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Abstract: 162 parallel bamboo strand lumber (PBSL) beams were tested for the bending 

properties under three-point bending with variable span. Two typical failure types were 

classified, type Ⅰ was tension failure of the bamboo fiber located below the neutral axis at mid-

span, while type Ⅱ was shear failure which mainly found in specimens with large depth-span 

ratio. The shear modulus GLR  of PBSL was also calculated according to Timoshenko’s 

bending theory. To evaluate the shear modulus, 45° off-axis compression tests had been done. 

The results showed that the mean values of shear modulus for GLT, GTR, and GLR are 1254.5 

MPa, 408.1 MPa, and 716.4 MPa respectively. The bending test result was compared with the 

shear modulus measured by 45° off-axis compression test. It was found that the shear modulus 

measured by three-point bending test with variable span was significantly less than the shear 

modulus obtained by 45° off-axis compression test. The empirical equation of shear factor s 

corresponding to depth-span ratio h/l was proposed. The calculation results gained from the 

proposed formula are in good agreement with the 45° off-axis compression test results. 
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1 Introduction  

Due to the increasing shortage of wood resources and increasing human awareness of 

environmental protection, the idea of using bamboo as building material (Amada et al. 1997; 

Fei et al. 2019; Ghavami 2005; Okubo et al. 2004) has attracted more and more attention (Li et 

al. 2019a; Hong et al. 2019; Terai and Minami 2011; Verma and Chariar 2012) and several 

studies of raw bamboo have been conducted (Obataya et al. 2007; Richard 2013; Lorenzo and 

Mimendi 2020a, 2020b; Janssen 2012). To solve the problem of irregular shape, size limitation 

and low rigidity of raw bamboo, engineered bamboo products were developed (Li et al. 2019b; 

Mahdavi et al. 2012; Malanit et al. 2011; Chen et al. 2020) and parallel bamboo strand lumber 

(PBSL) is one of the products (Li et al. 2020; Wei et al. 2017).  



2 

 

Several researchers have studied the basic mechanical properties of PBSL. Li et al. (2019c, 

2020) examined the influence of size and direction on compression performance and proposed 

the stress-strain relationship models for PBSL. Sharma et al. (2015a, b) studied the effect of 

processing method on the mechanical properties of PBSL. Li et al. (2015) examined the 

electrical measurement method to determine the elastic constants of PBSL. Xu et al. (2017) 

studied the effect of heat treatment or temperature on PBSL properties. Yu et al. (2017) 

investigated the preparation as well as physical, mechanical, and interfacial morphological 

properties of engineered PBSL. Ahmad and Kamke (2011) analyzed the physical and 

mechanical properties of PBSL made from Calcutta bamboo, and Kumar et al. (2016) 

investigated how density and water absorption influence the mechanical performance of PBSL. 

Nugroho et al. (2000, 2001) performed a research to determine the suitability of zephyr strand 

from moso bamboo for structural composite board manufacture. The performance of large-scale 

PBSL structural components was also investigated. Tan et al. (2020) studied the axial 

compression properties of the PBSL columns. Considering the influence of slenderness ratio 

and eccentricity, Li et al. (2015; 2019d) studied the eccentric compression performance of 

PBSL columns and some bearing capacity calculation formulas were proposed. Zhang et al. 

(2018) studied the bending properties of AFRP PBSL beams. Huang et al. (2015) examined the 

pure shearing parameters of PBSL in each main material plane and pointed out that shearing in 

transverse-to-grain plane presented the lowest shear modulus and strength.  

For better application of PBSL in construction industry, the mechanical properties of PBSL 

have been studied with a range of test methods. However, except for rail shear method, other 

methods for determining the pure shear mechanical properties of PBSL parallel and 

perpendicular to grain have received little attention. There exist several methods (Aicher et al. 

2016; Fellmoser and Blaß 2004; García et al. 2012; Haddou et al. 2017) that have been 

developed for timber or bamboo products to measure shear modulus such as 45° off-axis test, 

three-point bending test with variable span, free-plate torsion test (Wang et al. 2018) and so on. 

In an experiment applied to Betula platyphylla Suk, Wang et al. (2003) successfully measured 

the shear modulus by applying 45° off-axis compression test and variable span three-point 

bending test. Yoshihara et al. (1998, 2002, 2012) evaluated the shear modulus of different types 

of timber by static bending test, asymmetric four-point bending test and flexural vibration test, 

a modified formula for calculating the shear modulus of timber by static bending test was also 

proposed. Through a series of tests, Saliklis and Falk (2000) demonstrated the weakness of 

existing relationships correlating off-axis elasticity to shear modulus for wood composite 

panels and proposed a new relationship which performs better that existing equations. 

As discussed above, study on the bending performance of PBSL is limited, especially 

considering the influence of the length. In addition, there are few studies on measuring the shear 

modulus of PBSL, which is one of the main mechanical parameters. Thus, a series of 

experiments were carried out on parallel bamboo strand lumber specimens in this paper. The 

results will be analyzed and employed to develop the necessary formula to approximate shear 

modulus of PBSL. 

 

2 Experimental study 

2.1 PBSL 

Moso bamboo (Phyllostachys pubescens) harvested at the age of 3-4 years was selected to 
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produce the specimens. The upper part of the culms with a length of 2000 mm was cut and split 

into 20 mm wide strips. After the outer skin (epidermal) and inner cavity layer (pith peripheral) 

had been removed, the culms were split into bamboo filament bundles by a roller press crusher 

(Fig.1a), and then the filament bundles were dried and charred under the temperature of 165℃ 

and air pressure of 0.3 MPa. After this, the bundles were put into molds (Fig.1b) and pressed 

together with phenol glue by a transverse compression of 10.3 MPa under the temperature of 

160℃ to manufacture PBSL specimens (Fig.1c). The process is shown in Fig.1. The final 

moisture content of PBSL was 8.22% and the density was 1250 kg/m3. 

    

           (a) Bamboo strand bundles                    (b) Molds for PBSL 

       

               (c) Hot pressing              (d) PBSL             (e) Cross-section for PBSL  

Fig. 1 Main manufacturing process for PBSL (Li et al. 2019c) 

2.2 Three-point bending test 

2.2.1 Specimens 

Ten groups of bending test specimens were designed with the same cross section of 50 mm 

× 50 mm. The number and span variation for each group are shown in Table 1 and the total 

number of bending specimens is 162. In Figure 2 the three main directions for the specimens 

are shown.  

Table 1 Quantity of specimens of each span 

Spans /mm 660 630 600 560 520 480 440 380 360 320 

Quantity 16 16 16 16 16 16 16 16 22 12 

 

Fig.2 Bending test for PBSL (L is longitudinal direction; R radial direction, and T the tangential direction). 

 

2.2.2 Test method  

According to ASTM D143-09 (2009), this paper adopted displacement-controlled loading, 
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and different initial loading speeds were used for specimens with different spans. To ensure 

complete failure of the specimens within 6-8 minutes, the loading speed was 10 mm/min after 

the first failure. The machine used in this test was a servo-controlled electro-hydraulic universal 

testing machine with a maximum load of 50 kN from SUNS stock, Shenzhen, China. The test 

scheme is shown in Fig.2. 

Support marks were added to each specimen for placing the specimen accurately during the 

test. For each group, the span was modified accordingly. After the test, the failure type was 

recorded and the bending strength was calculated by Eq. (1), 

 max3
=

2


P l

Ah
  (1) 

where, σ is the bending strength, maxP is the ultimate load; l is the span of the beam; A is the 

cross-sectional area of the beam, h is the height of the beam. 

2.2.3 Theory of measuring shear modulus by three-point bending test with variable span 

The method of measuring shear modulus by three-point bending test with variable span is 

based on Timoshenko’s beam theory, When the load P is imposed at center of the beam with a 

span of l, the mid-span deflection of the beam at elastic stage can be written as 

 
3
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where w is the total deflection of the beam; wm is the deflection caused by bending moment; 

ws is the deflection caused by shear force; P is the load imposed on the beam; E is the Young's 

modulus; G is the shear modulus; I is the moment of inertia; s is the shear factor which value 

is 1.2 according to ISO 8375:2009-02 (2009). 

When the depth-span ratio h/l is small, the mid-span deflection can be directly represented 

by wm in Eq.(2). When the depth-span ratio is large, the influence of shear force should be 

taken into account, that is, the deflection ws caused by shear force in Eq. (2) cannot be ignored. 

Eq.(2) can be given as 
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Then Eq.(3) could be obtained, 
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where,Eapp is the apparent modulus of elasticity, and its value can be obtained from the linear 

section of load P and mid-span deflection w relation. The values of E and G/s can be obtained 

by the relation between 1/Eapp and the depth-span ratio h/l. 

2.3 Compression test for elastic constants 

2.3.1 Specimens  

According to Chinese National Standard GB/T 15777-2017 (2017), specimens for 

compression test were extracted from the three-point bending test specimens. The position from 

which the samples were extracted is shown in Fig.3a. The size of the compression test specimen 

was 20 mm × 20 mm ×50 mm, and the number of the specimen was 12 for each direction. 

2.3.2 Test method  
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The specimens were loaded axially with a loading speed of 0.2mm/min, and the attachment 

method of strain gauges is shown in Fig.3b. The strain gauges used in this paper were from 

Huangyan Linli Engineering Sensor Factory, Zhejiang, China, and the size was 10mm×3mm. 

The adhesive used for attachment was instantaneous drying glue 502 from Taizhou Henco-glue 

Co., Ltd, Zhejiang, China. 

 

 
(a) Extracting method of specimens for compression test 

  

(b) Attachment method of Strain gauges 

Fig.3 Design of compression test. a) Extracting method of specimens for compression test, b) Attachment method 

of Strain gauges 

 

Based on the test results, the Young’s modulus E was calculated by Eq.(5): 

 
P

E
A 


=


  (5) 

where, E is the Young’s modulus; P  is load increment;   is strain increment. 

  For off-axis compression test, there is an angle θ between the fiber direction and the 

compression direction; the shear force τ and shear strain γ could be obtained by Eq. (6-1) and 

Eq. (6-2): 

 = sin2
2

P

A
 


  (6-1) 

 ( ) ( )45= sin2 2 cos2x y x y       − + − −   (6-2) 

where, 45, ,x y     are the strain of the axial direction, transverse direction and 45degree 

direction of the test samples, respectively, as shown in Fig.3. Since θ is 45° for all the samples, 

the shear modulus was calculated by Eq. (7): 

 
45 / 2
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where G45° is the shear modulus obtained by 45° off-axis compression test. 

 

3 Test results and combined analysis 

3.1 Failure phenomena of bending test  

The load-deflection curves for different spans are shown in Fig.4. All specimens experienced 

first an elastic stage and then an elastic-plastic stage. No obvious failure phenomena on the 

surfaces could be seen for both elastic stage and elastic-plastic stage. However, with the 

increase in loading, two failure phenomena could be classified. The four sides of specimens 

were named as A, B, C, D (Fig.5) so that the description of the failure phenomena for each 

specimen could be done conveniently. 
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(a) PB660                                     (b) PB630 
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(g) PB440                                     (h) PB380 
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(i) PB360                                      (j) PB320 

Fig.4 Load-deflection curves 

 

Fig.5 Naming of four sides of specimens 

Failure type Ⅰ, as shown in Fig.6a, was tension failure of the bamboo fiber at the middle and 

bottom of the span. When the ultimate load was reached, a sudden clear sound could be heard, 

a big crack appeared at the middle of C plane, and then transverse cracks appeared at D plane 

of the specimen. At this time, the fibers at the middle of C plane were pulled off while the 

unbroken fibers continued to bear the load. When the load was applied continuously, more 

cracks appeared in accordance with the same failure type, which was also the reason why the 

load-deflection curve (Fig.6c) of the specimens was ladder-shaped in the failure stage. 

Failure type Ⅱ was shear failure, as shown in Fig. 6b. With the increase in loading, transverse 

shear crack occurred suddenly along the L direction of the specimen, and a loud sound could 

be heard. At the same time, the load suddenly decreased, the specimen was destroyed into the 

upper and lower layers to continue bearing the load (Fig.6d).  
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                   (a) Failure type Ⅰ                            (b) Failure type Ⅱ 

 
              (c) PB600-13                                   (d) PB380-1 

Fig.6 Failure types (a,b) and typical load-deflection curves (c, d) 

The percentage of failure type Ⅱ for each span is shown in Table 2. When the span was greater 

than 480 mm (h/l<1), the failure type of the specimens was basically type Ⅰ. However, the 

percentage of failure type Ⅱ increased quickly with the decrease in the span when the span 

was less than 480mm (h/l>1). It reflected that when the depth-span ratio was large, the influence 

of shear force should not be ignored. 

Table 2 Percentage of failure types for each span 

Span /mm 660 630 600 560 520 480 440 380 360 320 

Type Ⅰ 16 16 15 15 14 13 15 4 6 3 

Type Ⅱ 0 0 1 1 2 3 11 10 16 9 

Total 16 16 16 16 16 16 16 14 22 12 

Percentage 

of type Ⅱ 
0% 0% 6.25% 6.25% 12.5% 18.5% 68.8% 71.4% 72.7% 75% 

 

3.2 Test results for bending specimens 

The test results for bending specimens are shown in Table 3. CHV means characteristic value, 

calculated on the basis that 95% of samples exceed the characteristic value (mean value - α × 

SDV, where α depends on the number of specimens). Figure 7 plots how the length values 

influence the bending properties of PBSL. For different spans, the bending strength σ had no 

significant variation with decreasing length. The mean value of σ for all the specimens was 

108.93 MPa with a coefficient of variation of 13.65%. However, the mean value of apparent 

modulus of elasticity Eapp
b   decreased as the span decreased. Based on the test data, the 

following relationships could be obtained. Eq.(8-1) is the relationship between the ultimate 

bending strength and the depth-span ratio, Eq.(8-2) is the relationship between the apparent 
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modulus of elasticity Eapp
b  and the depth-span ratio. Combining Eq. (4) and Eq.(8-2), the shear 

modulus GLR
b  could be calculated, and the value was 284.33MPa. 

 2-200.31( / ) +111.62h l =  (8-1) 

 
b 2

app1/ 0.004221( / ) 0.000062E h l= +   (8-2) 

Table 3 Results of three-point bending test  

Groups 

σ  Eapp
b  

Mean 

/MPa 

SDV 

/MPa 

COV 

/% 

CHV 

/MPa 

 Mean 

/MPa 

SDV 

/MPa 

COV 

/% 

CHV 

/MPa 

PB660 111.11 12.43 11.18 90.03   11324.66 1203.30 10.63 9283.86  

PB630 110.37 15.38 11.73 84.29   11264.72 1320.82 11.73 9024.61  

PB600 114.14 10.11 8.86 96.99   10626.92 944.29 8.89 9025.40  

PB560 106.00 12.45 11.74 84.88   10443.1 1823.66 16.76 7350.17  

PB520 112.21 12.52 11.16 90.98   9584.99 1279.41 13.35 7415.11  

PB480 113.09 18.84 16.31 81.14   8769.96 929.61 10.60 7193.34  

PB440 106.13 15.85 14.93 79.25   7920.93 807.81 10.20 6550.88  

PB380 104.43 11.72 11.22 84.55   7194.1 908.01 13.42 5654.12  

PB360 108.17 14.32 13.24 84.14   6935.79 727.91 10.49 5707.81  

PB320 107.67 14.90 13.83 82.16   5639.06 694.29 12.31 4450.44  

 

(a) Bending strength 

 

(b) Bending elastic modulus 

Fig.7 Length effect on the bending strength (a) and bending elastic modulus (b) 

3.3 Results of compression test 

The results for 45° off-axis compression test are shown in Table 4. The mean values of shear 
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modulus f GLT
45°, GTR

45°, and GLR
45° are 1254.5 MPa, 408.1 MPa, and 716.4 MPa respectively. 

The mean values of Young’s modulus EL, ET, ER are 13752.4MPa, 2356.8MPa, 1052.9 MPa, 

respectively. 

Table 4 Results of 45° off-axis compression test             unit: MPa 

Groups GLT
45° Groups GTR

45° Groups GLR
45° Groups EL Groups ET Groups ER 

G12-1 1195.36 G23-1 359.24 G13-1 716.76 E1-1 16016.8 E2-1 1506.01 E3-1 788.30  

G12-2 1214.83 G23-2 439.23 G13-2 797.24 E1-2 11488.1 E2-2 980.24 E3-2 1314.76  

G12-3 986.69 G23-3 405.60 G13-3 999.74 E1-3 13713.9 E2-3 1913.53 E3-3 712.30  

G12-4 1239.05 G23-4 461.98 G13-4 846.48 E1-4 16734.4 E2-4 2982.97 E3-4 1331.50  

G12-5 1229.37 G23-5 496.35 G13-5 691.57 E1-5 15224.9 E2-5 2031.25 E3-5 1062.96  

G12-6 1291.36 G23-6 442.60 G13-6 534.50 E1-6 16913.9 E2-6 1743.53 E3-6 805.68  

G12-7 1525.92 G23-7 434.63 G13-7 778.71 E1-7 11471.7 E2-7 2183.17 E3-7 1167.60  

G12-8 1545.49 G23-8 544.53 G13-8 718.54 E1-8 10238.7 E2-8 3604.34 E3-8 1538.41  

G12-9 1407.35 G23-9 562.82 G13-9 592.45 E1-9 - E2-9 2689.29 E3-9 818.35  

G12-10 1264.74 G23-10 - G13-10 768.08 E1-10 17858.6 E2-10 1728.57 E3-10 774.32  

G12-11 880.76 G23-11 549.15 G13-11 496.76 E1-11 10592.0 E2-11 2991.95 E3-11 902.14  

G12-12 1273.46 G23-12 585.48 G13-12 655.43 E1-12 11024.8 E2-12 2547.89 E3-12 1418.60  

Mean 1254.53 Mean 480.15 Mean 716.36 Mean 13752.4 Mean 2356.8 Mean 1052.91 

SDV 182.77 SDV 69.26 SDV 132.70 SDV 2749.3 SDV 627.1 SDV 278.6 

COV/% 14.57 COV/% 14.42 COV/% 18.53 COV/% 19.99 COV/% 26.61 COV/% 26.46 

 

Based on Eq. (4) and the compression test results, the shear modulus obtained by two 

different methods is shown in Table 5.  

Table 5 Shear modulus obtained by different methods. 

Test methods 
Three-point bending test 

with variable span (GLR
b ) 

45° off-axis compression test 

(GLR
45°) 

G / MPa 284.33 716.36 

3.4 Discussion  

The shear modulus measured by three-point bending with variable span method and 45° off-

axis compression test was compared with the shear modulus of other bamboo and timber-based 

products in Table 6. 

Table 6 Comparison of shear modulus  

Authors Test methods Materials Shearing plane G/MPa 

This paper 

Three-point bending 

test with variable span 
PBSL GLR 284 

45° off-axis 

compression test 
PBSL 

GLT 1254 

GLR 716 

GTR 408 

Li et al. 

(2015)  

45° off-axis 

compression test 
PBSL 

GLT 1347 

GLR 823 

GTR 567 

Wang et al. 

(2003)  

Three-point bending 

test with variable span 

Betula platyphylla 

Suk 

GLT 609 

GLR 971 
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Huang et al. 

(2015) 
Rail shear test PBSL GLT 1361 

Yoshihara et 

al. (1998)  
Flexural vibration test 

Spruce GLT 910 

Western hemlock GLT 750 

Yellow poplar GLT 770 

 

It can be seen from Table 5 and Table 6, that the shear modulus of PBSL obtained by 45° off-

axis compression test in this paper was close to the results from Li et al. (2015) and was greater 

compared with other biomaterials. However, the shear modulus GLR
b  obtained by three-point 

bending test with variable span was obviously smaller than the shear modulus GLR
45° obtained 

by 45° off-axis compression test in this paper, which was similar to Yoshihara et al. (1998). 

Figure 8a shows the relation between EL
b /Eapp

b -1 and h
2
/l

2
, where EL

b  was calculated by 

substituting the shear modulus GLR
45°  measured by 45° off-axis compression test and the 

apparent elastic modulus Eapp
b  obtained by three-point bending test into Eq.(4). According to 

Timoshenko’s theory, the relation should be linear and pass through the origin. In Fig. 8a, the 

relation between EL
b /Eapp

b -1  and h
2
/l

2
  showed a linear relation approximately when depth-

span ratio h/l was less than 0.1, however, when h/l was greater than 0.1, the relation became 

discrete. Therefore, it could be concluded that for Timoshenko's beam theory to be valid, the 

depth-span ratio h/l should not be greater than 0.1. The percentage of failure type Ⅱ for different 

spans also showed this trend. Figure 8b shows the relation between h
2
/l

2
  and the shear 

modulus GLR
b'  obtained by substituting EL in Table 4 and Eapp

b  from three-point bending test 

into Eq. (4). As one can observed, when the depth-span ratio h/l was less than 0.1, GLR
b'  

decreased as h2/l2 increased, the relation was approximately linear, and the linear relationship 

pointed to the true shear modulus, however, the shear modulus remained constant when 

h2/l2>0.1. According to Dong et al. (1994), the stress concentration near the loading point 

produced additional deflection. During the test, when h/l>0.1, the loading force was much 

bigger than that of h/l<0.1, meanwhile the elastic modulus ER (1052.9 MPa, load direction) was 

the smallest, the influence of stress concentration was enlarged, this led to the test results were 

not reliable when h/l>0.1. So the value of GLR
b  when h/l≤0.1 was calculated and the value 

was 293.23MPa. Similar to Yoshihara et al. (1998), the shear modulus increased, but it was still 

very small. The physical evidence of stress concentration at loading point is shown in Fig.9. It 

is obvious that the deformation of 320mm-span specimen caused by the loading head was much 

greater than the deformation of 660mm-span specimen. In conclusion, it seems that the shear 

modulus cannot be calculated properly by three-point bending test with variable span. 
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(a) (EL
b /Eapp

b -1)-h2/l2 

 

(b) GLR
b' -h2/l2 

Fig.8 Relationship among the parameters  

  

(a) Stress concentration when h/l>0.1 (PB320-2) 

  

(b) Stress concentration when h/l<0.1 (PB660-5) 

Fig.9 Stress concentration at the loading point, (a) h/l>0.1, (b) h/l<0.1 

This paper attempted to modify the shear factor s in the original Timoshenko’s theory so that 

the correct shear modulus can be obtained by three-point bending test with variable span. 

According to Eq.(4), the shear factor s can be given as 
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By substituting the shear modulus GLR
45° obtained by 45° off-axis compression test, EL in 

Table 4 and Eapp
b   obtained by three-point bending test with variable span into Eq.(7), the 

relation between the shear factor sb and the depth-span ratio h/l was obtained, as shown in 

Fig.10.  

 

Fig.10 Relationship between the shear factor and the depth-span ratio 

Therefore, the shear factor s could be given as 𝑠* which related to the depth-span ratio h/l, 

as shown in Eq.(10), 

 
 =

h
s k

l
  (10) 

where k is a constant coefficient.  

According to Fig. 9, the shear factor sb was linear with depth-span ratio h/l at the beginning, 

while when the depth-span ratio was greater than 0.1, the shear factor s𝑏 was a constant, which 

was 2.7. 

Therefore, according to experimental test, the modified shear factor 𝑠* could be expressed 

as Eq.(11), 

 

     0.1 

2.7     0.1






= 
 


h h
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  (11) 

where, k=2.7 according to test results. 

Substituting the modified shear factor 𝑠* in Eq.(10), EL in Table 4, Eapp
b  obtained by three-

point bending test into Eq.(4), the mean values of modified shear modulus GLR
b

*

 for different 

spans were calculated, as shown in Table 7. The mean value for GLR
b

*

 was 734.25 MPa with a 

coefficient of variation of 8.78%. The calculation results for the shear modulus from the 

proposed formula give better agreement with the test results from 45° off-axis compression test. 

Table 7 Modified shear modulus GLR
b

*
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Spans /mm 660 630 600 560 520 480 440 380 360 320 

GLR
b

*

/MPa 753.17 840.65 730.69 834.11 759.27 709.21 651.32 705.20 728.81 630.08 

 

4 Conclusion 

To evaluate the bending performance and the shear modulus of PBSL, both experimental 

study and numerical analysis were carried out.  

Two typical failure types could be classified for PBSL beams under three-point bending test 

with variable span. Failure type Ⅰ was tension failure of the bamboo fiber at the middle and 

bottom of the span, while failure type Ⅱ was shear failure. Increment in the bending span did 

not have significant effect on bending strength, while the bending elastic modulus increased 

with the increment of bending span. 

The calculation results for the shear modulus obtained by the three-point bending test were 

much smaller than that obtained by 45° off-axis compression test because the stress 

concentration near the loading point produced additional deflection. An empirical equation of 

shear factor s* corresponding to depth-span ratio h/l was proposed which could be used for 

obtaining the shear modulus of PBSL.  
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