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Abstract

:

Interlaminar shear strength in bamboo composite (BC) is mainly provided by epoxy resin as the matrix in BC. This may greatly change due to humidity. This study aims at evaluating the shear strength of BC by testing and developing probabilistic relationships. The interlaminar shear strength of bamboo composite (BC) in different moisture conditions was tested according to ASTM D2344. The results show that the maximum shear stress does not generally occur at the centroid of samples, which could be associated with imperfections in BC layers. An extreme value theory-based model is suggested to evaluate the probability of shear failure in BC samples. The shear capacity decreased from 20.4 MPa to 14 MPa as the humidity increased from 60% to 90%. A summary of findings is as follows: It was found that under transient moisture conditions, local failure is likely to happen before the first significant crack occurs. Local failure is suggested to be considered in the design for serviceability. Stress drop caused by the local failure could exceed 10% of total shear strength and, therefore, should be regarded as a serviceability design. The probabilistic model developed in this study could be used for developing structural design safety factors.
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1. Introduction


Plant fibre composites as sustainable construction materials have received significant attention in recent years [1,2]. The application of plant fibre composites has several advantages in the construction industry, and therefore attention has been turned toward these materials as substitutes for conventional construction materials [3,4,5].



Natural fibre composites generally have lower embodied carbon than conventional construction materials. For instance, in the case of bamboo composites, embodied carbon is negative [6]. Natural fibres generally cost less than synthetic fibres [3,7,8] and are very low in production energy [9,10]. Bamboo fibres have a tensile strength of 210–233 MPa and an elastic modulus of 11–30 GPa [11]. A comprehensive collection of natural fibre properties can be found in [12]. In addition to the technical advantages of natural fibre composites, increasing demand for these materials could help global equity. Many natural fibres, such as bamboo, jute, sisal, etc., are mainly planted in developing countries [13,14,15]. The average annual gross income per capita in these countries is about AUD 1000 [15]. Expanding the market for natural fibres could potentially help global equity by generating sustainable jobs in developing countries.



Despite the developments in construction applications of natural fibre composites, less than 5% of these composites are used for structural purposes and are primarily used in the automation industry [11]. Some significant improvements in current natural fibre composites seem necessary before the construction sector might benefit from their advantages.



Using bamboo fibres in a polymer matrix is not new and was tried in 1989 [16] and 1992 [17]. A reasonable flexural strength of more than 150 MPa was attained in those studies. Most of the earlier studies were focused on using chemical processing methods, which would damage the inherent mechanical properties of bamboo fibres. In the patented production method used by ETH, no chemical treatment is used, and epoxy consumption is considerably lower. In contrast, the mechanical properties of bamboo fibre and epoxy composite have been improved [18]. Experiments showed that bamboo composite has average tensile and compression strengths of 300 MPa and 180 MPa. The flexural modulus of elasticity of bamboo composite is about 30 GPa [18]; as such, and considering the density of bamboo composite, which is approximately 1.19 g/cm3, structural efficiency (see [19]) of bamboo composite is more than steel, concrete, and most common structural timbers. This suggests that bamboo composite could be used as load bearing member in construction. In particular, the high tensile and compressive capacity of bamboo composite could be effectively employed in truss structures.



The main challenge in using natural fibre composites as structural elements such beams, columns, and bracings is their long-term behaviour under environmental conditions [20,21]. Strength failure criteria of natural fibre composites are not entirely understood, and therefore best practices for modelling failure criteria in these materials are still being investigated [22]. In some recent studies, analytical constitutive models have been developed to estimate the hygrothermal ageing process of natural fibres [23]. Results in [24] showed that although the stiffness of cellular boards and beams made of hemp and flax fibres was comparable to that of E-glass composite, the moisture resistance was much lower than that of E-glass. A reduction of more than 50% in toughness was reported in roof tiles made of sisal and eucalyptus files in a cement matrix after four months of exposure to outside weather in Pirassununga, Brazil, during the summer [25]. Both natural fibres and natural polymer matrices are influenced by weathering effects [7,26], which makes choosing natural polymer matrices difficult, especially when they are more expensive than petroleum-based resins [27]. The mechanism of water diffusion in composite materials and its effect on the material strength have been explored in different studies [28,29].



While use of natural composites in the construction industry is gaining more momentum, there is still a significant gap in technical knowledge on the long-term behaviour of these materials. Further, shear capacity as the key weak point of natural materials and environmental effects on shear capacity of natural fibre composites should be further investigated prior to real life applications. This study focuses on the effects of weathering on the shear properties of BC. There are some reasons why shear strength is the focus of this study. Firstly, shear capacity dominates the design of bolted connections in BC. Bolted connections are the typical type of connection method for BC members. Secondly, the results of previous studies show that the shear capacity of BC is relatively more sensitive to the quality of production and weathering effects. For example, epoxy might not penetrate completely between fibres, resulting in weak areas (i.e., voids) from which cracks initiate under shear stress and cause delamination in samples. Finally, the tensile strength ratio to shear strength in BC is relatively higher than in common timber or Mass Engineered Timbers (MET), making BC relatively more susceptible to shear failure such as shear-out mode of failure in structural connections.



Shear strength and tensile strength in fibre composites are mainly influenced by matrix (resin) shear capacity, fibre–matrix interfacial strength capacity, and fibre tensile capacity [30]. The matrix in the bamboo composite studied here was a two-component epoxy system with a bisphenol A-based resin and an amine-based hardener. Production and material details of the studied bamboo composite are explained in [18].



The density and size of imperfections and flaws may reduce the shear strength of specimens. The shear capacity reduction depends on the size and form of defects and is well discussed in fracture mechanics [31,32,33]. In the following sections, the shear capacity of BC in ambient conditions and under different humidity conditions is studied. This may help develop structural design criteria for BC members in the future. This understanding may help in future improvements in the polymer resin, fibre–matrix interfacial, or fibre strength capacity. In the following sections, factors influencing BC shear properties are discussed. Experimental tests and probabilistic analysis are referred to support the arguments.




2. Experimental Program


2.1. Material


The bamboo species used in this study was a 5-year-old Phyllostachys edulis, known as Moso bamboo and sourced from Indonesia. Approximately 1 mm bamboo veneers were made and impregnated with a two-component epoxy with a bisphenol A-based resin and an amine-based hardener. Bamboo veneers were bonded through a hop press process with varying pressure and temperature. Hot pressing pressure was between 15 MPa and 25 MPa, while the temperature was 80 °C to 140 °C. The final composite was cured for 12 h at a constant temperature of 40 °C. Details of the production process can be found in [18]. Bamboo fibre tensile strength is more than 300 MPa [34], which is close to the tensile strength of bamboo composite used in this study. Under compression, the strength of 180 MPa was measured, while the shear strength was measured at 20.4 MPa in ambient conditions.




2.2. Testing BC Shear Strength in Lab Condition


The shear strength of BC in lab conditions was evaluated in this section. Shear capacity was estimated by employing the 3-point loading method ASTM D2344. Tests were conducted in a Shimadzu AG-IC 100 kN machine. A sample result is shown in Figure 1. Tests were done at 20 °C (T = 20 °C) and 60% humidity (H = 60%). A Komeg KMH-150 environmental chamber was used for weathering the samples. Fibres were unidirectional and aligned in the specimen’s longer direction, as shown in Figure 1. Specimens of the size of 50 mm × 15 mm by 8 mm were exposed to this condition for 21 days. These specimens are called S-20-60 in this paper. In total, thirty S-20-60 specimens were tested. Given the small size of the specimens, it was assumed that they were in equilibrium humidity condition at the test time. Figure 1 shows a shear specimen during the test. To ensure enough interfacial strength between bamboo fibres and the matrix, the length of fibres in a composite should be more than a threshold commonly termed critical fibre length [35,36]. For most fibres and matrices, a fibre length of 3 mm is well beyond the critical fibre length [37,38]. Fibres used for BC were well above 3 mm. This suggests that interfacial strength between fibre and matrix was greater than fibre strength, and thus the whole fibre strength was utilised under tension. Details of BC processing are described in [18,39].



Force and deflection for all tested samples were recorded, and diagrams similar to Figure 2 were attained.



To study the effect of moisture on the local failure, samples similar to the set tested in lab conditions of the size of 50 mm × 15 mm × 8 mm were exposed to 40%, 60%, and 90% humidity for 3, 7, and 21 days before conducting three-point tests on them according to ASTM D2344. Five specimens were tested in every combination of humidity level and exposure time.





3. Results and Discussion


A microscopic photograph of the BC cross section is shown in Figure 3.The dark brown parts in the figure show bamboo fibres, which are surrounded by the light brown resin matrix. Failures in BC could be associated with the morphology shown in Figure 3, which will be discussed in the next paragraphs.



Figure 2 shows an example of force–deflection diagrams in lab conditions. All force–deflection graphs show a trend similar to that in Figure 2: The force–deflection curve has an almost linear behaviour before it reaches the diagram’s climax, where the first drop/kink happens. This behaviour repeats a few times until the end of the tests. In all graphs, the maximum force is associated with the first peak. After the first peak, the force at the subsequent peaks is less than or equal to the force at the first peak. After each drop, some strength is recovered until the next drop happens. Each drop in the graph could be associated with a failure in the material caused by a local defect. Defects cause stress concentration and initiate the shear crack/failure.



Minor kinks could be associated with minor failures that do not significantly influence the stress field and are not discussed in this section. Since fibres are oriented unidirectionally and along the lengths of samples, fibres do not contribute to shear resistance considerably, and shear stress is generally carried by the epoxy matrix [30]. Therefore, a shear crack happens when the shear force reaches the matrix shear capacity. If a flaw exists in the matrix, stress concentrates around the flaw, and the matrix can fail under a lower force than it would if there was no flaw. The theory of stress concentration in the neighbourhood of a defect is well discussed in fracture mechanics [30,33]. A flaw in a BC member could be where resin has not covered (wetted) the bamboo fibres. This is the basis for developing a probabilistic framework for evaluating shear strength, presented in the next section.



3.1. Developing a Probabilistic Formulation for Shear Strength of BC


This section aims to develop a model for predicting the shear strength of BC with varying sizes. Microscopic mechanisms are not considered here; instead, evaluating the engineering properties of the material is intended.



Force–deflection curves of shear specimens in lab conditions suggested that flaws and imperfections in BC significantly dominated the shear capacity of samples. Given that specimens were isotropic along the fibres’ directions, shear would have had a parabolic distribution over the depth of section based on classic strength of materials equations. Therefore, for such samples, the first shear crack would have initiated at the mid-depth of the specimen. However, in most of the samples, the crack did not start at the middle of the samples’ depths. The fact that the first shear crack did not usually occur at the mid-depth suggests that significant flaws existed in the specimens that caused shear stress concentration around the flaws. Thus, cracks initiated at positions other than mid-depth. These flaws could not have been uniformly distributed, otherwise the cracks would have generally initiated at the mid-depths of samples.



The diagram in Figure 4A shows the relative distance of the first crack relative to the centroid in the 30 tested shear specimens. Points in Figure 4B show the relationship between the position of cracks and stress concentration. To obtain points in Figure 4B, it was assumed that the material was elastic, and deformations were small between two events of cracking (two kinks in the diagrams). These assumptions were reasonable based on BC’s tensile and compression tests. Additionally, as Figure 2 shows, the force–deflection chart between the two significant kinks was almost linear, suggesting that the assumptions mentioned above could be employed. Based on these assumptions, Equation (1) was used, and data points were obtained. Figure 4B shows the relation between the position of cracks relative to the centroid and stress concentration at the crack, given that linear elastic assumptions are valid. This is explained in more detail as follows:



If maximum stress failure theory [30] is considered valid for specimens, then shear failure occurs when:


   τ e   ( y )  = k  ( y )  ∗   τ  ( y )  =  τ u   



(1)




in which:



	
  y  : Distance from centroid



	
   τ e   ( y )   : Effective shear stress at  y 



	
  k  : Stress concentration factor



	
  τ  ( y )   : Shear stress where crack happens



	
   τ u   : Ultimate shear strength when no significant flaw exists






Stress concentration was calculated based on Equation (1). As this diagram shows, stress concentration increased with distance from the centroid. This suggests that the size of imperfections and flaws increased with the distance from the centroid.



The criterion of    |   y   (   h 2   )     |  < 5%   was considered in this regard, in which  h  is specimen depth as in Figure 1. Six samples out of 30 tested specimens met this proximity criterion. Average shear strength and COV in these samples were 20.4 MPa and 15.1%, respectively.



  τ  ( y )    was calculated based on the previously mentioned linear elastic assumptions using Equation (3):


  τ  ( y )  = 3    (  y +  h 2   )   (   h 2  − y  )    b  h 3     



(2)







Regression analysis showed that the standard deviation in the linear regression shown in Figure 4B was 0.135. Therefore  k  could be considered a normal random variable as follows:


  k    ( y )  ∽   N  (   k ¯   ( y )  ,   0.135  )   



(3)




in which    k ¯   ( y )  = 0.0297  (   y   h 2     )  + 0.92  .



Failure at  y  happens when Equation (1) is satisfied at  y , and failure in a sample happens when the maximum of    τ e   ( y )    reaches    τ u   . Thus, the load capacity of a sample can be considered as an extreme value problem:


   τ e   ( y )  ∽   N  (    k    ¯   ( y )  τ  ( y )  ,   0.135   τ  ( y )   )   



(4)






  i o n s P ( f a i l u r e   a t   y | f l a w   e x i s t s   a t   y ) = Φ  (     τ u  −   k    ¯   ( y )  τ  ( y )    0.135   τ  ( y )     )   



(5)




in which  Φ  is the normal cumulative density function.



As Equation (4) suggests, the probability distribution for effective shear stress changes by  y ; thus,    τ e   ( y )    is not an iid (independent and identically distributed) random variable, and therefore the cumulative density function (CDF) of    τ e   ( y )    does not belong to the domain of attraction of any extreme types. Therefore, herein, failure probability of a sample is estimated numerically. Equation (6) shows the formulation for calculating the failure probability of a sample under load  L . A Poisson probability distribution is considered for the number of cracks. Thus, the term    (  1 −  e  − ν ×  Δ v     )    is associated with the existence of at least one crack in the volume    Δ v   , and    e  − ν ×  Δ v      is associated with no crack in    Δ v   .  ν  is assumed to be constant over the section.


   P  (  f a i l u r e   u n d e r   l o a d   L  )  =     {      1 −   ∏ i    [   (  1 −  e  − ν ×  Δ v     )  Φ  (     τ u  −   k    ¯   (   y i   )  τ  (   y i   )    0.135   τ  (   y i   )     )  +  e  − ν ×  Δ v     ]        L <  L u        1                                                                                                                                                       L ≥  L u          



(6)




in which



	
    L u  =  4 3   (  b × w  )   τ u    



	
 ν : Expected number of flaws in the unit of volume



	
    Δ v  = 40    mm     (   length   of   samples   )  ×  b    ×  dy    



	
  b  : Width of sample



	
  h  : Height (depth) of sample






Apparent shear strength then can be defined as:


   τ  a p p   =  3 2  ×   E  (  f a i l u r e   l o a d  )    b × h    



(7)




in which



	
  E  (  f a i l u r e   l o a d  )   : Expected failure load for a sample.



	
   τ  a p p    : Apparent shear strength in a sample






The only unknown variable in Equation (6) is  ν . To estimate  ν , data points were split into two groups. In the first group, sample height was between 6.5 mm and 7.5 mm, and in the second group, sample height was between 6.5 mm and 8.5 mm.  ν  was estimated at 8 × 10−6 for the first group, as shown in Figure 5. Then, using   ν = 88 ×   10   − 6    , the expected value of    τ  a p p     was obtained from Equation (6) and compared with the mean value of    τ  a p p     obtained from experimental data points in the second group. The difference between the expected value of    τ  a p p     from Equation (6) and the value of    τ  a p p     from data points in the second group was 5.4%. This suggests that   ν = 88 ×   10   − 6     could be a good estimation for the rate of flaws in BC. Given   ν = 88 ×   10   − 6    , there was an effective flaw in every 11.36 cm3 in the average volume of BC.



Equation (6) suggests that the size of BC members would influence their shear capacity. This is illustrated in Figure 6. This figure presents predictions of the probabilistic model for samples with thicknesses between 5 mm and 10 mm and widths between 10 mm and 15.3 mm based on the test results. Figure 6 shows that expected    τ  a p p     varies by sample thickness (h) and width (b). Dependence of apparent strength on member size should be considered in structural design with BC. Moreover, Figure 6 shows that apparent strength is higher for thinner elements.



Experimental tests showed that more shear cracks followed the first crack in almost all shear samples before the samples failed in a bending mechanism.




3.2. Effect of Moisture on Interlaminar Shear Properties of BC


It was shown experimentally [40,41,42,43] and via molecular dynamic simulation [44,45] that water molecules affect the mechanical properties of natural fibres by the breakage of hydrogen bonds in cellulose molecules. Crystalline cellulose is the main load-bearing component of natural fibres [46,47]. As discussed in [44], some regions of cellulose chains could be amorphous, in which water molecules could rearrange the structure of amorphous cellulose and change the mechanical properties of the whole cellulose chain [44,48]. Hemicellulose and lignin have more sorption sites than does crystalline cellulose and could account for more absorbed moisture [45]. Hemicellulose and lignin surround cellulose chains [49]. Thus, the BC matrix is expected to be highly influenced by the sorption properties of hemicellulose and lignin, although lignin and hemicellulose are reduced in the BC production process. The moisture-dependent behaviour of the BC matrix (see Figure 7) suggests that lignin and hemicellulose, which host multiple absorption sites, could considerably influence the matrix moisture properties.



Shear tests on BC samples with different moisture contents and in equilibrium conditions showed that moisture reduced the shear capacity of BC. The change in shear capacity with humidity is shown in Figure 7. This figure shows the shear strength of samples due to 40%, 60%, and 90% humidity for 21 exposure days. Considering the sample size, which was 50 mm × 15 mm × 8 mm, it was assumed that after 21 days of exposure, the samples were in moisture equilibrium conditions with the environmental chambers. Five specimens were tested at each humidity level, and shear tests were carried out according to ASTM D2344. The coefficient of variation of shear capacity data points increased with moisture (Figure 7). This could be attributed to the activation of more imperfect sites by moisture, increasing the randomness of shear failure in samples.



In equilibrium moisture conditions and when specimens were not exposed to humidity change, minor kinks (local failure) in 29 samples out of 30 specimens did not happen before the first crack. This can be seen in Figure 2. However, when the humidity conditions of samples were changed, a different trend in local failure was seen (see Figure 8 and Figure 9). Force–deflection diagrams in Figure 8 and Figure 9 are ascending after the first kink, which suggests that local failures (highlighted by circles in Figure 8 and Figure 9) happened before reaching the shear capacity of the section. The force drop due to local failure was considerable, as seen in Figure 8, and exceeded 630 N, suggesting that a large matrix area ruptured. The force drop due to local failure was lower in samples exposed to the same conditions (T = 20 °C and H = 40%) for seven days (Figure 9). As shown in Figure 9, the force drop in these samples was lower than 180 N. Samples kept in T = 20 °C and H = 40% conditions for 3 and 7 days are called S-20-40-3 and S-20-40-7, respectively.



With increased moisture content in samples, plastic behaviour and thus dissipated energy during failure increased, and force drops (kinks) in the force–deflection diagram decreased. Figure 10 compares force–deflection diagrams for models exposed to H = 90% and H = 40% for 21 days.



Minor kinks in the force–deflection diagram represent local failures, after which the section still has considerable shear capacity (Figure 8 and Figure 9). Local failures should be avoided for serviceability purposes in a structural design. Local failures in BC could also accommodate moisture, which is damaging for a BC member even in the short term (this will be discussed later). One of the parameters compared herein is the force required to cause the first local failure.



Lower force drops in S-20-40-7 samples compared to S-20-40-3 samples could be attributed to the size of local failure in the models. It is well accepted that moisture reduces the strength capacity of plant fibre composites [50,51,52,53]. S-20-40-3 and S-20-40-7 samples desorbed moisture when they moved from H = 60% to H = 40% condition. This made the surface of samples reach the H = 40% condition quickly, but the inner parts needed more time to reach H = 40%. As such, the outer regions of samples were likely to have more shear capacity than the internal parts. Therefore, the area around the core of samples that hosts more moisture and thus less strength could behave like a defect and cause local failures. S-20-40-7 samples had more time to desorb, and therefore the weak region was smaller in them. The smaller weak region in S-20-40-7 compared to S-20-40-3 samples could produce more min energy release [33] when this region failed and therefore caused less force drop. Thus, forcing a drop in desorbed samples for seven days was less than those desorbed for three days (see Figure 8 and Figure 9).



When the polymer matrix (epoxy resin) is mixed with natural components such as hemicellulose, the time-dependent behaviour of the matrix could be influenced by moisture content. Absorption–desorption mechanisms due to annual and seasonal variation in moisture content could also influence the BC matrix and would affect the load-bearing time capacity of BC. This is based on experimental and theoretical evidence that shows that in plant-based materials, mechanical properties would be lower during transient moisture content and before reaching an equilibrium condition [40,53,54]. This transient condition could occur due to environment humidity changes. Comparing force–deflection diagrams for samples with different exposure to humidity could reveal this immediate effect in the BC matrix. To determine if BC matrix shear strength was lower during transient moisture content, shear samples were exposed for three and seven days to the humidity of 40% after they were in the equilibrium moisture condition of 60%. Based on the previous results, it was known that desorption for these samples would continue for more than seven days. Therefore, when shear tests were conducted, both S-40-3 and S-40-7 samples were in transient moisture conditions. Shear tests on these samples showed that the average force needed to make the first crack in S-40-7 samples was about 11% less than that required for the first crack in S-40-3. This was while S-40-7 samples had less moisture content due to longer desorption and were expected to have greater cracking force (see Figure 7). Lower cracking force in S-40-7 samples suggested that the BC matrix shear capacity in transient moisture content could be lower than in the equilibrium moisture conditions. Moisture was lost from the surface of the sample, so there should have been a weak region around the core of S-40-3 and S-40-7 samples with higher moisture. The weak region in S-40-3 samples should have been more significant, as these samples had less time to lose moisture. Therefore, the area with uniform moisture was likely more prominent in S-40-3 samples, accounting for greater cracking force.



The shear behaviour of BC in transient moisture content should be considered in structural design. As mentioned before, it is reasonable to consider the first cracking of BC in serviceability design. Results suggested that the first shear crack could happen under a lower force in transient conditions than in equilibrium conditions with a given moisture content. With diurnal and seasonal humidity variations, which could cause transient moisture content (MC) conditions, the worst transient conditions should be considered for serviceability design.



To gain some more insight into the moisture-dependent behaviour of BC, mechanisms of water transport in BC are discussed here. This could help understand crack development and the serviceability of BC members. Moisture transport in plant-sourced materials is predominately in the vapour phase [55,56]. Three mechanisms of moisture transport could be distinguished in this regard. These are diffusion of vapour in a porous system, sorption by cell walls, and diffusion of bond water through cell walls [52,57]. Vapour diffusion in the porous system and diffusion of bound water could be modelled by Fick’s law [50]. Sorption in the cell wall is usually modelled by two-stage processes [58].



Vapour diffusion in the porous system in BC samples was influential in moisture transport. Let us assume that voids in the BC matrix could not make a network for water vapour to diffuse into the matrix. This assumption means water transport is dominated only by water sorption and water diffusion in cell walls and not vapour diffusion in a porous matrix. Considering this assumption and given that the sorption and diffusion rate of water in hemicellulose are –14 [59], moisture content does not change considerably in seven days. Therefore, a relatively weaker region could not be generated in samples. Thus, local failure in shear tests should not be seen in short periods of three or seven days of the desorption process. Additionally, if this assumption is valid, the shear strength of samples after three or seven days of exposure to new humidity should not change. Results showed that shear strength changed after three and seven days of exposure in all samples exposed to new humidity levels (40% or 90%). This implies that vapour diffusion in porous systems significantly influences BC’s water transport.



Microchannels that make vapour diffusion possible in the BC porous matrix could not be symmetrically distributed. This could be understood when specimens in transient moisture conditions were compared with those in equilibrium moisture conditions. In almost all specimens in equilibrium moisture conditions of 40%, 60%, or 90% humidity, no local failure happened before the general shear failure. However, when specimens were in transient moisture conditions, a local shear failure occurred before the general shear failure. In around 20% of specimens in transient moisture conditions, no local failure happened before the first crack (see Figure 11). In more than 80% of samples in transient moisture conditions, local failure did not occur at the mid-depth of specimens, where shear stress was at a maximum. This suggests that moisture could have been trapped in some spots in the transient samples. Therefore, channels that transfer moisture could not be homogenously distributed. Homogeneity is size-dependent, and for more extensive samples, observations H = 40% conditions could be different.



As mentioned above, diffusion in the porous system is substantially influential in water transport in BC; thus, decreasing void volumes in the matrix is one way to reduce the rate of water diffusion in BC. One way is to optimise hot press pressure in processing BC. However, reducing void volume by optimising hot press pressure cannot be a long-term solution. Firstly, water could transport due to cell wall sorption and diffusion of bond water in the cell wall even when diffusion in the porous system does not occur. Secondly, sorption causes stress relaxation in cell walls [60,61], and stress relaxation could increase the sorption capacity of the cell wall [58]. The synergistic relationship between water sorption and stress relaxation in the cell walls is likely to increase the total diffusion rate in the long-term.



As mentioned before, no coating was applied on specimens tested in this study. Applying a coating on BC will reduce the rate of water transfer.





4. Conclusions and Structural Design Considerations Associated with Shear Properties of BC


Shear strength was measured at 20.4 MPa for BC samples in equilibrium moisture conditions in the lab (temperature = 20 °C and humidity = 60%). This shear capacity happens in the close vicinity of the samples’ centroids (middle of samples height). In 90% humidity and after reaching equilibrium moisture, shear strength could decrease to 14 MPa.



The shear capacity of bamboo composite (BC) in lab conditions and equilibrium moisture conditions decreased with distance from samples’ centroids (middle of sample thickness). This could be associated with the increased chances of inner fibre layers receiving epoxy during production. A linear regression modelled strength reduction by distance from the centroid with R2 of 0.80 fits the experimental data points.



An extreme value cumulative probability function was developed, which fits the failure loads measured experimentally. The model considers a Poisson distribution for the existence of compelling flaws and a normal distribution for the shear strength of BC over the thickness (h) of samples. An apparent defect usually is expected in every 11.36 cm3 of BC volume based on this model. The probabilistic model developed herein could be used in structural design and evaluating safety factors for BC members under shear stress. Safety factors set for BC should include member size, since the strength of BC is shown to be size-dependent.



Moisture can substantially decrease BC shear capacity. The coefficient of variation of shear capacity increases with moisture content, which implies that a more significant safety factor should be considered in the higher range.



In transient moisture conditions, local failure was observed before the first significant crack occurred in the samples. A stress drop caused by local failure can exceed 10% of the total shear strength and, therefore, should be considered in serviceability design. In this regard, two levels of characteristic shear capacities can be regarded for shear design. Local failure is not generally observed in equilibrium moisture conditions.
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Figure 1. Shear test as per ASTM-D2344. 
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Figure 2. Sample force–deflection (3-point test); specimens in equilibrium conditions of T = 20 °C and H = 60%. 
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Figure 3. Cross section of BC. 
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Figure 4. (A) Absolute distance of first cracks in specimens relative to section centroid. (B) Stress concentration as in Equation (1). 
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Figure 5.    τ  a p p     versus ν for the first group of data points (6.5 mm < h < 7.5 mm). 
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Figure 6.    τ  a p p     versus sample height (h) and width (b); Nu = 0.000088. 
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Figure 7. Change of shear strength by environmental humidity. Shear tests were conducted on samples after 21 days of exposure, and the mean results are shown. 
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Figure 8. Force–deflection (3-point test); samples were exposed to conditions of T = 20 °C and H = 40% for three days. 
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Figure 9. Force–deflection (3-point test); samples were exposed to the conditions of T = 20 °C and H = 40% for seven days. 
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Figure 10. Three-point shear test force–deflection diagrams under different environmental humidity conditions—exposure time = 21 Days. 






Figure 10. Three-point shear test force–deflection diagrams under different environmental humidity conditions—exposure time = 21 Days.



[image: Fibers 10 00059 g010]







[image: Fibers 10 00059 g011 550] 





Figure 11. Force–deflection (3-point test); local failure does not happen in a few S-40-3 samples. Samples were exposed to T = 20 °C for three and seven days. Original conditions: T = 20 °C and H = 60%. Only in a few samples did cracks occur in the middle. 
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