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Abstract: This paper presents a new method to strengthen laminated bamboo 

lumber (LBL) beam by embedding prestressed glass fiber reinforced polymer 

(GFRP) bars at the bottom of LBL beams. The bending test of 30 LBL beams 

with a size of 2000 mm × 100 mm × 150 mm was carried out with the prestress 

level and reinforcement ratio as the influencing factors. The test result shows 

that the failure mode of prestressed LBL beams is mainly the fracture of 

bamboo fibers at the bottom of the beams. Embedding prestressed GFRP bars 

in the specimens is a good way to enhance the mechanical properties of LBL 

beams, including flexural capacity and stiffness. The ultimate bearing capacity 

of prestressed GFRP bars composited beams are increased to 40.6%, and the 

bending stiffness are increased by 22.5% comparing with ordinary beams. 

Based on the test results, a theoretical calculation model for the bearing 

capacity of the LBL beam was finally proposed, and the calculation results 

were basically consistent with the experimental results. Finite element 

modelling (FEM) using continuum damage mechanics was also adopted to 

verify the failure pattern and the strengthening mechanism of strengthened 

LBL beams. 

Keywords: Laminated bamboo lumber beams, GFRP bars, prestress, flexural 

capacity, bending stiffness 

1 Introduction 

As the concept of green environmental protection has taken root in people’s hearts, wood and 

bamboo have gradually become popular green building materials. Similar to wood [1-4], bamboo has a 

long history of use as a building material [5-7], and the production cycle of raw bamboo is significantly 

lower than that of wood [8-10]. However, the mechanical properties of raw bamboo are unstable [11]. 

The reliability of the nodes of raw bamboo structures is poor, and it is not suitable to be processed [12, 

13]. Therefore, the use of raw bamboo as a structure has great limitations. 

The emergence of engineered bamboo makes up for the shortcomings of raw bamboo. Its 

mechanical properties are stable, and components of various sizes and shapes can be manufactured 
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according to the needs, which are widely used in construction [14-20]. There are three common types 

of engineered bamboo: laminated bamboo lumber (LBL) [21-28], glued bamboo [29-32], and Parallel 

Bamboo Strand Lumber (PBSL) [33]-[35]. The strength and rigidity of laminated bamboo is equivalent 

to that of wood [36, 37], and it is very suitable for beams and columns. Notable examples (Fig. 1) of 

LBL structures designed by Haitao Li’s team have been built recent years, such as Ganzhou Sentai 

Bamboo R&D Center Building [38], Wuyi ‘Bamboo Cubic’ Ecological Science and Technology 

Museum [39], Coconut Post of Boao Forum for Asia, and Engineered bamboo bridge structure in 

Nanjing Forestry University [40]. However, LBL still has many shortcomings as a bending test piece 

[41-43]. There are also some scholars [44, 45] who have studied the bending resistance of LBL beams, 

and the results show that the failure mode of the beam is the failure in the tension zone, and the 

compression zone is better. Therefore, this paper takes the full use of the compression zone of the beam 

as the starting point to carry out the research. 

   

(a) Sentai Bamboo R&D Center 

Building in Jiangxi, China [38] 

(b) Bamboo Cubic in Fujian, China 

[39] 

(c) Coconut Post in Hainan, 

China 

 

(d) Engineered bamboo bridge structure in Nanjing, China [40] 

Fig. 1 LBL construction projects 

FRP is widely used to reinforce LBL due to its advantages such as high strength, corrosion 

resistance, light weight, and simple construction [46-49]. De Lorenzis et al. [50] conducted test with 

built-in reinforcement on T-shaped and rectangular reinforced concrete beams using FRP material types, 

reinforcement ratios and other parameters, and the results showed that most of the failure modes of the 

beams were bond failure followed by peeling failure. Its excellent performance has not been better 

played. Taljsten et al. [51] discussed the influence of the bond anchorage length on the flexural capacity 

by embedding CFRP square bars in the surface of a rectangular reinforced concrete beam. The test 

showed that for the same reinforcement of CFRP bars, the longer the anchoring length, the more the 

flexural bearing capacity of the test beam increases. Wang et al. [52] proved that wrapping Aramid 

Fiber Reinforced Polymer (AFRP) around LBL columns can improve the compressive bearing capacity. 

Micelli et al. [53] used embedded CFRP bars to repair worn-out glulam beams and studied the 

performance of their joints. The results show that the CFRP bars are effective and the greater the 

embedding depth of the CFRP tendons, the more obvious the repair effect. Vahedian et al. [54] applied 

FRP to the surface of glulam beams, and the experimental results showed that the stiffness of glued 

beams increased with the increase of the number of bonding layers of FRP. 

The method of applying prestressing in the LBL beam has gradually gained acceptance. Wei et al. 

[55] conducted a test of embedded prestressed steel bars in LBL beams. The test results show that the 

flexural stiffness of the beam increases with the increase of the reinforcement ratio, and can be increased 

by up to 36.80%. Prestressing methods in bamboo glulam beams have been shown to be effective [56]-

[58]. De Luca et al. [59] proved through experimental studies that prestressed reinforcement can 

enhance the strength, stiffness and bearing capacity of glulam timbers. Yang et al. [60] used CFRP bars 
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to strengthen the prestressed glulam beams, and the results showed that the flexural bearing capacity of 

the reinforced beams increase by 131%, and the flexural rigidity increase by 42.0%. 

Although there is more and more research by experts on LBL beams, the research on the 

application of prestressing in LBL beams is still limited. The FRP bar itself has the characteristics of 

light weight and high strength. The author considered the operability and economy of the test and 

proposed a reinforcement method for embedding prestressed bars on the bottom of the LBL beam, and 

studied the mechanical properties of prestressed GFRP bars on the LBL beam. The influential factors 

include the reinforcement ratio and the level of the prestress. A formula for calculating the flexural 

bearing capacity of LBL beams is proposed. Finally, FEM was included to simulate the performance of 

LBL beams, aimed to reveal the failure pattern and strengthening mechanism. 

2 Test materials 

A paper for publication can be subdivided into multiple sections: title, list of all the authors and 

their affiliations, a concise abstract, keywords, main text (including figures, equations, and tables), 

acknowledgement, references, and appendix.  

The LBL beams used in this article are produced by Guangxi Lvjing Bamboo Industry Co., Ltd. 

The pressing method is hot pressing, which means the raw bamboo is processed into slender bamboo 

pieces of 2005 mm × 21 mm × 7 mm and pressed at a pressure of 9 MPa for 15 minutes under at 157 

degrees Celsius. The dimensions of the test specimens refer to the corresponding standards of ASTM 

D143 [61]. The basic mechanical properties of the material were tested by the New Sansi universal 

testing machine. The cross-sectional size of the compression specimens is 50mm×50mm, and the height 

is 150mm. The size of the tensile specimens is 21 mm × 5 mm × 453 mm, and the effective length is 63 

mm. The basic tensile and compressive performance tests of LBL were carried out according to 

Standards for Test Methods of Wood Structures [62]. The basic mechanical properties of the material 

are listed in Table 1. 

Table 1 Basic mechanical properties parameters of LBL 

 Ultimate load (kN) Strength (MPa) Ultimate strain Elastic modulus (MPa) 

Compression test 125.45 49.13 25864.91 8108 

Tensile test  10.09 95.19 13700.46 7444 

The compressive strength and elastic modulus of LBL specimens are calculated according to Eq. 

(1) and Eq. (2) [63]: 

c max c/f P A
                                                                    (1) 
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Among them, fc is the compressive strength of the compressive specimen (MPa); Pmax is the 

ultimate compressive load of the specimen (kN); Ac is the cross-sectional area of the compression 

surface of the specimen (mm2); ΔFc is the load increment at the elastic stage (kN); Δεc is the strain 

increment under the ΔFc action; Δεy is the vertical strain increment in the elastic stage; Δεx is the lateral 

strain increment in the elastic stage. 

The tensile strength and tensile elastic modulus of the specimen can be calculated according to Eq. 

(3) and Eq. (4): 
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where, σt is the tensile strength of the specimen (MPa); Pmax is the ultimate tensile load (kN); A is the 

cross-sectional area of the tensile specimen (mm2). ΔPt is the load increment (kN); Δεt is the strain 

amount of the specimen under the action of the load increment ΔPt.  

The GFRP bars selected for the test were produced by Nan Jing Fiber Composite materials Co., 

Ltd. The tensile strength of FRP bars can be calculated according to Eq. (5) [64]: 
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u u u/f F A
                                                                     (5) 

where, fu is the tensile strength of the FRP bar (MPa); Fu is the maximum load of the FRP bar in the 

tensile elastic stage (N); Au is the cross-sectional area of the FRP bar specimen (mm2). The specific test 

results are shown in Table 2. 

The adhesive used for the test is NJMKT390 modified epoxy resin glue produced by Nanjing 

Mankate Technology Co., Ltd. The splitting tensile strength is 9.46 MPa, the bending strength is 72.5 

MPa, and the compressive strength is 107.7 MPa.  

Table 2 Mechanical properties parameters of GFRP bars with different diameters 

Diameter (mm) Cross-sectional area (mm2) Ultimate load (kN) Strength (MPa) 

8.39 55.26 46.59 843.1 

10.41 85.02 78.49 923.2 

12.45 121.7 107.70 885.1 

3. Laminated bamboo lumber beams test 

3.1 Test Design 

In this test, 10 groups of specimens were designed with the prestress level and reinforcement ratio 

as the influencing factors. Each group of specimens included three LBL beams, and the dimensions of 

the beams were 2000 mm × 100 mm × 150 mm. In order to investigate the influence of the diameter of 

the GFRP bars on the bending behavior, GFRP bars with diameters of 8 mm, 10 mm and 12 mm were 

embedded at the bottom of the LBL beams and assigned the numbers GS08, GS10 and GS12. It is 

necessary to ensure that the centroid position of the GFRP reinforcement embedded in the beam is the 

same distance from the bottom surface of the beam, so the slot position of the beam section must be set 

reasonably. Fig. 2. shows the cross-section of various types of LBL beams. A 12 mm GFRP bar was 

embedded in the LBL beam and a prestress of 15%σsy was applied, and the number of this type of 

specimen was GS12Ⅰ. And the beams numbered GS12Ⅱ are embedded with 12 mm GFRP bars and a 

prestress of 5%σsy is applied. The number and parameters of the beams are shown in Table 3. 

  

(a) Control beam (b) Beams with 12,10, and 8 mm GFRP bars 

Fig. 2 Sectional details of the LBL beams (mm) 

The steps of making a prestressed beam are as follows: 

(1) Spreading a layer of planting glue evenly in the groove at the bottom of the beam, and put the 

GFRP bar into the groove at the bottom of the beam. It is required to have threads at both ends and 

equipped with nuts of suitable size when the GFRP bar is made by the manufacturer.  

(2) Pasting the strain gauge at the middle position of the GFRP bar, and install the ordinary 

displacement gauge at the mid-span position of the beam. After that, the strain gauges and displacement 

gauges are connected with the TDS data acquisition instrument, and this step is used to monitor the 

magnitude of the tensile prestress. 

(3) Anchoring the GFRP bar at one end through the nut, and continuously tighten the high-strength 

nut at the other end with a wrench manually during the process of tensioning the GFRP bar. And 

observing the position of the GFRP bar at all times to prevent the bar body from rotating in the groove. 

The tensioning can be stopped when it is observed that the strain value displayed on the TDS data 

acquisition instrument reaches the target control value. 

(4) Recording the strain and mid-span displacement data within 48 hours to control the loss of 
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prestress and replenish the prestress by continuously tightening the nut. The surface is sealed with glue 

and smoothed after the prestress is stabilized, and maintained for seven days. The fabrication process 

of the prestressed GFRP bar specimen is shown in Fig. 3. 

Table 3 Specimen parameters 

Group Number 
GFRP bar diameter 

(mm) 

GFRP bar 

number 
Prestress level 

Reinforcement ratio 

(%) 

BS0 3 0 0 0 0 

GS08 3 8 1 0 0.34 

GS08Ⅰ 3 8 1 15％𝜎sy 0.34 

GS08Ⅱ 3 8 1 5％𝜎sy 0.34 

GS10 3 10 1 0 0.53 

GS10Ⅰ 3 10 1 15％𝜎sy 0.53 

GS10Ⅱ 3 10 1 5％𝜎sy 0.53 

GS12 3 12 1 0 0.77 

GS12Ⅰ 3 12 1 15％𝜎sy 0.77 

GS12Ⅱ 3 12 1 5％𝜎sy 0.77 

    

(a) Slotting (b) GFRP bar (c) Gluing (d) Prestressing 

   

(e) Monitoring (f) Smoothing (g) Specimens maintenance 

Fig. 3 Specimen production 

 

Fig. 4 Text scheme 
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3.2 Loading scheme 

Fig. 4 shows the loading device and arrangement of measuring points during the test. The test is 

performed under four-point bending load, and the loading scheme follows the method of first force 

control and then displacement control according to the Standard for Test Methods of Timber Structures 

[62]. The net span of all simply supported beams is 1800mm, and the load is transferred to the test beam 

through the distributed beams at two loading points. The side of the beam number is specified as the A 

side, and the clockwise side is marked as B, C, and D sides. Pasting five strain gauges equidistantly 

along the height direction on surface A, numbered 2, 3, 4, 5 and 6 respectively. The strain gauge on the 

B (top) side of the beam numbered 1, and on the D (bottom) side numbered 7. Three laser displacement 

meters (LDS) are installed at the midspan position at the bottom of the beam and the one-third of the 

span of the beam. Two displacement meters are installed at both ends of the specimen. 

3.3 Failure modes 

The failure forms of typical specimens are shown in Fig. 5 and Fig. 6. The first form of failure was 

the fracture of bamboo fibers in the tension zone of the beam. For description, the typical specimen 

GS08II-1 is taken as an example. The beam has no significant deformation in the elastic stage. Then, 

the beam reached the yield point and entered the non-linear stage when the load increased to 58.26 kN 

and the corresponding displacement was 30.61 mm. When the load increased to 69.85 kN and the 

corresponding displacement was 38.34 mm, the first crisp sound was generated. The bamboo fibers on 

the D (bottom) surface broke and produced cracks, which then spread from the mid-span to the loading 

point and to the A and C surfaces. When the load increased to 74.11 kN and the corresponding 

displacement was 43.71 mm, the beam bent significantly at this time. Then, the cracks on the A surface 

continued to extend to the top, and the GFRP bars bent more than the bottom of the beam, and were 

finally exposed. At the final failure, a series of slender longitudinal cracks formed on the A and C 

surfaces, penetrating the purely curved section, while the B surface (top surface) was in good condition, 

and no obvious yield failure occurred. For this beam, the ultimate load was 75.31 kN, and the 

corresponding displacement was 46.25 mm. 

  

  

  

Fig. 5 Fracture of bamboo fiber in the tension zone 

Most of the specimens showed this failure mode [41, 43, 65]. The reason for this failure mode is 

that during the compression process, the LBL at the bottom of the beam reaches the ultimate strength 

and the specimen fractures. Meanwhile, the GFRP bar is in the elastoplastic stage and the tensile 

strength is not reached, so the mid-span section at the bottom of the beam breaks. At the same time, the 

adhesive breaks, and the GFRP bar is exposed without breaking.  

The second form was shear failure at the end. The typical sample GS12-Ⅰ is used as an example for 

description. In the early stage, the deformation of the beam increases with increasing of the load. The 

beam suddenly showed huge cracks along the neutral axis when the load increased to 77.13 kN, and the 
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corresponding displacement was 55.02 mm. At this time, the beam has been completely destroyed, and 

it is not suitable to continue loading. 

  

  

Fig. 6 End shear failure 

To sum up, the failure modes of control beams, prestressed GFRP reinforced beam and GFRP 

reinforced beam are similar. In general, the bamboo fibers at the bottom of the beam fractures under 

tension, and there is no obvious yield failure in the compression zone at the top of the beam. It is 

preliminarily concluded that the LBL at the top of the beam has been damaged before reaching the 

ultimate strength and has not been fully utilized. All specimens experienced a sudden brittle fracture 

failure after undergoing the elastic phase and the elastoplastic phase, but the mid-span deflection during 

failure was far beyond the L/250 value of the specimen’s span. 

3.4 Test results 

The test results of beams are shown in Table 4. The average ultimate load of control beams is 58 

kN, and the average ultimate displacement is 31 mm. The ultimate load and ultimate displacement of 

beams with GFRP reinforcement in the body are improved to a certain extent compared with control 

beams, and the lifting effect increases with the increase of reinforcement ratio. The ultimate bearing 

capacity and stiffness of the beam can be enhanced by applying prestressing while arranging GFRP bars 

in the LBL beam, and the enhancement effect is more obvious with the increase of the prestressing level. 

Among them, the ultimate load can be increased by up to 62.1% compared with ordinary beams. 

Therefore, it can be considered that the configuration of prestressed tendons in bamboo glulam beams 

can enhance the flexural performance of the beams. Where Pu is the value of ultimate load, Δu is the 

value of limit displacement, PL/250 is the load for a displacement of L/250. L is the span of the beam. 

EIL/250 is the value of stiffness. Mt is the value of test bend moment. Mc is the value of calculation bend 

moment. 

Table 4 The comparison results of the average strength 

Number BS0 GS08 GS10 GS12 

Strength (MPa) 69.6 85.56 87.6 93.24 

Growth Rate (%)  22.9 25.9 34.0 

Number BS0 GS08 GS08Ⅱ GS08Ⅰ 

Strength (MPa) 69.6 85.56 86.4 89.64 

Growth Rate (%)  22.9 24.1 28.8 

Number BS0 GS08Ⅰ GS10Ⅰ GS12Ⅰ 

Strength (MPa) 69.6 89.64 104.04 109.56 

Growth Rate (%)  28.8 49.5 57.4 

Table 4 shows the strength comparison values of different specimens in each group. It can be seen 

that the GFRP reinforcement in the body can effectively improve the flexural strength of LBL beams 

compared with control beams, and it increases with the increase of reinforcement ratio. The test results 

of the three groups of specimens BS0, GS08 and GS08Ⅱ show that the strength of the beam with 8mm 

GRFRP reinforcement in the body is increased by 22.9%, and the strength of the beam with 8mm 

GRFRP reinforcement in the body and prestressing is increased by 28.8%. The results show the 

effectiveness of prestressing in improving the flexural strength of LBL beams. By comparing the 

flexural strength results of the beams of GS08Ⅰ, GS10Ⅰ and GS12Ⅰ, it can be seen that the configuration 

of GFRP bars in the beam and the application of prestressing can greatly improve the flexural strength 

of the beam, with a maximum increase of 57.4%. 
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4. Results analysis 

4.1 Prestressing analysis 

Fig. 7 shows the beam mid-span strain versus time and prestress versus displacement. As shown 

in Fig. 7(a), the prestress is stretched to the specified value in the initial stage, and the prestress 

decreases slightly in about 5 hours. The prestress decreases the most after 24 hours. At this time, 

tightening the screws at one end of the beam until the initial prestress value is reached. This method is 

simple and easy to operate and is suitable for the tension and control of small prestress values in the 

laboratory and is superior to some existing prestress methods [58, 66, 67]. 

Fig.7(b) shows the prestress-displacement curves in the middle of the span. The image shows that 

the prestress can produce a reverse bending displacement at the mid-span of the beam, with the 

maximum reaching 1/600 of the beam’s span. The displacement increases linearly with the increase of 

the prestress, and the slope remains basically unchanged. This is consistent with the experimental results 

of Wei [55]. 

  

(a) Strain-time curves of prestressed GFRP bars (b) Curves of prestressing-mid-span displacement 

Fig. 7 Prestressing process curves 

4.1 Load-displacement curves 

The load-displacement curves of the control beam and the reinforced-prestressed LBL beams with 

8 mm, 10 mm and 12 mm GFRP bars are given in Fig. 8. Fig. 8 (a) shows that the average ultimate 

loads of BS0 group, GS08Ⅰ group and GS08Ⅱ group are 58 kN, 73.7 kN and 72 kN, respectively. With 

the increase prestressing, the bearing capacity of the beams increased by 27.1% and 24.2%, and the 

improvement effect was obvious. The average limit displacements of BS0, GS08Ⅰ and GS08Ⅱ series 

specimens were 31 mm, 45.3 mm and 42.7 mm. With the increase of prestress, the ultimate 

displacement of the specimens increased by 46.1% and 37.7%, respectively. 

Fig. 8(b) indicates that the average ultimate load values of BS0 group, GS10Ⅰ group and GS10Ⅱ 

group were 58 kN, 86.7 kN and 79 kN, respectively. With the increase of prestress, the ultimate load of 

the specimens increased by 49.5% and 36.2%. The average limit displacements of BS0 group, GS10Ⅰ 

group and GS10Ⅱ group were 31 mm, 60 mm and 50.7 mm. With the increasing prestress, the ultimate 

displacement of the specimen increased by 46.1% and 37.7%.  

Fig. 8(c) shows that the average ultimate load values of BS0 group, GS12Ⅰ group and GS12Ⅱ group 

were 58 kN, 91.3 kN and 85.7 kN, respectively. With the increase of prestress, the ultimate load of the 

specimens increased by 57.4% and 47.8%. The average limit displacements of specimens in BS0 group, 

GS12Ⅰ group and GS12Ⅱ were 31 mm, 70.3 mm and 66.3 mm. The ultimate displacement of the 

specimen increased by 126.8% and 113.9% the higher the prestress was. 

Fig. 8(d) shows that the average value of GS08 series specimens is 71.3 kN, the average value of 

GS10 series specimens is 73kN and the average value of GS12 specimens is 77.7 kN. The ultimate load 

of the beams increased by 23%, 25.9%, and 34% with the increase of the reinforcement ratio. Therefore, 

an appropriate increase in the reinforcement ratio can increase the ultimate bearing capacity of the beam, 

but this increase is not continuous. When the reinforcement ratio in the beam exceeds a certain value, 

the enhancement will slow down. For example, the reinforcement ratio of the specimens in the GS08 

group is 0.34%, and the ultimate bearing capacity is increased by 23%, and the reinforcement ratio of 

the specimens in the GS10 group is 0.53%, and the bearing capacity is increased by 25.9%. Excessive 
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reinforcement ratio may cause over-reinforcement failure of LBL beams, which manifests as shear 

failure at the beam ends. Therefore, the use of anchors at both ends of the beam can be considered to 

avoid such situations. 

  

(a) 8mm (b) 10mm 

  

(c) 12mm (d) Load displacement curves of control beams 

Fig. 8 Load-displacement curves of prestressed GFRP bar beams 

   

(a) Ultimate load            (b) Ultimate displacement             (c) Bending stiffness 

Fig. 9 Comparison of the flexural performance of the LBL beams 

In summary, the configuration of prestressed GFRP bars in LBL beams can effectively improve 

the flexural bearing capacity. Prestress has a positive effect on the ultimate load, ultimate displacement 

and stiffness of LBL beams. Fig. 9. shows the comparison of the flexural performance of the various 

LBL beams. 

4.3 Bending stiffness 

The test rigidity of the test piece is measured according to the standard requirements of Wood 

Structure Test Method Standard, and the EI is calculated according to the Eq. (6): 

2 2a
(3 4 )

48

P
EI L a

W


 


                                                            (6) 

where, EI is the bending stiffness of the member (N·mm2); a is the distance between the loading point 

and the supporting point (600 mm). L is the calculated span length of the LBL beam (mm), which is 

1800mm; ΔP is the load increment (N), and ΔW is the corresponding mid-span deflection increment 

(mm). Both values are in the elastic stage.  

According to the research of scholars [48], the deflection of a wooden beam as a flexural element 
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in normal service limit state is not more than 1/250 of the beam span. Table 4 summarizes the stiffness 

of the beam when the displacement is L/250 (7.2 mm). 

The results show that the stiffness of LBL beams embedded in 8mm, 10 mm and 12 mm prestressed 

GFRP bars increased by 11.9%, 16.3% and 17.2%. For the prestressed beams of GS08Ⅰ and GS08Ⅱ 

groups, the stiffness increased by 21.6% and 16.7%, respectively. For the prestressed beams of GS10Ⅰ 

and GS10Ⅱ groups, the stiffness increased by 25.1% and 18.5%. For the prestressed beams of GS12Ⅰ 

and GS12Ⅱ groups, the stiffness increased by 29.1% and 23.9%. The effect of prestressing on the 

stiffness of the specimen is significantly higher than that of the control beam and the beam embedded 

with GFRP bars of the same diameter. This is because the prestress applied before the test can create a 

reverse bending deflection, which offsets part of the load and reduces the displacement under the same 

load during the test. 

4.4 Load-strain curves 

Fig. 10 shows the load-strain curve of the LBL beams. It can be seen from the figure that the data 

of the strain gauges on the A and C surfaces have the same trend of change, linearly changing in the 

early stage, and gradually decreasing due to the compression in the later stage. The data on the B side 

and the D side are opposite to each other, the B side gradually decreases due to the compression, and 

the D side becomes larger due to the tension. The ultimate tensile and compressive strain of ordinary 

beams (BS0) are 6056 με and 8628 με, and the tensile and compressive strain of LBL in Table 1 are 

compared, and the results show that the former is much lower than the latter. This shows that the 

materials in the tension zone and the compression zone are not fully functioning when the ordinary 

beam is damaged. 

  

(a) BS0-2 (b) GS08-1 

  

(c) GS10-1 (d) GS12-1 

  

(e) GS081-1 (f) GS082-1 
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(g) GS101-1 (h) GS102-1 

  

(j) GS121-2 (k) GS122-3 

Fig. 10 Load-strain curves 

  

(a) BS0-2 (b) GS08-1 

  

(c) GS10-1 (d) GS12-1 

  

(e) GS081-1 (f) GS082-1 
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(g) GS101-1 (h) GS102-1 

  

(j) GS121-2 (k) GS122-3 

Fig. 11 Strain distribution 

The average range of ultimate compressive strain for reinforced beams and prestressed GFRP 

reinforced beams is12085.4 με ~ 13785.3 με, which is larger than that of ordinary beams. The 

performance of LBL in the compression zone has been improved by the effect of GFRP bars. The 

average range of ultimate tensile strain is 12085.4 με ~ 13785.3 με, and the ultimate tensile strain of the 

prestressed beam with 15% applied is basically the same as that of the LBL material. This shows that 

the material in the tension zone of the LBL beam with 15% prestress is fully utilized and the failure 

mode manifests as fracture in the mid-span section at the bottom of the beam. 

4.5 Strain distribution 

The strain changes of the mid-span section of each group of typical specimens along the section 

height are shown in Fig. 11. The position corresponding to the strain of the mid-span section of the test 

piece is divided according to the position of the strain gauge. It is stipulated that the height of the 

corresponding section of the strain gauge at the bottom of the beam is 0 mm and the height of the 

corresponding section of the strain gauge on the top of the beam is 150 mm. The values of (a) to (k) 

correspond respectively to a typical specimen of 10 groups of specimens. 

For the control beam (BS0-2), the strain of the mid-span section of the specimen shows a linear 

relationship with the increase of the load, which is in full compliance with the assumption of flat section. 

The smaller range indicates that the position of the neutral axis does not change significantly between 

the elastic state and the limit state. For reinforced beam (GS12-1) and prestressed reinforced beam 

(GS12Ⅱ-3), the strain increases linearly at the beginning of loading, but in the later loading stage, the 

strain increases nonlinearly due to the presence of FRP bars, which is basically in line with the 

assumption of flat section. It can be clearly seen in the figure that the neutral axis moves downward 

(tension zone) when the ultimate load of the beam is reached.  

For the control beam (BS0), the position of the neutral axis is 70.1mm. For the reinforced beams 

of the groups GS08, GS10 and GS12, the position of the neutral axis is 68.0 mm, 65.1 mm and 62.3 

mm. For the prestressed reinforced beams of the groups GS08Ⅰ, GS10Ⅰ and GS12Ⅰ, the position of the 

neutral axis is 67.8 mm, 66.0 mm and 57.8 mm, respectively. Since the configuration of GFRP bars in 

the tension zone can increase the moment of inertia of the beam cross-section, and it causes the neutral 

axis position of the LBL beam to move downward. The larger the prestress, the more obvious the 

downward. 

5. Theoretical analysis 
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Based on the tensile-compression stress-strain relationship of LBL, this paper deduces the flexural 

bearing capacity of prestressed LBL beam and gives a general formula for the calculation of bearing 

capacity combined with previous studies. The calculations are based on the following assumptions: 

(1) The material is uniform, ignoring the original defects of the material. 

(2) There is no relative slip between the glulam and the GFRP bars. 

(3) Before the specimen fails, the strain is linearly distributed along the height of the section, which 

conforms to the assumption of a flat cross-section. 

(4) The theoretical calculation is based on the basic mechanical model of LBL. (The stress-strain 

calculation model is based on the method proposed by Li [44] as shown in Fig. 12. 
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Fig. 12 Stress-strain curve of laminated bamboo 

lumber [44] 

Fig. 13 Stress and strain distribution diagram of LBL at 

limit state 

The model can be expressed by Eq. (7), (8): 
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ep L L L L L L

c co cy c ep cy

k
E E

   

   

 
 

                                                     (8) 

where σ is the value of stress, L

tE  and L

cE are the elastic modulus of the LBL along the grain under 
tension and compression, respectively, ε is the value of strain , L

cy  and L

cy  are the stress and strain of 
the proportional ultimate compression, L

tu  and L

cu  are the ultimate tensile strain and ultimate 
compressive strain of the LBL, L

co  and L

co  are the stress and strain corresponding to the peak 
compressive load, L

ep  and L

ep  are the stress and strain values in the elastoplastic stage. L

epk  is the 
reduction factor of the modulus in the elastoplastic stage. L

cy  and L

co  are 4625 με and 25864 με, L

tE  
and L

cE  are 7444 MPa and 8108 MPa. 

The stress σep in the compression zone is between σcy and σco combined with the results in Table 1, 

and the stress and strain distribution of GFRP bars reinforced LBL beam is shown in Fig. 13. 

In Fig. 13, h is the height of the beam (100 mm), hc and hcy are the heights of the compression zone 

of the LBL beam, and ht is the height of the tension zone. a is the distance from the center of the GFRP 

bar to the bottom of the beam (10 mm). 

Combining Fig. 13 with Eq. (7) and Eq. (8) to find the stress value at each stage: 

cy cE                                                                         (9) 

   c cy ep c cy c ep c cyk E E k E                                                     (10) 

t tE                                                                         (11) 
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s t p s t s p

t t

h a h a
E E

h h
    

 
                 

 (12) 

where, σcy and εcy are the ultimate stress value and strain value of the compression zone in the elastic 

stage, respectively, σc is the ultimate stress value of the compression zone in the elastoplastic stage, σt  

and εt are the ultimate stress values in the tension zone, σs is the stress value of the GFRP bar in the 

tension zone, Es is the elastic modulus of the GFRP bar, σp and εp are the stress and strain values of the 

prestressed GFRP bar. 

Eq. (13) results from the equilibrium of forces: 

c cy t sF F F F                                                                   (13) 

where, Fc is the resultant force of the plastic compression zone, Fcy is the resultant force of the elastic 

compression zone, Ft is the force of the tension zone, Fs is the resultant force of the GFRP bar, As is the 

cross-sectional area of the GFRP bar. 

The four resultant forces can be obtained by Eq. (14), Eq. (15), Eq. (16) and Eq. (17):  

 c cy c c / 2F h b                                                               (14) 

cy cy cy / 2F h b                                                                  (15) 

t t t / 2F h b                                                                    (16) 

s s sF A                                                                       (17) 

According to the geometric relationship in Fig. 13, Eq. (18) is obtained:  

cy cy t t/h h                                                                    (18) 

Let 
cy t/ N   .According to the tensile and compressive tests of the LBL, with

cy 0.0046  ,

t 0.0137  , N = 0.34. 

 c t1h h N h                                                                  (19) 

Combining Eq. (17) and (18), it can be concluded that the neutral axis height can be expressed by 

Eq. (19) when the cross section is in the ultimate state: 

2

t

4

2

B B AC
h

A

  
                                                            (20) 

with: 

    c ep ep cy t2 1A bE k k h N N E                                                (21) 

 t s p2B E E     (22) 

t2C aE   (23) 

According to the Equations given above, the calculation value (Mc) of bending moment can be 

obtained: 

 cy cc
c c t cy c t t s t

cy c

2 2 2

3 3 3

h
M F h h F h F h F h a

 

 

 
        

                            (24) 

The test value of the bending moment can be expressed by Eq. (25): 

t / 6M PL                                                                     (25) 

where, P is the external load and L is the net span of the beam. 

Table 5 shows the comparison between the test bending moment value and the calculated bending 

moment value. It can be seen that the test value of the specimens agrees well with the calculation value 

except for GS08 I -2, GS08Ⅱ-1 and GS10Ⅱ-2. The average error of the test piece is 4.61%. For the three 
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GS12I series beams, the average error is only 1.2%, which basically agrees with the experimental value. 

The results show that the section stress analysis model established in this way can be used for the 

calculation of the bearing capacity of the beam. 

Table 5 Test results 

Group 
Pu 

(kN) 

Increase 

ratio of 

Pu 

Δu 

(mm) 

PL/250 

(kN) 

EIL/250 

(108kN·m2) 

Increase ratio of 

EIL/250 

Mt 

(kN·m) 

Mc 

(kN·m) 

Error 

(%) 

BS0-1 60 - 32 18.96 2.45 - 18 16.68 -7.33 

BS0-2 58 - 31 14.92 1.93 - 17.4 16.89 -2.93 

BS0-3 56 - 30 17.87 2.31 - 16.8 15.65 -6.84 

Average 58 - 31 17.25 2.23 - 17.4 16.41 -5.7 

GS08-1 72 24.1 38 17.82 2.31 3.3 21.6 22.36 3.52 

GS08-2 73 25.9 39 20.54 2.66 19.1 21.9 22.48 2.65 

GS08-3 69 19.0 40 19.52 2.53 13.2 20.7 21.56 4.15 

Average 71.3 22.9 39 19.3 2.5 11.9 21.39 22.13 3.44 

GS10-1 75 29.3 47 21.32 2.76 23.6 22.5 24.55 9.11 

GS10-2 68 17.2 42 17.25 2.23 0 20.4 22.39 9.75 

GS10-3 76 31.0 44 21.59 2.79 25.2 22.8 24.64 8.07 

Average 73 25.9 44.3 20.05 2.59 16.3 21.8 23.86 8.07 

GS12-1 77 32.8 55 19.29 2.5 11.8 23.1 24.56 6.32 

GS12-2 77 32.8 55 20.18 2.61 17.0 23.1 24.69 6.88 

GS12-3 79 36.2 48 21.16 2.74 22.7 23.7 24.82 4.72 

Average 77.7 34.0 52.7 20.21 2.61 17.2 23.31 24.69 5.97 

GS08Ⅰ-1 77 32.8 58 19.76 2.56 14.6 23.1 24.65 6.71 

GS08Ⅰ-2 76 31.0 56 19.14 2.48 11.0 22.8 25.12 10.17 

GS08Ⅰ-3 71 22.4 38 23.99 3.10 39.1 21.3 23.43 10 

Average 74.7 28.8 50.7 20.96 2.71 21.6 22.41 24.4 8.96 

GS08Ⅱ-1 75 29.3 46 23.49 3.04 36.2 22.5 25.12 11.64 

GS08Ⅱ-2 72 24.1 39 18.46 2.39 7.1 21.6 22.90 6.02 

GS08Ⅱ-3 69 19.0 43 18.41 2.38 6.8 20.7 20.45 -1.21 

Average 72 24.1 42.7 20.12 2.6 16.7 21.6 22.82 6.29 

GS10Ⅰ-1 88 51.7 61 21.47 2.78 24.5 26.4 27.65 4.73 

GS10Ⅰ-2 86 48.3 55 21.32 2.76 23.6 25.8 27.23 5.54 

GS10Ⅰ-3 86 48.3 64 21.94 2.84 27.2 25.8 27.75 7.56 

Average 86.7 49.5 60 21.58 2.79 25.1 26.01 27.54 5.94 

GS10Ⅱ-1 81 39.7 46 22.10 2.86 28.2 24.3 26.31 8.27 

GS10Ⅱ-2 79 36.2 48 19.6 2.54 13.6 23.7 26.38 11.31 

GS10Ⅱ-3 77 32.8 58 19.6 2.54 13.6 23.1 25.62 10.9 

Average 79 36.2 50.7 20.43 2.64 18.5 23.7 26.10 10.16 

GS12Ⅰ-1 94 62.1 62 25.72 3.33 49.1 28.2 27.92 -0.99 

GS12Ⅰ-2 91 56.9 75 20.68 2.68 19.9 27.3 28.13 3.04 

GS12Ⅰ-3 89 53.4 74 20.37 2.64 18.1 26.7 27.12 1.57 

Average 91.3 57.4 70.3 22.26 2.88 29.1 27.39 27.72 1.21 

GS12Ⅱ-1 84 44.8 52 23.04 2.98 33.6 25.2 24.36 -3.33 

GS12Ⅱ-2 85 46.6 73 19.75 2.56 14.5 25.5 26.85 5.29 

GS12Ⅱ-3 88 51.7 74 21.31 2.76 23.6 26.4 27.24 3.18 

Average 85.7 47.8 66.3 21.37 2.76 23.9 25.71 26.15 3.93 

6. Finite element modelling 

6.1 Material failure criteria 

In this paper, LBL was considered as an orthotropic material, as shown in Fig. 14, in which 

direction 1 is along the bamboo fiber direction, direction 2 and 3 are perpendicular to the fiber direction. 

According to the test results, the failure of LBL beams was main the fracture failure in the tension zone, 

it included the tension failure of the bamboo fiber, tension splitting failure between bamboo fibers. Thus, 

in FEM, only the tension failure was considered.  
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For tension along the fiber direction (direction 1), a maximum stress criterion was adopted: 

 t,1 11 t,1/ 1F f                                                                      (26) 

where, σ11 is the stress in direction 1; ft,1 is the tensile strength in direction 1. 

For tension splitting failure, a quadratic criterion was used: 

 
2 2 2

ii 1i 23
t,i

t,i v roll

1,    i=2 or 3F
f f f

  
                                                    (27) 

where, σii is the stress in direction i; σ1i is the shear stress in plane 1i; σ23 is the shear stress in plane 23; 

ft,i is the tensile strength in direction i; fv is the longitudinal shear strength, froll is the rolling shear strength.  

      

Fig. 14 Material direction of LBL Fig. 15 Damage evolution law 

6.2 Damage evolution 

When the failure criteria in Eq.(26) and Eq.(27) was satisfied, the damage was triggered. Since 

both tension failure of bamboo parallel and perpendicular to the fiber direction of LBL were brittle 

failure, the damage parameter di was calculated by a linear softening stress–strain relationship [69] as 

shown in Fig. 15.  

 
f,i i2

i t,i
f,i i2 t,i

t,i

21
1 ,   i=1,2,3

2
c

c

G E
d f

G E L F
f

L




    

 

                                        (28) 

where, Gf,i is the tensile fracture energy in direction i; Ei is the elastic modulus in direction i; Lc is the 

characteristic length of the element.  

The initial value of di was set as 0, when the damage was triggered, di started to growing, it then 

lead to a degradation of the material stiffness matrix, the initial stiffness or the elastic modulus E0,i was 

changed to E0,i(1-di). The maximum value of di was set as 0.99 in this paper.  

6.3 Modelling information 

Based on the mentioned damage initiation and evolution laws, a user defined material subroutine 

for LBL was developed and adopt in ABAQUS/Explicit. The detailed mechanical parameters of LBL, 

steel support, and GFRP are shown in Table 6. According to Wang et al. [70], the tensile strength of 

bamboo node is significantly lower than other bamboo areas, thus, to simulate the crack pattern of LBL 

beams, several areas were selected randomly to apply lower tensile strength at the bottom of the LBL 

beams to initiate the damage, as shown in Fig. 16(a), and element deletion was implemented. C3D8R 

solid elements were used for both LBL [71] and steel, the meshing details are shown in Fig. 16(b). 

GFRP was simulated by truss element (T3D2), and treated as an embedded region to reinforce LBL 

beams. To apply prestress of GFRP bars, a cooling down method was used according to the followed 

equation [72]: 

P
T

c E A
 

 
                                                                   (29) 

where, T is the aimed temperature, P is the required prestressed force; c is the thermal expansion 

coefficient of GFRP; E is elastic modulus of GFRP; A is the cross-section area of GFRP bar.  
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The contact between LBL beam and supports was a general contact, with tangential behavior was 

coulomb friction model with a friction coefficient of 0.3, and normal behavior was hard contact.  

Table 6 Mechanical parameters in FEM 

Materials 
Elastic modulus 

(MPa) 
Poisson’s ratio Yield strength (MPa) 

Fracture energy 

(N/mm) 

Thermal expansion 

coefficient (oC-1) 

LBL 

E11 7500 μ12 = μ13 0.35 11 / 11,weak  60/30 Gf,1 100   

E22 = E33 1600 μ23 0.2 22 33   25 Gf,2=Gf,3 20   

G12 = G13 1300   12 13   15     

G23 100   23  5     

GFRP E 54000 μ 0.3 σ 960   c 5×10-6 

Steel 

support 
E 210000 μ 0.3       

 

  

(a) Lower tensile strength area in color red (b) Meshing of LBL beam 

Fig. 16 FEM details 

 

  

(a) Failure overview (b) Initial tension damage in direction 1 

 

(c) Damage evolution in direction 2 

 

(d) Damage evolution in direction 3 
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(e) Final element deletion 

Fig.17 Failure phenomenon of FEM 

6.4 FEM results 

The general failure of LBL beams is shown in Fig. 17(a), for both normal beams and reinforced 

beams, the failure pattern were all similar. Tension damage in direction 1 was first generated at the 

bottom of the beam where weaker tension strength was applied, Fig. 17(b). Then with the inconsistent 

deformation of the damaged and undamaged area, the tension damages in direction 2 and 3 were 

initiated, and finally led to horizontal cracks on beam’s side and bottom planes, Fig. 17(c, d). With the 

increase of the displacement, the tension damage in direction 1 gradually developing from the bottom 

of the beam upwards, resulted in more horizontal cracks, Fig. 17(e). 

The load-displacement curves of LBL beams from FEM are shown in Fig .18. The same to the 

experimental results, the use of GFRP bar could obviously enhance the bearing capacity, ultimate 

displacement, and bending stiffness of LBL beams, Fig. 18(a). The increasing ratio of these bending 

properties were largest from normal LBL beam to a beam strengthened with 8 mm diameter GFRP bars 

(ultimate load from 73 kN to 80 kN). While with increasing bar diameter (8mm, 10mm, 12mm), the 

ultimate load increments were only around 2.5 kN. The ultimate displacement and bending stiffness 

also presented the same pattern. 

For the LBL beams with pre-stressed GFRP bars, taking diameter of 10 mm as an example, the 

load-displacement curves are shown in Fig. 18(b). The prestressed GFRP bar could increase the load 

capacity, and the ultimate displacement. It is worth mention that part of the ultimate displacement 

increase was due to the upward bending of the beam under the application of prestress. The bending 

stiffness did not show a rise for increasing prestressed load in FEM. This could be explained by in FEM, 

prestressed load could not increase the elastic modulus of GFRP bar itself, thus the bending stiffness 

didn’t increase. 

  

(a) Control beams (b) Prestressed beams 

Fig.18 Load-displacement curves of FEM 

7. Conclusions 

In this paper, the prestress level and reinforcement ratio are the influencing factors to carry out 

experimental research on LBL beams. The comprehensive analysis draws the following conclusions: 

The failure modes of LBL beams are mainly shear failure and bending failure. The strains of the 

tensile zone and the compression zone of the LBL beam did not reach the ultimate strain of the material 
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when failure occurred. However, the ultimate strain of the beam can be increased by configuring 

prestressed GFRP bars at the bottom of the LBL beam, thereby improving the utilization rate of 

materials. Embedding prestressed GFRP bars in beams can effectively improve the flexural bearing 

capacity and flexural rigidity of beams compared with control beams. And the bearing capacity and 

stiffness of the LBL beam increase with the increase of reinforcement ratio and the increase of prestress 

level. Among them, the flexural bearing capacity of the beam with 12 mm GFRP bars and 15.6 kN 

prestress applied in the body was increased by 57.4%, and the flexural stiffness was increased by 29.1%. 

The strengthened beams were simulated by FEM using continuum damage mechanics, the failure 

pattern and the strengthening mechanism were verified.  

The change of section height of ordinary beams and prestressed reinforced beams with strain is in 

accordance with the principle of flat section assumptions. The position of the neutral axis of the 

prestressed reinforced beam moves down relative to the control beam, and the greater the prestress, the 

more the neutral axis of the beam moves downward. According to the stress-strain distribution of the 

LBL beams when they are flexural damaged, a theoretical formula for calculating the flexural bearing 

capacity of LBL beams is proposed by combining with the three-stage LBL stress-strain constitutive 

model. After verification, it is found that the theoretical model is in good agreement with the 

experimental results. 
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