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Abstract: Fracture is a common failure form of poplar laminated veneer lumber (LVL). In the present work, we performed an experimental study on the mode-I along-grain interlaminar fracture, mode-I cross-grain interlaminar fracture, and mode-II interlaminar fracture of poplar LVL. We investigated stress mechanisms, failure modes, and fracture toughness values of the different fracture types. The experimental results revealed that the crack in the mode-I along-grain interlaminar fracture specimen propagated along the prefabricated crack direction, and the crack tip broke. The mode-I cross-grain interlaminar fracture specimen had cracks in the vertical direction near the prefabricated crack. In the mode-II interlaminar fracture specimen, cracks appeared along the initial prefabricated crack direction. The load–displacement curves of these three specimens were linear in the early stage of loading. With the increase in the load, a nonlinear segment appeared before crack propagation and a descending segment appeared after crack propagation. The nonlinear segments of the mode-I along-grain interlaminar fracture and mode-II interlaminar fracture were very short, and cracks expanded quickly after their initiation, resulting in brittle fracture. The nonlinear segment of the mode-I cross-grain interlaminar fracture was long, resulting in plastic failure. The average toughness values of the mode-I along-grain interlaminar fracture, mode-I cross-grain interlaminar fracture, and mode-II interlaminar fracture were 15.43, 270.15, and 39.72 MPa·mm1/2, respectively.
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1  Introduction

Wood and bamboo are environmentally friendly (i.e., green) building materials. Bamboo and timber structure buildings are being vigorously promoted and applied, and many scholars have conducted a significant amount of research [1–4]. Poplar laminated veneer lumber (LVL) sheets are fabricated by hot-pressing poplar veneer. Because of its excellent physical and mechanical properties, LVL has been applied widely to wooden-structured buildings and is suitable for the development of green and prefabricated buildings [5–8]. Microscopic and macroscopic defects or damage (cracks) naturally occur in wood [9–12]. The irregular evolution of these initial defects or damage causes wood to break. Therefore, it is important to investigate the fracture mechanism of LVL to control and reduce the occurrence of accidents.

The fracture characteristics of wood have been extensively researched. In 1964, Porter [13] first applied the principles of fracture mechanics to wood materials. Based on an energy balance, a linear elastic fracture model was introduced to analyze longitudinal–tangential (LT) and longitudinal–radial (LR) plane open fractures of western white pine wood. Moreover, a new method based on the strain energy release rate was used to determine the wood fracture parameters. In 2006, Stefanie et al. [14] analyzed the fracture mechanism of wood using scanning electron microscopy and studied the microstructural evolution and fracture characteristics of wood under tensile loading. Moreover, the relationship between the fracture toughness (KIC) and fracture energy (Gf) of mode-I interlaminar fractures was studied, and the influences of the wood type, fiber orientation, density, and humidity on KIC and Gf were reported. In 1993, Fan et al. [15] conducted a three-point bending test on single-side notch specimens to explore the main factors affecting the transverse fracture toughness of fir. Some scholars [16–18] have carried out a series of studies on the effect of delamination between glulam beams and column members on their bearing capacities by applying fracture theory. In 2000, Jiang et al. [19] used a synchrotron radiation light source to observe the failure process of Chinese fir and Masson pine under tensile loading and noticed that under radial tensile loading, the wood specimens tended to grow into earlywood and latewood. Cracks appeared at the specimen boundaries and extended to the earlywood part. The crack propagation path was irregular and terminated at the cell wall. Under chordal tensile loading, a large number of cracks appeared in the wooden beam. Some scholars [20–23] have analyzed the composite fracture failure of wood from a microscopic level. Yang et al. [24] studied the failure mode and mechanism of Glulam I-shaped beams. Huang et al. [25] developed an analytical solution for DCB fibrous composite specimen tested for mode I fracture. Zhou et al. [26] studied the mode-I fracture properties of PSB composite, it was found that the fracture toughness of PSB is higher than that of commonly used woods, and their fracture behavior is similar, exhibiting quasi-brittle behavior.

Poplar LVL [27,28] is a load-bearing wooden material that can be used in wooden-structure buildings. Fracture is a common failure form of poplar LVL; however, its fracture characteristics have been rarely investigated. In the present work, we experimentally explored the mode-I (open type) and mode-II (slip type) interlaminar fracture characteristics of LVL. In addition, we investigated the force mechanisms, failure modes, and fracture toughness values of different fracture types.

2  Material and Methods

2.1 Material Preparation and Pretreatment

2.1.1 Preparation of Mode-I Along-Grain Interlaminar Fracture Specimens

Italian poplar LVL was supplied by Jiangsu Siyang Jiuhe Wood Industry Co., Ltd., China, the moisture content was 12.8%, and the density was 0.576 g/cm3. We prepared and tested 10 sets of specimens according to the compact tensile method (No. 1-1 to 1-10). All specimens were sawed from the same Italian poplar LVL wood sheets with a thickness (B) of 40 mm. A crack opening in each specimen was created by a 2-mm-thick saw blade, and the crack tip was then extended to the specified position using a sharp blade. Based on the GB/T4161-2007 standard (Metallic Material Plane Strain Fracture Toughness KIC Test Method), the crack length was set between 0.45 W and 0.55 W, where W is the specimen width. The specific dimensions of the mode-I along-grain interlaminar fracture specimens are presented in Fig. 1a.
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Figure 1: Specimen dimensions (in mm)

2.1.2 Preparation of Mode-I Cross-Grain Interlaminar Fracture Specimens

We prepared and tested 10 sets of specimens according to the three-point bending method (No. 2-1 to 2-10) [29]. All specimens were sawed from the same LVL wooden sheet with a thickness (B) of 40 mm. The dimensions of the mode-I cross-grain interlaminar fracture specimens are displayed in Fig. 1b, where the pre-crack length at the middle of the specimen length a and a/W = 0.45–0.55. When a/W = 0.5, the nominal value of a was 40 mm.

2.1.3 Preparation of Mode-II Interlaminar Fracture Specimens

We used the compact symmetric shear specimen designed by Jones and Chisholm in 1975 to calculate the mode-II interlaminar fracture toughness of Italian poplar LVL [30]. All specimens (No. 3-1 to 3-10) were sawed from the same LVL wooden sheet with a thickness (B) of 40 mm. The dimensions of the mode-II interlaminar fracture specimens are shown in Fig. 1c.

2.2 Experimental Devices

For these experiments, we used a D-54518 Niersbach sliding table saw, an MBS240/E mini band saw machine, an No27070 mini sliding table saw, a BS423S electronic balance (Shanghai Meiyingpu Instrument Manufacturing Co., Ltd., Shanghai, China), a WDW-100 electronic universal testing machine (Changchun Xinte Testing Machine Co., Ltd., China), and a 150T Vernier caliper (Shanghai Menet Industrial Co., Ltd., Shanghai, China).

2.3 Evaluation Process

The mode-I and mode-II fracture toughness values of poplar LVL were measured according to ASTM E399(09), Standard Test Method for Linear-Elastic Plane-Strain Fracture Toughness KIC of Metallic Materials [31], and GB/T4161-2007, Metallic Material Plane Strain Fracture Toughness KIC Test Method.

In the mode-I along-grain fracture toughness tests, we used the displacement-control loading method, with a loading speed of 0.5 mm/min. In the mode-I cross-grain fracture toughness tests, the uniform loading method was adopted with a loading speed of 1.5 mm/min and a support distance of S = 4 W. In the mode-II interlaminar fracture toughness tests, a shear load was applied to the specimens. The specimens were loaded by the displacement control method with a loading speed of 0.5 mm/min. The test devices for the different fracture toughness tests are displayed in Fig. 2.
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Figure 2: Test loading devices

3  Results and Discussion

3.1 Failure Form

3.1.1 Mode-I Along-Grain Interlaminar Fracture

During the loading process, the front end of the crack did not expand significantly. With the continuous increase in the load, the deformation of the specimen gradually increased and was accompanied by a slight noise. The crack expanded along the grain direction, and consequently, with a sudden abnormal noise, the crack tip ruptured, and the load dropped sharply. The poplar LVL was made of thick veneer laminated in the along-grain direction. Therefore, the crack propagated in the along-grain direction. The failure form of the mode-I along-grain interlaminar fracture specimens is displayed in Fig. 3a.

3.1.2 Mode-I Cross-Grain Interlaminar Fracture

During the loading process, no significant crack expansion occurred in the early stage of loading. As the load continued to increase, the crack began to expand with a slight cracking sound and appeared near the prefabricated crack. Small cracks appeared along the grain direction, causing irregular breakage of the specimen along the direction of the adhesive layer (Fig. 3b). Crack propagation occurred more easily in the grain direction than in the cross grain direction, because the longitudinal strength was controlled primarily by the adhesive force of the adhesive and the transverse strength was determined by the strength of the wood fibers. Thus, the longitudinal strength was much lower than the lateral strength.

3.1.3 Mode-II Interlaminar Fracture

No crack propagation occurred at the crack front in the early stage of loading. As the load continued to increase, no significant deformation occurred in the specimen; however, a slight noise was generated. When the load reached a critical value, a crack appeared at the tip of the specimen along the grain direction (Fig. 3c). Hence, the bonding between the wood fibers along the initial prefabricated crack direction of the mode-II interlaminar fracture specimen weakened, and the crack continued to expand.
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Figure 3: Failure modes

3.2 Load–Displacement Curve

3.2.1 Mode-I Along-Grain Interlaminar Fracture

Fig. 4 displays the load–displacement curve of a mode-I along-grain interlaminar fracture specimen. The load–displacement curve was linear in the early stage of loading. As the load increased, a nonlinear segment appeared before crack propagation. A fracture process zone was generated at the crack tip before crack propagation. This fracture process zone absorbed some of the energy and enhanced the toughness of the material. After crack propagation, a descending section appeared in the load–displacement curve, and the crack propagated rapidly in a short time; thus, the bearing capacity of the specimen decreased significantly because of brittle fracture [32].
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Figure 4: Load–displacement curve of mode-I along-grain interlaminar fracture specimen

3.2.2 Mode-I Transverse-Grain Interlaminar Fracture

Fig. 5 shows the load–displacement curve of a mode-I transverse-grain interlaminar fracture specimen. The load–displacement curve was linear in the early stage of loading. As the load increased, a slight fiber fracture sound was generated, and the load–displacement curve entered a nonlinear stage (the load was called the initiation load). Subsequently, small lateral cracks appeared at the prefabricated crack tip, and the number of cracks continued to increase followed by a loud cracking sound. Consequently, the specimen ruptured, and the load dropped sharply. Compared with the along-grain interlaminar fracture specimen, the nonlinear segment of the transverse-grain interlaminar fracture specimen was longer. The transverse-grain interlaminar fracture continued to bear larger loads after cracking.
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Figure 5: Load–displacement curve of mode-I cross-grain interlaminar fracture specimens

3.2.3 Mode-II Interlaminar Fracture

Fig. 6 displays the load–displacement curve of a mode-II interlaminar fracture specimen. The load–displacement curve was linear in the early stage of loading. As the load increased, a short nonlinear section appeared before crack propagation. After crack propagation, a descending section appeared, and the crack propagated rapidly in a short period. The rapid decline in the bearing capacity of the specimen occurred because of brittle fracture.

[image: images]

Figure 6: Load–displacement curve of mode-II interlaminar fracture specimens

3.3 Fracture Toughness

The intensity of the stress field near the crack tip was measured by the stress intensity factor, and the stress intensity factor in the critical state of crack propagation can be called the fracture toughness [33–35].

3.3.1 Mode-I Along-Grain Interlaminar Fracture

The fracture toughness values of the mode-I along-grain interlaminar fracture specimens were calculated as follows:


KIC=(FQ/BW1/2)×f(a/W),
(1)

where a is the length of the prefabricated crack (40 mm), W is the effective width of the test piece (80 mm), B is the thickness of the test piece (40 mm), and FQ is the load when the specimen began to crack.

Moreover, f(a/W) was calculated as follows:


f(a/W)=(2+a/W)×0.866+4.64(a/W)−13.32(a/W)2+14.72(a/W)3−5.6(a/W)4(1−a/W)3/2.
(2)

The value of f(a/W) was calculated as 9.66.

The fracture toughness values of all the test pieces are listed in Table 1. The fracture toughness of the mode-I along-grain interlaminar fracture specimens fluctuated in the range of 13.64 to 17.28 MPa·mm1/2, with an average value of 15.43 MPa·mm1/2 and a variation coefficient of <20%, indicating that the calculated data were valid. Jiang et al. [36] calculated the interlaminar fracture toughness values of Chinese fir and Masson pine as 4.812 and 9.667 MPa·mm1/2, respectively. Therefore, the interlaminar fracture toughness of Italian poplar was 3.2 times that of Chinese fir and 1.6 times that of Masson pine.
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3.3.2 Mode-I Cross-Grain Interlaminar Fracture

The fracture toughness values of the mode-I cross-grain interlaminar fracture specimens were calculated as follows:


KIC=(FQS/BW3/2)×f(a/w),
(3)

where a is the length of the prefabricated crack (40 mm), W is the effective width of the test piece (80 mm), B is the thickness of the test piece (40 mm), and FQ is the load when the specimen began to crack.

Moreover, f(a/W) was calculated as follows:


f(a/W)=3(a/W)1/2×1.99−(a/W)(1−a/2)[2.15−3.93(a/W)+2.7(a/W)2]2(1+2a/W)(1−a/W)3/2.
(4)

The value of f(a/W) was calculated as 2.66.

The fracture toughness values of all the specimens are presented in Table 2. The fracture toughness values of the mode-I transverse-grain interlaminar fracture specimens fluctuated in the range of 243.12 to 291.30 MPa·mm1/2 with an average value of 270.15 MPa·mm1/2 and a variation coefficient of less than 20%, indicating that the obtained data were valid. Therefore, the fracture toughness values of the mode-I transverse-grain interlaminar fracture specimens were 17.5 times those of the along-grain specimens.
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3.3.3 Mode-II Interlaminar Fracture

The fracture toughness values of the mode-II interlaminar fracture specimens were calculated as follows:


KIIC=FQ2BHa1/2,
(5)

where a is the length of the prefabricated crack (50 mm), B is the thickness of the test piece (40 mm), H is the tooth width (48 mm), and FQ is the load when the specimen began to crack.

The fracture toughness values of all the specimens are listed in Table 3. The fracture toughness of the mode-II interlaminar fracture specimens fluctuated in the range of 34.31 to 44.59 MPa·mm1/2, with an average value of 39.72 MPa·mm1/2 and a variation coefficient of less than 20%, indicating that the obtained data were valid.
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4  Conclusions

The results of our study showed the following conclusions:

1.    The crack in the mode-I along-grain interlaminar fracture specimen expanded along the prefabricated crack direction, and the crack tip fractured. The mode-I cross-grain interlaminar fracture specimen had small cracks along the grain direction near the prefabricated crack. Therefore, crack propagation was easier in the grain direction than in the transverse grain direction. The longitudinal strength was controlled mainly by the adhesive force of the adhesive, whereas the transverse strength was determined by the strength of the Italian poplar wood fibers. Thus, the longitudinal strength was much lower than the transverse strength. In the mode-II interlaminar fracture specimen, cracks appeared along the initial prefabricated crack direction.

2.    The load–displacement curves of the three specimens were linear in the preloading stage. With the increase in the load, a nonlinear segment appeared before crack propagation. A fracture process zone was generated at the crack tip before crack propagation. This fracture process zone absorbed some of the energy and enhanced the toughness of the material. After crack propagation, a descending section appeared and cracks propagated rapidly in a short time. In turn, the bearing capacity of the specimen decreased greatly. The nonlinear segments of the mode-I along-grain interlaminar fracture and mode-II interlaminar fracture were very short, and cracks propagated quickly after their initiation, resulting in brittle fracture. The nonlinear section of the mode-I transverse interlaminar fracture was longer, resulting in plastic failure.

3.    The fracture toughness values of the mode-I along-grain interlaminar fracture specimens fluctuated in the range of 13.64 to 17.28 MPa·mm1/2, with an average value of 15.43 MPa·mm1/2. The fracture toughness values of the mode-I transverse interlaminar fracture specimens fluctuated in the range of 243.12 to 291.30 MPa·mm1/2, with an average value of 270.15 MPa·mm1/2. The fracture toughness values of the mode-II interlaminar fracture specimens fluctuated in the range of 34.31 to 44.59 MPa·mm1/2, with an average value of 39.72 MPa·mm1/2.
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Table 1: Fracture toughness values of mode-I along-grain interlaminar fracture specimens

Serial number Fo/N Kic (MPa-mm'’?)
1-1 565 15.26
1-2 570 15.39
1-3 635 17.15
1-4 520 14.04
1-5 505 13.64
1-6 545 14.72
1-7 620 16.74
1-8 580 15.66
1-9 640 17.28
1-10 535 14.45
Average value 571.5 15.43

Coefficient of variation (%) 8.3 8.3
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Table 3: Fracture toughness values of mode-II interlaminar fracture specimens

Serial number Fo/N Kic (MPa-mm'?)
3-1 23015 42.38
3-2 22800 41.98
3-3 21250 39.13
34 23205 42.73
3-5 19325 35.59
3-6 18635 34.31
3-7 18760 34.55
3-8 21830 40.20
3-9 22640 41.69
3-10 24215 44.59
Average value 21568 39.72
Coefficient of variation (%) 9.3 9.3
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Table 2: Fracture toughness values of mode-I transverse-grain interlaminar fracture specimens

Serial number Fo/N Kic (MPa-mm'’?)
2-1 9780 290.85
2-2 8820 262.30
2-3 9300 276.58
2-4 8450 251.30
2-5 9795 291.30
2-6 8175 243.12
2-7 9715 288.92
2-8 9335 277.62
2-9 9170 272.71
2-10 8300 246.84
Average value 9084 270.15

Coefficient of variation (%) 6.8 6.8
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