B., PRANATA, Y.A. (2012): An alternative to Hankinson’s formula 

for uniaxial tension at an angle to the grain, Proceeding World Conference on Timber 

Engineering, July 16-19 2012, Aucland, New Zealand. 

 

 

YOSAFAT AJI PRANATA* 

UNIVERSITAS KRISTEN MARANATHA 

FACULTY OF SMART TECHNOLOGY AND ENGINEERING 

JL. SURIA SUMANTRI 65, BANDUNG, 40164 

WEST JAVA, INDONESIA  

*Corresponding author: yosafat.ap@gmail.com 

  

BAMBANG SURYOATMONO 

UNIVERSITAS KATOLIK PARAHYANGAN 

FACULTY OF ENGINEERING 

JL. CIUMBULEUIT 94, BANDUNG, 40161 

WEST JAVA, INDONESIA 

 

 

 




	0418097801_Journal_01_Korespondensi-1
	0418097801_Bukti_korespondensi_WR1

	Doc1
	0418097801_Journal_01_Korespondensi-2-45
	01_naskahasli
	02_hasilreview1
	03_perbaikan_1
	04_finalproofcorrections
	Acceptence letter 1835 (1)


