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Abstract

:

Bamboo is a naturally occurring composite material, which exhibits a decomposable structure with varying composition. The distinct structural features of bamboo contribute to its exceptional strength and flexibility, making it an excellent choice for construction purposes. However, only a limited portion of bamboo species has been studied for its mechanical properties, and research on Bambusa arundinaceae has primarily focused on its pharmaceutical values. Therefore, we investigated the relationship between the structural characteristics of B. arundinaceae and its mechanical properties using axial compression experiments and tangential bending experiments. The results showed that the distribution density of vascular bundles (VBs) of B. arundinaceae ranged from 1.98 to 4.34 pcs/mm2,while the volume fraction of fiber sheaths (FSs) ranged from 35.82 to 42.58%. The average compressive strength, flexural strength, and flexural elasticity modulus were 113.99 MPa, 239.07 MPa, and 17.39 GPa, which were 97.56%, 64.07%, and 66.09% higher than those of moso bamboo (Phyllostachys edulis), respectively. The compressive strength, flexural strengths, and elasticity modulus of B. arundinaceae were positively correlated with both the distribution density of VBs and the volume fraction of FSs. These insights are crucial for the advancement of durable and efficient materials in diverse sectors including construction and manufacturing.
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1. Introduction


Bamboo belongs to the family Gramineae. According to statistics, there are over 1640 species of bamboo plants belonging to 123 genera globally, mainly in the tropics and subtropics [1,2]. As a biodegradable and renewable resource, bamboo matures in 3–5 years. Depending on the growing environment, the maximum growth rate can be up to 100 cm/d [3]. Research has shown that the high carbon sequestration capacity of bamboo can helps mitigate climate change. The mechanical properties of bamboo are comparable to those of wood. Particularly, the hardness of some bamboo species is even comparable to that of hardwood. Obataya et al. [4] investigated the mechanical properties of moso bamboo (Phyllostachys edulis) through cyclic bending tests and found that, while bamboo exhibited limited elasticity, it demonstrates remarkable ductility. Notably, at comparable densities, the flexural ductility of bamboo surpasses that of wood by a factor of 3.06. Furthermore, while the elasticity modulus of bamboo is 0.84 times that of wood, its flexural strength of bamboo is 1.72 times greater than wood [5]. However, bamboo has some limitations. It is susceptible to cracking and vulnerable to attacks by insects and fungi [6,7]. Additionally, the collection of moso bamboo and the reduction of transportation costs pose challenges due to the geographical areas where it grows.



Among many natural materials, bamboo is a material with a gradient structure and a wealth of advantages [8]. This hollow, rattan-like structure contributes to its distinctive mechanical properties. The excellent bending properties allow it to withstand wind and snow without damage [9], a characteristic that ancient engineers discovered and exploited early on. For example, in South America, the traditional building technique called Quincha, which involves interweaving pieces of wood, rattan, or bamboo into a frame, dates back at least 8000 years [10]. Nowadays, the excellent mechanical properties and eco-friendliness of bamboo make it a good material for scaffolding production in places like China [11]. In Indonesia and Vietnam, bamboo is utilized in constructing infrastructure such as churches or bridges [12]. Additionally, bamboo can be burned to produce bamboo charcoal, adsorbing harmful gases and heavy metal ions from solutions, and enhancing the properties of polylactic acid (PLA) [13,14,15,16]. In other areas, helically winding bamboo composite pipes are anticipated to supplant plastic and concrete pipes in modernized underground water distribution networks, serving as novel conduits for liquid conveyance [17]. Furthermore, the superior toughness of bamboo composites renders them suitable for the construction of wind turbine blades [18].



The anatomical structure of bamboo affects its mechanical properties, which in turn influence its applications. The vascular bundles within the culm wall are the most crucial factor influencing the properties of bamboo. Therefore, it is necessary to test the mechanical properties of bamboo and observe the connection with the structure. However, most of the observations on the connection between the mechanical properties and structure of bamboo have been focused on moso bamboo.



Bambusa arundinaceae is a bamboo species native to India. It is widely cultivated in regions such as Guangzhou and Hong Kong, China [19]. It has a pole height of 10–17 m, diameter of 6–9 cm, internode length of 10–23 cm, and wall thickness of 1–1.5 cm. It is thick and solid with the potential to be a good building material. However, in recent years, research on B. arundinaceae has been mainly focused on the medical field [20,21,22], with less research on its mechanical properties and distribution patterns of vascular bundles. The absence of essential engineering data poses a challenge that must be addressed to utilize this particular species of bamboo as a structural or construction material.



In this study, B. arundinaceae was examined to investigate its potential as a building material. This research aimed to analyze the changes in the volume fraction of the fiber sheaths (FSs) and the distribution density of vascular bundles (VBs) along the axial direction. Additionally, the mechanical properties at different heights of bamboo was measured to investigate the relationship between the structure and mechanical performance.




2. Materials and Methods


2.1. Sample Preparation


Three-year-old B. arundinaceae was randomly collected from a bamboo garden in Zhangzhou City, Fujian Province, China, in a subtropical monsoon climate. (Bamboo reaches maturity and exhibits stable characteristics after about three years of growth). The bamboos were cut into 1.5-m-long segments along the axial direction, totaling 10 sections. These segments were numbered from the base to the top as 1, 2, 3, 4, 5, …, 10. Samples for bending and compression tests were prepared according to GB/T 15780-1995 [23]. A total of 109 samples were used in the compression test and 130 samples were used in the three-point bending test.




2.2. Cross-Sectional Scanning of the Sample


The moisture content of the specimen is controlled to 12% by a temperature Humidity Test Chamber (HSW-1000, Saifu, Ningbo, Shanghai, China). The samples for tests were sanded with 320-grade sandpaper (NO28976 from PROXXON, Föhren, Germany). According to GB/T 15780-1995 [23], the sample sizes for the axial compression test after sanding were 20 mm (L, longitudinal), 20 mm (T, tangential), and t mm (R, radial, culm wall thickness), and for the three-point bending test, the sample size was 160 mm × 10 mm × t mm (bamboo wall thickness). The samples were placed into a scanner (PERFECTION V850 PRO, EPSON, Suwa City, Japan) with a grayscale of 16 degrees and a resolution of 9600 dpi. The total area of the FSs of the sample was identified by the trained YOLO_V3 model. The volume fraction of the FSs and the tissue ratio were calculated by using Equation (1):


        V   v b   =   A   v b   =     ∑  i = 1   N      s   i       S        



(1)




where Vvb is the volume ratio, Avb is the area fraction, Si is the area of an FS in cross-section and S is the area of cross-section. Figure 1 shows the process.




2.3. Axial Compression Test


The axial compression test was accomplished by using an Instron Microtester (5848, Instron Co., Norwood, MA, USA). According to the standard of GB/T 15780-1995 [23], the compression rate of the machine was 1.6 mm/min, and the duration of the test was 30 to 90 s. To guarantee the accuracy of the measurement, the machine is equipped with precision sensors and a spherical base that ensures that the top and bottom of the sample fit perfectly into the upper and lower bases during the pressing process (Figure 2). The compressive strength is defined by using Equation (2):


        σ   C   =   P   b t        



(2)




where σC is the axial compressive strength of the sample, P is the load, b is the width of the sample, and t is the thickness of the sample.




2.4. Three-Point Bending Test


The three-point bending test was accomplished by using an Instron Microtester (5848, Instron Co.). The three-point bending test is tested only in the chordal direction to prevent the influence of the yellow side and green side on the flexural strength since the distribution of VBs within the culm wall of the bamboo is not uniform. According to the standard of GB/T 15780-1995 [23], the central single-point loading was used, and the sample was placed on two supports of the test device with a span of 120 mm. The load was applied at a uniform rate along the tangential direction of the sample, and the duration of the test was 30 to 90 s (Figure 3). Repeated loading of each sample occurred six times. The initial loading cycle serves to relieve internal stresses within the sample. The subsequent second through fifth cycles aim to calculate the elasticity modulus of the sample, utilizing the average of the three tests. The final cycle determines the flexural strength of the sample (loading until the specimen is destroyed). The flexural strength and elasticity modulus are given by Equations (3) and (4), respectively.


        σ   F   =   3 P L   2 t   h   2          



(3)
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(4)




where σF is the flexural strength, P is the load, L is the span, t is the thickness of the sample, h is the height in the chordal direction, E is the elasticity modulus, P∆ is the difference between the upper-bound and the lower-bound load, and f is the deformation values at the upper-bound load and lower-bound load.





3. Results


3.1. Structure of Bamboo


The distribution pattern of VBs in bamboo is a direct reflection of its structural characteristics. The distribution density and size of vascular bundles are closely related to the strength, stiffness, and other mechanical properties of bamboo. From a mechanical standpoint, bamboo can be categorized into two components. The first component is the FS, located within VBs. The load-bearing and support structure of bamboo is mostly determined by this part, which allows it to maintain its form and structural integrity. The second component comprises the parenchyma cells (PCs), which function as load-transfer and stress-buffering elements, principally influencing the ductility of bamboo [24]. These two constituents, the FSs and PCs, are the key factors influencing the mechanical properties of bamboo. Consequently, bamboo can be considered a natural composite material. This composite structure gives bamboo both high strength and high toughness, which may explain its use as a structural and building material.



The thickness of the culm wall decreases as the height increases (Figure 4), which is the form in which the bamboo reduces its weight. The VBs near the green side of the bamboo are small, densely packed, poorly differentiated, and mainly composed of fibers; the VBs in the middle and near the yellow side of the bamboo are larger and sparser, with a stable morphology and well-differentiated transport tissues.



The types of VB in bamboo are categorized into five main categories: open, semi-open, broken-waist, double broken-waist, and tight-waist types [25]. The VBs near the green side are small and densely packed with an indistinct differentiation, primarily composed of fibers, and the predominant type is the semi-open type (Figure 5a). The VBs in the middle and towards the yellow side are larger and more sparsely distributed, with a stable morphology and well-differentiated vascular tissues, mainly comprising a mixture of the broken-waisted and a small proportion of the double broken-waisted (Figure 5b,c). These are distributed in the middle and inner regions, with the inner VBs exhibiting a higher degree of differentiation compared to those in the middle.



The distribution density of the VBs and the volume fraction of the FSs of the samples showed an overall increasing trend with increasing height, but both decreased in group 4 and then continuously increased, with mean values of 2.91 pcs/mm2 and 37.7%, respectively (Figure 6a,b). As a result, the distribution of VBs in the radial and axial directions of bamboo is not uniform, which leads to the inhomogeneity of the mechanical properties of bamboo. The distribution density of VBs of B. arundinaceae was higher than that of the moso bamboo (2.49 pcs/mm2) [26], and about 1.17 times that of the moso bamboo. Combined with the previous section, it can be hypothesized that the mechanical properties may be superior to those of moso bamboo.




3.2. Compression Experiment


3.2.1. Compressive Properties in the Axial Direction


All the samples showed three stages of compression similar to that of laminated bamboo: elastic deformation stage, elastic-plastic stage, and plastic plateau stage [27]. In the elastic deformation stage, the load increases linearly with displacement, and the load at this stage is in the normal range for fibers, which were still able to maintain their original morphology until they reached the proportionality limit. At this stage, PCs with foam-like properties may hinder the lateral deformation of the fibers, allowing the fibers to perform better in the compression process [28]. After reaching the proportional limit, the sample enters the elastic-plastic stage. During this stage, the fibers begin to yield, and although the load continues to increase with displacement, the rate of increase gradually decreases until it becomes zero. The sample then enters the plastic plateau stage. At this point, the load decreases with increasing displacement, but the duration of this stage is much longer than the previous two stages. The prolonged plastic plateau period may be attributed to the PCs being able to absorb larger compressive deformations, increasing the time required for the bamboo to reach failure [29].



As previously stated, the FSs within VBs have a crucial role in providing support and bearing loads, making them the primary component that influences the mechanical properties of bamboo. The compressive strength of bamboo is positively correlated with the distribution density of VBs, which gradually increases from the base to the top along the axial direction. Consequently, the compressive strength also gradually increases from the base to the top along the axial direction (Figure 7 and Figure 8a). The average compressive strength of B. arundinaceae was 113.99 MPa, which is twice that of moso bamboo (57.7 MPa), and even higher than that of Dendrocalamus sinicus (92.56 MPa), the world’s largest bamboo [30,31]. Samples taken from the lower region of the bamboo exhibited a lower distribution density of VBs, yet exhibited a higher content of PCs and possessed thicker walls. As mentioned earlier, PCs have foam-like properties that prevent lateral deformation of the fibers during compression, so the stiffness of the FSs located within the VBs can be more fully utilized. At the same time, the wall thickness of the samples decreased gradually from the base to the top in the radial direction, while the width and height of all samples remained consistent. This leads to a gradual decrease in the cross-sectional area and the content of PCs of the samples from the base to the top in the axial direction, which in turn leads to a gradual weakening of the effect of transmitting load and preventing transverse deformation of the fibers and a gradual increase in the load per unit area. As a result, the maximum load that can be carried by the sample decreases from the base to the top in the axial direction (Figure 8b).



These findings indicate that as the sample height increased, both the volume fraction and distribution density of the FSs in the bamboo increased progressively. Additionally, the compressive strength of the bamboo increased, but its maximum load capacity declined. These trends may be related to changes in the gradient structure of bamboo VBs. Wall thickness decreases with increasing sampling height, which may lead to a tighter fiber arrangement, thus increasing the compressive strength and stiffness of the bamboo, but at the same time decreasing its load carrying capacity at higher loads. These findings have important implications for understanding and utilizing the structural properties of bamboo, especially for applications in construction and manufacturing.




3.2.2. Formatting of Mathematical Components


Compression failure in the axial direction typically arises from the rotational movement of fibers that are locally misaligned. This rotational movement causes shearing of the matrix, resulting in a decrease in its shear modulus. Consequently, the fibers continue to rotate, eventually leading to the breaking of the fibers [32].



In order to study the types of failure of the samples under axial compression and to understand the failure mechanism, each sample was observed and categorized into I to III based on the damage pattern. The crack in type I approximates letter “Y” (Figure 9(a1,a2)). The fibers break during the compression process, which in turn leads to the formation of cracks on the outer surface of the sample. During compression, the crack first appeared in the center of the sample, and as the load increased, the crack gradually expanded towards the two lateral edges in a direction parallel to the 45° folding angle, while the crack in the center expanded downwards, eventually forming a crack similar to the letter “Y”. A small portion of the sample side appears to expand outward, with the most pronounced expansion at the contact point with the “Y” crack side (Figure 9(b1,b2)). There was no significant change in the sample from the top surface.



In type II, the crack expands in a direction of 45° to the loading axis, and as in type I folds and protrusions appear on the outer skin (Figure 9(c1,c2)). This is mainly due to the bending and misalignment of the fibers during compression, whereas the PCs, due to their characteristics, do not show large cracks during compression [33]. Large cracks were produced on the side of the sample, which may be due to the presence of a weak interface between the fibers and the parenchymal cells and hence the separation. Additionally, fine fiber filaments were observed. As mentioned earlier, bamboo can be classified into two distinct components, the FSs and the PCs, where the FSs are a whole unit formed by the aggregation of many bamboo fibers, which suggests that the FSs were unable to withstand the excessive load during the compression process and thus segregated (Figure 9(d1,d2)).



Unlike types I and II, the outer epidermis of type III is generally little changed, but about 50% of the inner epidermis bulges outward (Figure 9(e1,e2)). From the top surface, the outer epidermis appears to be separated from the stroma. A crack at an angle of 45° to the loading axis can be observed on the lateral side of the sample, identical to that in Type II, which is also caused by fiber bending and misalignment (Figure 9(f1,f2)). The trace of the crack spreads from one apex of the side to the other side and finally reaches the midpoint of that side. As a result, the fibers gradually break in a direction 45° to the loading axis rather than in a direction parallel to the diagonal of the flank, which in turn forms a shear band. From the top surface of the sample, the separation of the matrix and the outer epidermis of the sample occurred during compression. This may be due to the fact that the fibers within the matrix exert a force on the outer epidermis in a horizontal aspect after bending and misalignment, and the degree of separation increases with increasing load (Figure 9(g1,g2)).



Overall, all samples broadly exhibited the three failure types described above, all three of which were shear damage. Gaining insight into the method by which bamboo is destroyed under compression can enhance the efficiency of utilizing bamboo and enable the identification of suitable applications for different parts of bamboo based on their structural needs.





3.3. Bending Experiment


3.3.1. Flexural Properties


There was a favorable correlation between the distribution density of VBs and both the flexural strength and elasticity modulus of bamboo. (Figure 10d,e). The flexural strength increased from 209.93 MPa in group 1 to 256.21 MPa in group 6, showing an increasing trend (Figure 10a). This may be related to the reduction of wall thickness and the change in the internal structure of bamboo. The elasticity modulus increased from 15.44 GPa in group 1 to 19.09 GPa in group 6, and the rigidity of bamboo increased with the decrease in wall thickness (Figure 10b). The maximum load exhibited a declining tendency as the group size increased, and a reduction in wall thickness resulted in a substantial decrease in the capacity to bear loads. (Figure 10c).



In the process of increasing from group 6 to group 10, the flexural strength fluctuated greatly, with an average value of 256.62 MPa, which first slightly increased and then decreased, but then slightly recovered in group 10, which may reflect that the internal structure of bamboo becomes more compact with the decrease of wall thickness (Figure 10b). The maximum load still showed a gradually decreasing trend, starting from an average of 1118.44 N in group 6, which indicated that the overall load-carrying capacity of the bamboo material was still decreasing with the decrease in wall thickness (Figure 10c). The modulus of elasticity showed an overall fluctuating trend with an average value of 18.53 GPa, which first decreased and then recovered in group 10, indicating that the rigidity of bamboo is changing with the reduction of wall thickness (Figure 10a). These data indicate that the performance characteristics of bamboo, such as flexural strength and elasticity modulus, show some fluctuation as the wall thickness decreases, but overall show a certain upward trend. Nevertheless, the reduction in load-carrying capacity implies the necessity of evaluating the impact of wall thickness on the performance of bamboo in various applications. In addition, the average flexural strength and flexural elasticity modulus of B. arundinaceae were 239.07 MPa and 17.39 GPa, which were 64.07% and 66.09% higher than those of moso bamboo, respectively. This indicates that B. arundinaceae has a better load-bearing capacity than moso bamboo [5].



Overall, B. arundinaceae exhibited changes in flexural strength, elasticity modulus, and maximum load when subjected to the bending test for the same reasons that the samples subjected to a compression test may have.




3.3.2. Flexural Behavior of Bamboo Blocks


Although the samples were subjected to top-down pressure in the chordal direction, the bamboo strips exhibited similar destructive characteristics to those subjected to pressure from the radial direction. Since the high-strength fibers are mainly located on the green side and the more ductile PCs are mainly concentrated on the yellow side, the two sites showed different forms of failure (Figure 11).



In the contact area with the fixture, the sample with a higher density of VBs did not undergo a large morphological change on the green side, but the yellow side of the sample was wrinkled. The side of the sample that was not in touch with the fixture maintained a perpendicular orientation to the loading axis. Numerous cracks, extending in the axial direction, were observed on this side. Furthermore, the cracks that were located closer to the bottom side of the sample had a greater length (Figure 11(a2)). The event of the appearance of cracks in the axial direction is gradual and progressive, and each appearance means that the overall load-bearing capacity of the sample decreases once. The fibers within the VBs have strong stiffness, while the PCs are ductile but have poor mechanical properties. Due to the tensile force, the shear stress reached the interface strength [34] between the fibers and the PCs, and the chemical bond at the interface broke, which in turn led to the separation of the fibers and the PCs from each other in the green side of the bamboo. At the same time, the fibers could not withstand the excessive tensile force and broke, and eventually there were several axial cracks of different lengths on the green side of the bamboo. On the other hand, on the yellow side of the bamboo, the content of fibers is smaller than the content of PCs, which means that under overloading, the fibers and PCs on the yellow side of the bamboo will break off directly, but will not separate or will separate to a lesser extent (Figure 11(a1)). In addition, fiber breakage and pull-off were more visualized on the bottom side of the specimen, and the extent of breakage and pull-off was greater near the green side of the bamboo (Figure 11(a3)).



The samples with a lower density of VBs exhibited comparable failure characteristics to the samples with a higher density of VBs. However, the axial cracks on the green side were longer and more abundant, while the tangential cracks on the yellow side were also longer (Figure 11(b1–b3)). At the same time, some samples showed splitting.



The gradient structure due to the gradient distribution of VBs is the direct cause of the different failure behavior observed between the green side and yellow side of bamboo. Meanwhile, the interfacial strength also affects the failure type of bamboo and the maximum load it can withstand. This indicates that methods aimed at improving the interfacial strength of bamboo could potentially enhance its overall mechanical properties. However, the interfacial strength is only one factor influencing the mechanics of bamboo, and improving its mechanical properties necessitates a multifaceted approach, such as enhancing the strength of FSs and PCs. In addition, the rational utilization of bamboo or its different parts, with varying strengths and ductility, according to the actual requirements of structures or buildings, can contribute to waste reduction and cost optimization.






4. Conclusions


The relationship between the structure of B. arundinaceae and its mechanical properties was determined through compression and the three-point bending test. The results showed that the compressive strength, flexural strength, and elasticity modulus of B. arundinaceae were higher compared to those of moso bamboo. Furthermore, these properties were significantly correlated to the distribution density of VBs. The density of VBs steadily increased from the base to the top along the axial direction. At the same time, the tests also confirmed a corresponding increase in compressive strength, flexural strength, and elasticity model along the axial direction. During axial compression, bamboo had three failure types, all of which are shear damage. However, when exposed to chordal bending, the green and yellow sides of bamboo demonstrate distinct failure types. The disparity is mainly ascribed to the distinct mechanical characteristics of the PCs and VBs in bamboo, as well as their respective composition. B. arundinaceae possesses exceptional mechanical characteristics and is anticipated to emerge as a novel and environmentally friendly construction material.



However, as previously mentioned, bamboo has certain limitations that restrict its application. To mitigate these limitations, consider the following methods before using bamboo.



Before use, ensure that the water content in the bamboo is reduced by drying and applying natural or artificial preservatives to protect the bamboo from decay and pests.



Adjust the moisture content within the bamboo to minimize deformation. This adjustment should align with the specific requirements of the building or structure.
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Figure 1. Preparation process of samples. 
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Figure 2. Compression experiments. 
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Figure 3. Three-point bending test. 
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Figure 4. Thickness of culm wall at different heights. Note: The X-axis indicates the serial number of the bamboo segments from the base to the top. 






Figure 4. Thickness of culm wall at different heights. Note: The X-axis indicates the serial number of the bamboo segments from the base to the top.



[image: Forests 15 00762 g004]







[image: Forests 15 00762 g005] 





Figure 5. Types of VBs. (a) Poorly differentiated VBs (tight-waist type). (b) Broken-waist type. (c) Double broken-waist type. 
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Figure 6. Distribution density of VBs (a) volume fraction of FSs (b). Note: The X-axis indicates the serial number of the bamboo segments from the base to the top. 
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Figure 7. The relationship between compressive strength and volume fraction of FSs. 
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Figure 8. Compressive strength (a) and maximum load (b) of samples at different heights. Note: The X-axis indicates the serial number of the bamboo segments from the base to the top. 
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Figure 9. Three types of failure. (a1,a2) Outer surface of Type I. (b1,b2) Lateral Side of Type I. (c1,c2) Outer surface of Type II. (d1,d2) Lateral Side of Type II. (e1,e2) Inner surface of type III. (f1,f2) Lateral Side of Type III. (g1,g2) Top surface of Type III. 
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Figure 10. Elasticity modulus at different heights (a). Flexural strength at different heights (b). Maximum load at different heights (c). Relationship between distribution density of VBs and flexural strength (d). Relationship between distribution density of VBs and elasticity modulus (e). Note: X-axis indicates the number of bamboo segments from the base to the top. 
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Figure 11. The density distribution of VBs was higher on the yellow side (a1), green side (a2), and bottom side (a3) of the samples. The density distribution of VBs was lower on the yellow side (b1), green side (b2), and bottom side (b3) of the samples. 
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