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Abstract: To investigate the effect of BFRP (basalt fiber) reinforced short laminated bamboo lumber (LBL) columns 

on axial compressive static performance, axial compression tests of twelve BFRP reinforced short LBL columns and 

three normal short LBL columns were conducted, and tensile tests of 13 BFRP were carried out. The test results show 

that the failure mode of BFRP reinforced short LBL columns was consistent with that of normal short LBL columns, 

buckling failure and adhesive layer failure. With the increase of BFRP cloth ratio, the bearing capacity of the columns 

increased. However, when the cloth ratio exceeded 2.3% (4 layers of BFRP), the average improvement of the load-

bearing capacity was not obvious, and the reasonable cloth ratio was reached at 2.3%. The short LBL columns wrapped 

BFRP showed good compressive ductility, and the higher the cloth ratio of BFRP, the better the compressive ductility. 

Based on the suitable analysis of test data and referring to the relevant methods of fiber reinforced wood columns, the 

calculation model of axial compressive bearing capacity and stress-strain relationship model of BFRP reinforced short 

LBL columns were established. The comparison between theoretical calculation and experimental results verified the 

reliability and accuracy of the proposed bearing capacity calculation model and stress-strain model. 
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1 Introduction 

The social demand for green and sustainable building materials is steadily increasing, 

while the quantity of industrial wood is very scarce, and the gap between supply and 

demand of wood is becoming increasingly prominent. Bamboo has a short growth cycle, 

abundant resources, large cultivation area and accumulation [1]. It is a renewable resource 

and deserves to be an ecological material in the new era. Especially in the case of wood 

shortage, sustainable and green bamboo is undoubtedly a good choice to replace wood. 

Therefore, it is very important to study the structure of bamboo. 

The bamboo canes have a variable cross-section and material properties over the 

length [2] and the hollow cross-section requires difficult joints. This makes it difficult to 

meet the requirements of modern bamboo buildings for component mechanical properties 

and spatial structure [3]. Advances in production technology have made it possible to 

produce engineered bamboo products [4]. Engineered bamboo products overcome the 

shortcomings of original bamboo, retain the advantages of original bamboo, and are 

becoming increasingly popular [5-9]. Laminated bamboo lumber (LBL) is a common 

kind of engineered bamboo products [10-11]. What is LBL? LBL is a bamboo board 

composed of many basic bamboo units through certain manufacturing processes. The 

basic processes include carbonization, drying, gluing, blank assembly, hot pressing, 

gluing, etc. [12].  

Researchers paid much attention to the production process [12-16] and mechanical 
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properties [17-28] of LBL. Li et al [29-32] found that the production process of LBL can 

flexibly control the size and length of its components, and its mechanical properties are 

good, such as high elastic modulus, compressive strength along grain and tensile strength 

along the grain. LBL can partly replace wood as building materials, and can also be used 

as components of bamboo (wood) structures [33], which offers a good application 

prospect [34]. However, as a vertical structural element, LBL columns are susceptible to 

rot, moth-eaten, warpage and dry shrinkage cracking during its service life. Their damage 

is further accelerated under harsh environmental conditions, leading to a reduction in 

strength and stiffness, thus endangering the safety of the entire structure. 

Composites are increasingly used in construction [35-36], especially fiber reinforced 

polymer (FRP) [37-38], because of their good strength-to-weight ratio, high corrosion 

resistance and ease of cutting. An important application of FRP composites is the 

reinforcement of brittle materials [39] such as concrete, timber, engineering bamboo [40-

42]. Making full use of the advantages of FRP can not only improve the problems 

associated with components in the service life, such as pest [43], corrosion [44], fire [45], 

but also reinforce the existing components and improve their bearing capacity [46]. Basalt 

fiber reinforced polymer (BFRP), as a new type of composite material, is another high-

tech fiber composite material after carbon fibers [47]. BFRP has an interesting 

relationship between quality and cost compared with the conventional FRPs [48]. BFRP 

is much cheaper than carbon fibre (CFRP), and its price is only one eighth to one sixth of 

that of CFRP [49] and has higher mechanical properties (tensile strength and elastic 

modulus) than glass fiber reinforced plastics (GFRP) [50]. Basalt fiber can be used as a 

potential candidate for carbon fiber reinforced materials to achieve the same mechanical 

properties as carbon fiber reinforced materials [47]. Additionally, it has a wide range of 

raw materials, an environmentally friendly production process and meets the 

requirements of green sustainable development [51-52]. 

FRP is also widely used to reinforced timber columns [53-57]. FRP has different 

reinforcement effects on timber columns with different cross-sectional shapes [58], the 

reinforcement effect of circular is better than that of square timber columns [59-60]. Qiao 

[57] carried out axial compression experiments on CFRP reinforced square timber filled 

steel tube stub columns, and CFRP can increase the axial compressive strength of columns. 

Emerson [61] studied the bearing capacity of bare timber columns and rotten timber pier 

columns with GFRP, showing that the bearing capacity of the GFRP reinforced timber 

columns was about 17% higher than the bare timber columns. Chidiaq [62] carried out 

axial compression experiments on CFRP reinforced intact timber columns, showing that 

the bearing capacity of the timber columns with CFRP increased by 15%-25%.  

Few studies evaluated FRP reinforced short LBL columns. Hong [63], Wang [64] 

and Li [65] carried out axial compression experiments on FRP reinforced short LBL 

columns, studied the ultimate strength of FRP reinforced short LBL columns, but did not 

propose a universal model of stress-strain model. Herein, the effect of BFRP on the axial 

compressive performance of BFRP reinforced short LBL columns was investigated. 

Twelve axial compression tests of BFRP reinforced short LBL columns and three normal 

short LBL columns were completed. Based on the test results, the load-displacement 
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curves and stress-strain curves were analyzed, the changes of ductility and load-bearing 

capacity were evaluated. A calculation model of bearing capacity was established, and a 

universal model of stress-strain model was proposed, which can describe both the stress-

strain relationship of short LBL columns without BFRP and with BFRP. 

2. Materials and test methods 

2.1 Materials and specimens 

The raw material of LBL is Phyllostachys edulis from the surrounding areas of 

Yong'an City, Fujian Province. Its growth cycle is short, the rod shape is thick and straight, 

and it is suitable for construction. The specimens were processed by Jiangxi Ganzhou 

Sentai bamboo and Wood Co., Ltd. The LBL specimens were made of 2005 mm×21 

mm×7 mm bamboo strips prepared by hot pressing for 15min with resorcinol as adhesive 

under the conditions of main pressure of 9 MPa, lateral pressure of 6.5 MPa and a 

temperature of 157 ℃. The manufacturing process of LBL is shown in Fig. 1. 

Raw bamboo Bamboo pole

Splitting Molding

Laminated bamboo panel LBL

Gluing Assembling
Cutting

 

Fig. 1 Schematic diagram of LBL production 

The BFRP cloth was wrapped on the short LBL columns manually and the process 

is as follows: First the BFRP cloth was cut and trimmed to required size according to the 

geometry of the columns; Second the adhesive (phenolic resin) was applied evenly on the 

clean-and-dry surface of columns and BFRP cloth, then the BFRP cloth was wrapped on 

the columns; Third the BFRP-wrapped columns were covered with plastic films, the tests 

shall not be conducted until the adhesive was completely cured within 30 days. 

The cross-section of the short LBL column designed for the test is shown in Fig. 2 . 

The cross-section was 100 mm×100 mm with four chamfers of 10 mm. The height of the 

short LBL column was 300 mm. There are 15 columns, three in each group, including 12 

short LBL columns with BFRP (the cloth ratio was 1.2%, 1.8%, 2.3% and 2.9% 

respectively) and 3 short LBL columns without BFRP. The specimen’s number shall 

follow the naming rules below: the normal short LBL columns are expressed by SA300 

and the BFRP reinforced short LBL columns are SnB300, n represents the number of 

layers of BFRP.  

The quantity of BFRP can be expressed by the cloth ratio. The cloth ratio is defined 

as the percentage of the ratio between the BFRP area and the cross-section of BFRP 

reinforced short LBL columns, calculated with the formula (1): 
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a 2A b d= −  (3) 

Where, ρF is the cloth ratio; AF is the area of BFRP; Aa is the cross-sectional area of LBL 

column; tf is the wrapping thickness of BFRP; d is chamfers side length; b is the side 

length of the cross-section. 

The number and grouping of the specimens are listed in Table 1. 

Table 1 Main parameters of specimens 

Specimens A/mm2 H/mm d/mm Efrp /GPa  tf /mm n ρF % Number 

SA300 

S2B300 

S3B300 

S4B300 

S5B300 

100×100 

100×100 

100×100 

100×100 

100×100 

300 

300 

300 

300 

300 

10 

10 

10 

10 

10 

-- 

59.5 

59.5 

59.5 

59.5 

0 

0.151 

0.151 

0.151 

0.151 

0 

2 

3 

4 

5 

0 

1.2 

1.8 

2.3 

2.9 

3 

3 

3 

3 

3 

Note: A is Sectional area; H is column height; d is chamfers side length; Efrp is the elastic modulus of BFRP; tf is the 

thickness of BFRP; n represents the number of layers of BFRP. 
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Fig. 2 Cross-section 

2.2 Test setup 

The test was completed in Jiangning test center of Nanjing Forestry University. The 

instruments used in the test mainly include microcomputer-controlled electro-hydraulic 

servo universal testing machine and a TDS-530 data acquisition system. Loading diagram 

of short columns is shown in Fig. 3. During the test, the vertical upward movement of the 

base loads the test specimens axially. The installation of the displacement meter was fixed 

by the magnetic meter base and placed vertically to measure the vertical displacement of 

the upward movement of the instrument base. The test loading was divided into three 

stages, the first two stages were force control, and the last stage was displacement control. 

Firstly, the force was increased to 2 kN at a loading ratio of 200 N/s; secondly, the force 

was increased to 500 kN at a loading ratio of 1.5 kN/s; thirdly, the displacement was 

controlled and increased to 50mm at a loading ratio of 8 mm /min. 
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Fig. 3 Loading diagram of short columns 

2.3 BFRP Tensile test 

The tensile tests of 13 BFRP specimens were carried out, and the tensile performance 

parameters of BFRP were obtained. The BFRP tensile test specimens were designed into 

dumbbell shape, so that the failure of the test specimens occurs in the middle. The specific 

dimension is shown in Fig. 4. 

The stress-strain curves of BFRP are shown in Fig. 5. The average values of BFRP 

tensile strength and elastic modulus are 1488 MPa and 59.5 GPa respectively, the average 

peak strain of BFRP is 0.024. 
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2
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Fig. 4 FRP tensile specimen. All dimensions are in mm 

 

Fig. 5 Stress-strain curves of BFRP 
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3 Test results and analysis 

The main test results are listed in Table 2.  

Table 2 The main test results 

Specimens 
P  

/kN 

σu 

/MPa 
ρF % 

Δp  

/mm 

Δy  

/mm 
uΔ 

Ecc 

/MPa 

ɛy 

 

ɛp 

 

SA300-1 536.1 54.7 0 32.4 3.7 8.8  9220 0.0041 0.0146 

SA300-2 573.3 58.5 0 31.8 3.7 8.6  9363 0.0039 0.0139 

SA300-3 563.8 57.5 0 29.4 3.5 8.4  9190 0.0046 0.0144 

Mean value 557.7 56.9 0 31.2 3.6 8.6  9258 0.0042 0.0143 

S2B300-1 601.5 60.3 1.2 35.6 3.6 9.9  10938 0.0041 0.0141 

S2B300-2 586.9 58.7 1.2 31.7 3.5 9.1  9710 0.0038 0.0146 

S2B300-3 543.7 57.5 1.2 34.2 3.5 9.8  9958 0.0037 0.0152 

Mean value 577.4 58.8 1.2 33.8 3.5 9.6  10202 0.0039 0.0146 

S3B300-1 627.8 64.1 1.8 39.9 4.1 9.7  11014 0.0039 0.0154 

S3B300-2 590.6 60.3 1.8 34.5 3.3 10.5  9703 0.0034 0.0166 

S3B300-3 597.8 61.0 1.8 35.8 3.4 10.5  11148 0.0038 0.0141 

Mean value 605.4 61.8 1.8 36.7 3.6 10.2  10621 0.0037 0.0154 

S4B300-1 652.3 65.6 2.3 37.5 3.5 10.7  11732 0.0037 0.0177 

S4B300-2 618.4 61.9 2.3 35.3 3.4 10.4  11660 0.0034 0.0165 

S4B300-3 668.1 67.2 2.3 39.6 4.0 9.9  9998 0.0034 0.0170 

Mean value 646.3 64.9 2.3 37.5 3.6 10.3  11130 0.0035 0.0171 

S5B300-1 671.4 68.3 2.9 38.5 3.8 10.1  11288 0.0040 0.0176 

S5B300-2 640.6 65.1 2.9 39.6 3.7 10.7  13202 0.0028 0.0170 

S5B300-3 647.7 66.4 2.9 38.1 3.7 10.3  11580 0.0033 0.0179 

Mean value 653.2 66.6 2.9 38.7 3.7 10.4  12023 0.0034 0.0175 

Note: P is the ultimate load; σu is the ultimate strength; ρF is cloth ratio of BFRP; Δp is the displacement when the peak 

load decreases to 85%Pu; Δy is the displacement at yield point; uΔ is the ductility coefficient; E is the elastic modulus 

ɛy is the yield strain; ɛp is the plastic strain. 

3.1 Failure phenomenon 

During the process from the initial loading to 70% of ultimate load, there were no 

obvious cracks and deformation on the surface of the normal short LBL columns. As the 

load increased to about 95% of ultimate load, the normal short LBL columns were 

gradually compressed and bulged outward. When the test load reached ultimate load, the 

bamboo fiber cracked. With the increase of deformation, the cracks grew rapidly and 

expanded along the axis, the specimens were completely destroyed.  

During the initial loading to 95% of ultimate load, failure phenomenon in the BFRP 

reinforced short LBL columns was similar to the normal short LBL columns. When the 

load reached ultimate load, the failure of BFRP started at the chamfers and developed 

inward for all specimens. With the increase of deformation, the fracture of bamboo fiber 

and BFRP intensified. Until the BFRP broke, the specimens were completely destroyed. 

According to the test process, the failure phenomena of all columns can be divided 

into two types, namely buckling failure and adhesive layer failure, as shown in Fig. 6.  
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(1) Buckling failure. The specific performance was the collapse (Fig. 6 (a)) or local 

buckling of the end (Fig. 6 (b)) of the specimens. Due to the different elastic modulus 

and Poisson's ratio between LBL and base plate, the deformation of LBL and base plate 

could not be coordinated, and the transverse deformation of the base plate was obviously 

less than that of LBL. The base plate limited the transverse deformation of the specimens 

due to friction on the contact surface. The friction had little effect on the transverse 

deformation in the middle of the specimens height, so the specimens would collapse in 

the local area of the end. 

(2) Adhesive layer failure. The specific performance was the cracking of the 

cemented joint of LBL (Fig. 6 (c)) or the cracking of the joint of BFRP cloth (Fig. 6 (d)). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 6 Failure phenomena of columns 

3.2 Load-displacement curves 

 

Fig. 7 Load - displacement curve of specimens  

Fig. 7 shows the load-displacement curves of specimens. In the initial phase of 

loading, the applied load was small, the displacement increased linearly with the 

increasing load. When the load reached about yield point, the stiffness of each group of 

specimens suddenly decreased, the ability of the specimens to resist deformation 
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decreased, and the axial displacement continued to increase rapidly, but the load slowly 

increased. Then the specimens developed the plastic stage, and the axial displacement of 

the specimens increased rapidly, but the load kept unchanged. When the displacement 

increased to about ultimate displacement, the load gradually decreased until the 

specimens were damaged. As the cloth ratio of BFRP increased, the area, enclosed by the 

load-displacement curve and the coordinate axis, became larger, indicating that the more 

energy was required for specimen failure.  

3.3 Stress-strain curves 

Fig. 8 shows the stress-strain curves of specimens. The trends of the stress-strain of 

the BFRP reinforced short LBL columns were similar to that of the normal short LBL 

columns. Compared with normal short LBL columns, the lateral strain of BFRP 

reinforced short LBL columns changed slightly, which showed that LBL did not produce 

large lateral deformation and that BFRP had a good restraining effect on LBL.  

 

Fig. 8 Stress-strain curves of test specimens 

The obvious difference of stress-strain relationship between BFRP reinforced short 

LBL column and normal short LBL columns was mainly reflected in the elastic-plastic 

stage. The larger the cloth ratio of BFRP was, the fuller the elastic-plastic stage was. The 

average peak stresses of specimens were 56.9 MPa, 58.8 MPa, 61.8 MPa, 64.9 MPa and 

68.1 MPa, respectively. Compared with the normal short LBL columns, the peak stresses 

increased by 2.8%, 8.6%, 14.1% and 19.7%, respectively. This showed that the BFRP 

cloth has an effective restraining function and improves the load-bearing capacity of 

specimens. 

3.4 Ductility 

The ductility coefficient [66] is used to calculate the plastic deformation capacity of 

the specimens, the formula is as follows: 
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Where Δ p is the displacement when the peak load decreases to 85%Pu; Δy is the 

displacement at yield point; Δp and Δy are determined by the load- displacement curves. 

Fig. 9 shows the relationship between cloth ratio and ductility coefficient. BFRP can 

improve specimens ductility .The greater the cloth ratio of BFRP, the better the ductility. 

Compared with the ductility of normal short LBL columns, when the cloth ratio was 1.2%, 

1.8%, 2.3% and 2.9% respectively, the ductility of BFRP reinforced short LBL columns 

increased by 1.0%, 1.6%, 1.7% and 1.8% respectively. 

 

Fig. 9 Relationship between cloth ratio and ductility coefficient 

3.5 Bearing capacity 

 

Fig. 10 Relationship between BFRP cloth ratio and ultimate load 

The variation trend of the load-bearing capacity with different BFRP cloth ratio is 

shown in Fig. 10. The bearing capacity of the specimens increased with the increase of 

BFRP cloth ratio. As the increase of the equal difference of the cloth, the bearing capacity 

increased by 3.5%, 8.5%, 15.9%, and 17.0%, respectively. When the cloth ratio was less, 

the bearing capacity increased significantly. However, the improvement of bearing 

capacity was not obvious, when the cloth ratio increased from 2.3% to 2.9%. The 
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reasonable cloth ratio is 2.3%, which is four layers of BFRP. The relationship between 

the bearing capacity and cloth ratio of BFRP reinforced LBL can be expressed as follows: 

 u 0 4

F

0.2
/ 1.2

1+
1.8

P P


= −
 
 
 

 (5) 

Where Pu is the bearing capacity of the columns; P0 is the average bearing capacity of the 

normal short LBL columns. 

It can be seen from the above analysis that the lateral restraint of BFRP increased 

the overall stiffness and ductility of the columns, enhanced the bearing capacity of the 

specimens. 

4 Theoretical calculation model 

4.1 Bearing capacity  

4.1.1 Section shape  

For FRP reinforced columns with circular cross-section, the lateral restraining force 

is uniformly distributed and has good restraining effect, while for FRP reinforced columns 

with square cross-section, the lateral restraining force is unevenly distributed [67]. The 

constraining effect is strongest near the column corners, and the constraint between the 

column corners is relatively weak. In the column corners, the BFRP cloth and the 

specimen cannot fit together well. In particular, the BFRP cloth will become harder after 

the glue is cured, so that the two cannot fit together well, so the constraint between the 

column corners is relatively weak. There are effective constraint regions and non-

effective constraint regions [68]. The distribution of the non-effective constraint zone is 

a quadratic parabola, approximating the arc action mode, and the angle of the tangent at 

the end point is 45°, as shown in Fig. 11. We proposed the section shape coefficient ks to 

calculate the ratio of the effective restraint area of the octagonal section to the total area, 

and the calculation formula is as follows. 

 
( ) ( )

2 2

i

4 2 2 2
tan 45

6 3

b d b d
A

− −
=   =  (6) 

 
( )

2

2 2

e

2 2
2

3

b d
A b d

−
= − −  (7) 

 
e

s

a

A
k

A
=  (8) 

Where Aa is the square cross-sectional area, Ai is the area of non-effective constraint area 

and Ae is the area of effective constraint area respectively; ks is the cross-sectional shape 

coefficient; b is cross-sectional side length; d is chamfers side length . 
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Fig. 11 Partition of equivalent restraint zone of square column 

4.1.2 Lateral restraint strength and equivalent elastic modulus of BFRP 

In the experimental study of FRP confined square columns, the FRP at the corner 

was usually torn first [69-70], and there was a great stress concentration in the FRP at the 

corner. The cross-sectional shape coefficient ks is introduced for calculation to the lateral 

restraint strength fl. 

 frp frp f

l s2
E nt

f k
D


=

 (9) 

Where Efrp is the elastic modulus of BFRP; ɛfrp is the strain of BFRP at failure; D is the 

diameter of the equivalent circular cross-section; tf is the thickness of BFRP, n is total 

layers of BFRP. 

We proposed the calculation expression of the equivalent elastic modulus of BFRP 

along the fiber direction as follows: 

 
frp f

l s2
E nt

G k
D

=  (10) 

4.1.3 Bearing capacity model 

There were research results on the axial compression performance of FRP reinforced 

concrete rectangular columns, which had been incorporated into the design codes to serve 

as a reference for subsequent research and design. For the convenience of engineers, the 

strength of restrained columns was assumed to be linear with lateral restraint by FRP [71-

73]. 

 cc c0 f lf f k f= +  (11) 

Where fcc is the peak stress of BFRP reinforced short LBL column; fc0 is the average 

compressive strength of normal short LBL column; kf is the chamfer weakening 

coefficient. 

The data of 15 specimens in this study were calculated and analyzed by linear 

regression, and the relationship between the peak stress of BFRP reinforced short LBL 

columns with square cross-section and the effective restraint stress of BFRP cloth was 

obtained. The fitting result is shown in Fig. 12. Therefore, the functional relationship 

between the peak stress of the BFRP reinforced specimens and the effective restraint 



 

12 

stress of BFRP cloth can be expressed as follows: 

 
cc l

c0 c0

1 1.2
f f

f f
− =  (12) 

 

cc c0 l1.2f f f= +

 (13) 

Thus, the expression of axial compression bearing capacity N of BFRP reinforced 

LBL short columns is as follows: 

 ( )cc a c0 l a= +1.2N f A f f A=  (14) 

 

Fig. 12 Fitting result of confinement coefficient k 

Table 3 Comparison of bearing capacity calculation values with test values 

Specimen

s 

u  (MPa) 

Error 

(%) 

uP  (kN) 
Error  

(%) Calculated 

value 

Test 

value 

Calculated 

value 

Test 

value 

SA300-1 

SA300-1 

SA300-1 

S2B300-1 

54.7 

58.5 

57.5 

58.7 

54.7 

58.5 

57.5 

60.3 

0 

0 

0 

2.7 

536.1 

573.3 

563.8 

586.7 

536.1 

573.3 

563.8 

601.5 

0 

0 

0 

4.4 

S2B300-2 62.5 58.7 6.5 624.4 586.9 4.4 

S2B300-3 61.5 57.5 7.0 614.5 547.5 10.1 

S3B300-1 60.7 64.1 5.3 609.0 627.8 5.3 

S3B300-2 64.5 60.3 7.0 646.6 590.6 7.0 

S3B300-3 63.5 61.0 4.1 636.7 597.8 4.1 

S4B300-1 62.7 65.6 4.4 631.2 652.3 5.8 

S4B300-2 66.5 61.9 7.4 668.9 618.4 5.4 

S4B300-3 65.5 67.2 2.5 681.2 668.1 3.9 

S5B300-1 64.7 68.3 5.3 653.4 671.4 5.6 

S5B300-2 68.5 65.1 5.2 691.1 640.6 4.8 

S5B300-3 67.5 66.4 1.6 681.2 647.7 2.1 

To verify the correctness of the bearing capacity calculation method of BFRP 
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reinforced short LBL columns obtained by the theoretical formula, the calculated values 

are compared with the test values, as shown in Table 3. The calculated values of bearing 

capacity of the BFRP reinforced LBL columns agreed well with the test values. The 

results showed that the formula can effectively predict the bearing capacity of BFRP 

reinforced short LBL columns.  

4.2 Stress-strain relationship 

According to the stress-strain curve of BFRP reinforced short LBL columns drawn 

from the measured data (Fig. 8), the stress-strain model can be simplified into a three-

stage model, namely elastic stage, elastic-plastic stage and plastic stage, as shown in Fig. 

13. The model was based on several basic assumptions: (i) the LBL and BFRP are firmly 

bonded to form an integral forced component, and the load in the whole loading process 

is carried by the LBL and BFRP; (ii) at the yield point A(ɛy, σy), the slope of the second 

parabola is less than that of the first straight line; (iii) the parabola is smoothly connected 

with the third segment at the extreme point B(ɛp, σp); (iv) the end point of the third strain 

is the ultimate compressive strain. 

 

O

A

B C
( )cc uf 





y

p y −

cc yf −

y p u  

Fig. 13 Three stage stress-strain model 

4.2.1 Elastic stage 

In the elastic stage, the stress-strain relationship is positively proportional for BFRP 

reinforced short LBL columns. LBL and BFRP were well bonded to form an integral 

forced component, and the load was carried jointly by both.  

The active confining pressure provided by BFRP increases the elastic modulus of 

the specimen and slightly increases the linear slope. The elastic modulus consists of two 

parts: the elastic modulus of the LBL itself and the equivalent elastic modulus of BFRP. 

The elastic modulus in the elastic stage can be expressed by the linear combination of the 

two: 

 
cc c0 E l

E E k G= +
 (15) 

Where Ecc is the elastic modulus of columns; Ec0 is the average elastic modulus of normal 

short LBL columns; kE is the stress increase factor. 

Based on the calculation and linear regression analysis of the relevant data (Fig. 14), 

the relationship between the elastic modulus of BFRP reinforced short LBL columns with 
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a square cross-section and the effective restraint stiffness of BFRP is obtained: 

 
cc l

c0 c0

1 5.9
E G

E E
− =  (16) 

 
cc c0 l

5.9E E G= +
 (17) 

Thus, the expression of stress-strain relationship of BFRP reinforced short LBL 

columns is as follows: 

 ( ) ( )cc c0 l y= +5.9   E E G    =   (18) 

The comparison between the elastic modulus calculation values and the test values 

are listed in Table 4.  

Table 4 Comparison between calculation values of elastic modulus and test values 

Specimens 
 The mean value of Ecc（MPa） Error (%) 

 Calculated value Test value 

SA300 9258 9258 0 

S2B300 10316 10202 1.1 

S3B300 10845 10621 1.9 

S4B300 11375 11130 2.1 

S5B300 11903 12023 1.0 

 

Fig. 14 Fitting result of stiffness increase factor kE 

4.2.2 Elastoplastic stage 

The distribution of the stress-strain curve at this stage is similar a parabola (Fig. 8). 

Therefore, it is assumed that the expression of stress-strain relationship is: 

 ( )2

y p=a   b c     + +    (19) 

Where a, b and c are undetermined coefficients. 

According to the relevant literature on the stress-strain relationship of FRP 

reinforced concrete column [74] and FRP reinforced wooden column [59], the strain value 

of the specimens was a displacement related quantity, which was related to the restraining 

strength. Through data analysis and fitting (Fig. 15), the strain expression of BFRP 

reinforced short LBL columns is obtained as follows: 
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0 0

1 2.1
y l
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f

f




= −  (20) 

 
0 0

1 19.2
p l

c c

f

f




= +  (21) 

Where ɛy is yield strain; ɛp is plastic strain; ɛc0 is the average yield strain of normal short 

LBL columns. 

The stress-strain curve passes through two points A and B and the slope at point B 

is zero. The expressions of undetermined coefficients a, b and c can be obtained from 

these three conditions: 

 ( ) ( )
2

cc y p y/a f   = − − −  (22) 

 ( ) ( )
2

p cc y p y2 /b f   = − −  (23) 

 ( ) ( ) ( ) ( )
2 2

2

y y cc y p y y p cc y p y/ 2 /c f f         = + − − − − −  (24) 

Hence, 

( )

( )

( )

( )

( )

( )

( )
( )

2

p pcc y 2

y p2 2 2 2

p p p p

2 2
=   

cc y y cc y y cc y

y

y y y y

f f ff       
      

       

− − −−
− + + −  

− − − −
  (25) 

 

(a) Yield strain 

 

(b) Plastic strain 

Fig. 15 Strain fitting coefficient 

4.2.3 Plastic stage 

In the plastic stage, the strain gauge pasted on the surface of BFRP cloth loses its 

function due to the breaking of BFRP cloth, and the real strain value after the breaking of 

BFRP cloth cannot be measured. In fact, the stress-strain distribution of BFRP reinforced 

short LBL columns had a long deformation platform. The stress-strain expression at this 

stage is: 

 ( )u cc c0 l p u=   = 1.2  f f f    = +    (26) 

4.2.4 Stress-strain expression 
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Based on the above analysis, the three-stage stress-strain expression of BFRP 

reinforced short LBL columns is obtained: 

( ) ( )

( )

( )

( )

( )

( )

( )

( )
( )

c0 l y

2

p cc y cc y y p cc ycc y 2

y y p2 2 2 2

p y p y p y p y

c0

+5.9                                                                                                    

2 2
=      

1

y

E G

f f ff

f

  

      
      

       



− − −−
− + + −  

− − − −

+ ( )l p u.2                                                                                                     f   









 

 (27) 

The calculated values of stress-strain were compared with the test values. The values 

of SA300-3 and S4B300-2 were selected for comparative analysis and drawn in Fig. 16. 

It can be seen that the trend of change in the calculated value is consistent with the test 

value. This showed that the stress-strain model proposed in this study can accurately 

reflect the stress-strain relationship of BFRP reinforced short LBL columns.  

Furthermore, the model proposed is used to calculate the stress-strain of AFRP and 

CFRP reinforced short LBL columns (Fig. 17). The comparison between calculation 

model and existing results shows that the calculation model proposed is accurate and 

universal. 

  

(a) ρF=0.0 (b) ρF=2.3 

Fig. 16 Comparison between calculated values and test values of stress-strain curves (T V: test 

value, C V: Calculated value) 

  

(a) AFRP reinforced short LBL column  (b) CFRP reinforced short LBL column 

Fig. 17 Comparison between calculation model and existing results of stress-strain curves 
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5 Conclusion 

To investigate the effect of BFRP reinforced short LBL columns on axial 

compressive performance, a total number of 15 columns were conducted, including 12 

BFRP reinforced short LBL columns (4 groups, 3 columns for each group, the cloth ratio 

is 1.2%, 1.8%, 2.3% and 2.9% respectively) and 3 normal short LBL columns, and tensile 

tests of 13 BFRP were carried out. The following conclusions can be drawn through the 

test results and analysis: 

(1) The failure mode of BFRP reinforced short LBL columns and normal short LBL 

columns were buckling failure and adhesive layer failure. The average values of BFRP 

tensile strength and elastic modulus are 1488 MPa and 59.5 GPa respectively, and the 

average strain of BFRP at failure is 0.024. 

(2) The BFRP reinforced short LBL columns showed better compressive ductility. 

Compared with the ductility of normal short LBL columns, when the cloth ratio is 1.2%, 

1.8%, 2.3% and 2.9% respectively, the ductility of BFRP reinforced short LBL columns 

increased by 1.0%, 1.6%, 1.7% and 1.8% respectively. 

(3) With the increase of BFRP cloth ratio, the compressive capacity of BFRP 

reinforced short LBL columns increased. Compared with the bearing capacity of normal 

short LBL columns, when the cloth ratio is 1.2%, 1.8%, 2.3% and 2.9% respectively, the 

bearing capacity of BFRP reinforced short LBL columns increased by 3.5%, 8.5%, 15.9% 

and 17.0% respectively. The most reasonable cloth ratio is 2.3%, which is four layers of 

BFRP. The calculation formula of compressive bearing capacity of BFRP reinforced short 

LBL columns was established. 

(4) The obvious difference of stress-strain relationship between BFRP reinforced 

short LBL columns and normal short LBL columns was mainly reflected in the elastic-

plastic stage. The larger the cloth ratio of BFRP was, the fuller the elastic-plastic stage 

was. The universal stress-strain model proposed can describe both the stress-strain 

relationship of FRP reinforced short LBL columns and normal short LBL columns.  
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