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Abstract: Nail connection is widely used in engineering and construction fields. In this study, bamboo nail was proposed as a novel connector for timber assemblies. Penetration depth of bamboo nail into wood was predicted and tested. The influence of nail parameters (length, radius and ogive radius) on penetration depth were verified. For both tested and predicted results, the penetration depth of bamboo nail increased with the increasing length, radius or ogive radius. In addition, the effect of densification on penetration depth or mechanical properties was evaluated. 1.12 g/cm3 was a critical density when densification was needed, and further increment of density would decrease the penetration depth of nail. The results of this study manifests that the proposed model is capable to predict the penetration depth of bamboo nail. These findings may provide new insight into efficiently utilization of bamboo resources.
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1  Introduction

Facing on energetic and environmental challenges, sustainable materials for structural application have being worldwide used, such as wood and bamboo [1]. The applications of wood and bamboo have significant effect on the global environment, as wood and bamboo can absorb carbon dioxide from the atmosphere as they grow [2−4]. Wood and bamboo are also suitable for structural utilization with their excellent specific stiffness and strength, and ideal thermal insulating.

There are some kinds of engineered wood composites used in the construction and transportation fields, such as glued-laminated wood [5,6], cross-laminated timber [7], laminated veneer lumber [8,9], etc. The engineered wood products also include dimensional lumber. Normally, dimensional lumbers are assembled by bolted joints, tenon-mortise joints and nail/screw joints. Within these methods, nails represent the easiest and fastest method to connect timber members [10]. The earliest usage of nail is evidenced by Egyptian findings dating back to ca. 3400 BC [11]. Hand-operated hammer and air nail gun are widely used options to drive a nail into wood. When using a hammer, the nail is stepwise moved into wood with a velocity of about 1–2 m/s. In contrast, using machine nailing, the nail is driven into wood by one shot, in single step, with high velocity [12].

Steel nail is successful used in connecting wood members [13]. However, there are some disadvantages in some applications. Firstly, it is necessary to avoid the occurrence of decay concentration around steel nail in moist or high salinity environment. Secondly, Interface of steel nail and wood with tannic acids may cause black colored spots, affecting the visual performance. Thirdly, steel nail connected parts shall be treated afterwards by sawing, drilling or planning because of destructive interaction with the tool blades [12].

Alternative material sources might be wood nail [10,14]. Instead of steel nail, wood nail could be used for timber constructions exposed to wet environments. In addition, wood nail connected parts can easily be sawed, planned and drilled. From the sustainable point of view, wood nail connected parts is much more recyclable than steel nail connected one. Typically, some dense hardwood species are chosen as nail materials. To increasing density and mechanical properties of wood, hydro-thermal-mechanical treatment is an effective approach [15−17]. In the past few years, densified-wood nail and dowel-type fasteners are used to increase the tightness of the connection [10,18].

Bamboo has comparable density and mechanical properties to the densified wood. It is reasonable to produce bamboo nail substituting wood nail. However, limited studies describing the application of bamboo nail. Due to the intrinsic graded hierarchical structure [19,20], the property of bamboo nail should be concerned. In this study, bamboo nail was proposed as a novel connector for timber assemblies. The penetration depth of bamboo nail driven into wood was modelled and verified. The size parameters, such as length, radius and ogive radius, on penetration depth were investigated. Moreover, the effect of densification on penetration depth or mechanical properties was evaluated. The prospect of bamboo nail was discussed as well.

2  Penetration Model

Bamboo is a bio-composite material and its anatomy structure and mechanical properties are highly variable at different location with the stem. In view of the complicated inhomogeneous structure, some assumptions were established before constructing the penetration model. First of all, the bamboo nail was considered as non-compressible component, which had no deformation during penetration. Secondly, target wood was considered as isotropic materials with homogeneous structure [21]. Thirdly, no crack occurred during the penetration.

When the bamboo nail with an ogival nose penetrates a uniform wood surface, the motion and final depth can be calculated as penetration velocity (Vb) of the bamboo nail is known. The ogive radius (φ) is defined as:


φ=s2a
(1)

where s and a are defined in Fig. 1.

The incremental ring force normal to the ogival nose (dFn) and in the axial direction (dFz) are expressed as [22]:


dFn=2πs2σn(Vb,φ)⋅[sinφ−(s−aa)]dφ
(2a)


dFz=2πs2σn(Vb,φ)⋅[sinφ−(s−aa)]cosφdφ
(2b)

where σn(Vb, φ) is the stress on the nose normal to the ogive surface from target resistance. Thus,


Fz=2πs2∫θ0π2σn(Vb,φ)⋅[sinφ−(s−aa)]cosφdφ
(3a)


φ0=sin−1(s−aa)
(3b)

For high enough Vb, a spherically symmetric cavity at constant velocity V produces plastic and elastic response regions (Fig. 2) [23]. In the plastic region [24]:


p=K(1−ρ0ρ)=Kη
(4a)


p=σr+2σφ3
(4b)


σr−σφ=λp+τ;τ=[3−λ3]Y
(4c)

where p is the pressure; ρ and ρ0 are densities of the undeformed and deformed material, respectively; η is the volumetric strain; K is the bulk modulus; σr and σφ are radial and circumferential Cauchy stress components, respectively; λ and τ define the pressure-dependent strength; and Y is the uniaxial compressive strength.

The particle velocity (v) at the interface of ogival nose and target is calculated on Vb:


v(Vb,φ)=Vbcosφ
(5)

Luk et al. [22] introduced a dimensionless variable S to calculate the normal stress distribution around the nose as:


S(Vb,φ)=A+B(Vbcosφ)2
(6)

where A and B are variables associated with the mechanical properties of the target. They are defined as Eqs. (7a)−(7c):


A=23[1−lnη]
(7a)


B=ρ0Yγ2[3YE+η(1−3Y2E)2+3η23−η(4−η)2(1−η)]
(7b)


γ=[(1+Y2E)−(1−η)]13
(7c)

where E is Young’s modulus.

Substituting Eq. (6) into Eq. (3a) and integrating gives:


Fz=πa2Y[A+(8ψ−1)24ψ2BVb2]
(8)

and transforms to


Fz=A′+B′Vb2
(9a)


A′=πa2YA
(9b)


B′=πa2Y((8ψ−1)24ψ2)B
(9c)

Based on Newton’s second law, Eq. (9a) transforms to


md2Ldt2=A′+B′Vb2
(10)

where m is mass of bamboo nail, L and t are theoretical penetration depth and time, respectively.

Eq. (10) becomes


dVbdL+1mB′Vb=−1mA′Vb−1
(11)

Dividing Vb–1 in Eq. (11), thus


dVbdL⋅Vb+1mB′Vb2=−1mA′
(12)

Setting Z = Vb2, and Eq. (12) becomes


dZdL+2mB′Z=−2mA′
(13)

Also, P = 
−2mB′
, Q = 
−2mA′
 and 
dZdL=PZ+Q
, thus Eq. (13) is written as


dZPZ+Q=dL
(14)

Integrating gives:


L=1Pln|PZ+Q|
(15)

Concerning that the bamboo nail is compressible during penetration, a correction factor (Kb) is introduced. Thus, a final penetration depth of bamboo nail in the target (Lb) is obtained as


Lb=KbL
(16a)


Kb=EEs
(16b)

where Es is the Young’s modulus of steel nail.
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Figure 1: Penetration schematic of bamboo nail into wood
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Figure 2: Elastic and plastic regions after penetration

3  Materials and Methods

3.1 Preparation of Bamboo Nail

Three years old moso bamboo culms were collected from a bamboo plantation located in Jiangsu Province in China. Bamboo blocks were cut from the third internode. The dimensions of the block were 100 mm (longitudinal) × 20 mm (radial) × 20 mm (tangential). The moisture content was about 12% after air-dried for 9 weeks. Then, a series of bamboo nails with different sizes (Groups 1–3 in Tab. 1) were prepared by using a micro machine tool (Fig. 3a). Different size of bamboo nail is shown in Fig. 3b.
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Figure 3: Typical feature of bamboo nail (b) and its manufacturing (a)

Some densified bamboo nails were prepared as well. The above-mentioned blocks were immersed in water (80°C) for 3 h, and then densified by a hot press machine (140°C, 30 min). The densification pressure was adjusted to obtain a series of compression ratios. The bamboo was placed in the conditioning chamber (25°C, 60% RH) for 2 weeks after the densification. A series of densified bamboo nails were prepared with the density ranged from 0.82 to 1.16 g/cm3 (Group 4 in Tab. 1). The length, radius and the ogive radius of the densified bamboo nail was 40 mm, 4 mm and 3.1, respectively. Fifty replicates for each densification condition were performed.

3.2 Penetration Test

Air nail gun was operated (6.5 bar air pressure) as nailing machine. Target wood to nail in was Mongolian Scotch Pine (Pinussylvestris). The density of Mongolian Scotch Pine was 0.47 g/cm3. Bamboo nails were shot perpendicular to growth rings (radial direction) of wood.

After penetration, the final depth and the pull-out resistance were characterized. For evaluating the depth, the sample was cut alongside through the middle of the bamboo nail. The pull-out resistance force was determined by a universal testing machine. The modulus of rupture (MOR) of the target (two pieces of wood connected with bamboo nail) was tested according to the standard—GB/T 17657-2013. The statistical software, SPSS version 17.0, was used for data analysis. Significant effects of penetration depth, mechanical properties were analyzed by Duncan’s multiple comparison test (p = 0.05).

Penetration velocity (Vb) of bamboo nail was also tested. The scheme is shown in Fig. 4. A strain gauge was glued on the target surface, and the bamboo nail was shot towards the stain gauge. The distance (d) between strain gauge and the opening of the air nail gun was 5 cm. We recorded the response time (t) to calculate Vb as


Vb=dt
(17)

In each condition, average value of Vb was calculated based on ten replicates.
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Figure 4: Schematic diagram of the determination of penetration velocity

Table 1: Size parameters of bamboo nail in different groups
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4  Results and Discussion

4.1 Penetration Velocity (Vb)

Concerning the air resistance is neglectable, the velocity calculated based on Eq. (17) could represent the penetration velocity. Response time reflected by the strain gauge was about 0.0026 s, with no significant variation among different nail sizes. In hence, Vb was calculated as 19.23 m/s.

4.2 Effect of Nail Size

The tested penetration depth of bamboo nail with different length, radius and ogive radius are shown in Figs. 5−7. In addition, the predicted values derived from Eq. (16a) are displayed as well. According to Fig. 5, the penetration depth increased with the increasing nail length for both tested and predicted results. The predicted penetration depth was greater than real tested one. The gaps were more pronounced at longer lengths. During insertion, the nail with longer lengths were more easily to be deviated from the shooting direction. Fig. 6 shows the changes of actual or predicted penetration depth as a function of nail radius. Larger radius donated nail with more mass. At a given pressure (6.5 bar), the nail had more energy of motion to penetrate. The actual penetration depth was more than predicted one, especially at larger radius. Bamboo was a structurally graded material, vascular bundle distributed more sparser towards the center of the culm. In hence, the higher actual values of penetration depth may be attributed to greater density of bamboo nail with larger radius. In addition, the penetration depth increased with the increasing ogive radius of the bamboo nail (Fig. 7), which enhance the intensity of pressure at the interface of ogival nose and the target. The transverse tensile strength of the target (Pine wood) was significantly less than longitudinal one. More pressure at the interface caused cleavages of the target. In hence, the more penetration depth could be found at larger ogive radius.
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Figure 5: Effect of length of bamboo nail on the final penetration depth. Circle, real test data; Line, predicted data based on Eq. (16a)
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Figure 6: Effect of radius of bamboo nail on the final penetration depth. Circle, real test data; Line, predicted data based on Eq. (16a)
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Figure 7: Effect of ogive radius of bamboo nail on the final penetration depth. Circle, real test data; Line, predicted data based on Eq. (16a)

4.3 Effect of Densification

The density of bamboo nail increased about 40% after densification, as shown in Fig. 8. With the combination effect of hydrothermal softening and mechanical pressing [25,26], bamboo is easily to be densified. As the density of bamboo nail increased to 1.12 g/cm3, the penetration depth was up to 46 mm compared to the un-densified one (37 mm) (Fig. 9). But it would decrease over 1.16 g/cm3, and had no significant difference with the un-densified nail. In hence, 1.12 g/cm3 could be seen as a critical value with respect to densification.

Hydro-thermal-mechanical treatment could enhance the density and mechanical properties of bamboo. Proper pressure could fully compress the space that cell lumens occupied [27]. However, when the pressure was too high, fiber cells would be collapsed. Thus, the stiffness of bulk bamboo would be diminished. In this study, when the compression ratio exceeded 30%, penetration depth declined significantly (Fig. 9), which may be attributed to the collapse of fiber cells.
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Figure 8: Relations of compression ratio and density
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Figure 9: Influence of densification on penetration depth

The pull-out resistance of nail and the strength of wood were carried out to evaluate the densified performance. As shown in Fig. 10, the pull-out resistance of densified bamboo nail ranged from 387 to 395 N. The pull-out resistance was originated from the interface friction between wood and bamboo nail. Since the pull-out speed was constant, the interface friction was mostly related to the surface characteristics of wood and bamboo nail [28,29]. In hence, densified extent had no significant influence on the pull-out resistance. According to Fig. 11, highest MOR value of target connected with the densified nail was 202 MPa at the density of 1.12 g/cm3, which was obviously greater than the un-densified nail (150 MPa). Due to the probably collapse of fibers at over-high pressure, a decrement of MOR was observed when density reached as 1.16 g/cm3. Comparing to the previous study [A], the pull-out resistance of bamboo nail was not as perfect as the densified wood nail. The average pull-out resistance of densified wood nail was about 584 N.
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Figure 10: Influence of density on pull-out resistance of nail
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Figure 11: Influence of density on modulus of rupture of target

4.4 Prospect of Bamboo Nail

Bamboo is an intrinsically non-uniform material in both longitudinal and transverse directions. It is necessary to understandings the nail characteristics with respect to the structure of bamboo. Based on the penetration model established for steel nail [23,30], the related one of bamboo nail was proposed. In addition, the relationships between penetration depth of bamboo nail and its basic parameters were constructed.

Our tested results in Figs. 5–7 provided first hand data for selecting proper parameters during the actual uses of bamboo nail. Longer bamboo nail is better for penetration under the premise of that no bending of nail occur. Longer length could donate the nail with more motion of energy and more penetration depth. In terms of nail radius, large radius would expand the compressed region (illustrated as elastic region in Fig. 2), and increase the friction area among the interface.

Although the performance at ogive radius more than 3.2 was not done due to the machine limitation, we considered the strength of the taper nose would be declined. In addition, the different densified extents are also compared. 1.12 g/cm3 (or 30% compression ratio) is the critical density when densification is needed, because further increment of density would decrease the penetration depth of nail.

Comparing to steel nail, bamboo nail is much economically and environmental-friendly. Timber assemblies connected with bamboo nails are easily to be detached and recycled. With the application of bamboo nail, much manpower and metal resources can be saved. As a biomaterial, it is necessary to improve the durability and decay resistance of bamboo. Moreover, the time-dependent mechanical behavior (including pull-out, lateral resistances, relaxation) should be further investigated for effectively use of bamboo nail.

5  Conclusions

In this study, bamboo nail was proposed as a novel connector for timber assemblies. Penetration model of bamboo nail was established. Influence of nail parameters (length, radius and ogive radius) on penetration depth were verified. The penetration depth increased with the increasing nail length, radius or ogive radius for both tested and predicted results. The effect of densification on penetration depth or mechanical properties was evaluated. 1.12 g/cm3 was the critical density when densification was needed, and further increment of density would decrease the penetration depth of nail. The results of this study manifests that the proposed model is capable to predict the penetration depth of bamboo nail. These findings may provide new insight into efficiently utilization of bamboo resources.
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