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Abstract: Mode I fracture tests, with loading perpendicular to the grain and 

crack propagation parallel to the grain, were performed on 10 groups of 

laminated flattened-bamboo composite (LFBC) specimens using the compact 

tension (CT) method, and crack extension was monitored by VIC-3D (video 

image correlate, 3D) technique. Nine of the groups were interlaminar (RL) 

fracture considering specimen thickness (B) and initial crack length to width 

ratio (a/W), and one group was standard specimens for intralaminar (TL) 

fracture as a control. It was shown that the failure mechanism of TL fracture 

was fiber fracture and ground tissue damage, while RL fracture was adhesive 

failure accompanied by a small amount of fiber fracture. The difference in the 

failure mechanism determined the uncertainty of crack extension in RL, while 

the crack extension in TL was continuous. On this basis, different forms of 

load-displacement curves and load-crack curves were analyzed. In addition, 

a/W had no effect on the fracture toughness of RL, while the condition value 

of fracture toughness gradually increased and reached stability with increasing 

thickness B. The RL fracture toughness of LFBC obtained from the test was 

20.8 MPa·mm1/2. The tensile strain field during crack extension was always 

concentrated at the crack tip, while the compressive strain appeared at the 

bottom of the specimen. An empirical equation for predicting the critical load 

of RL fracture was proposed by fitting to the test data. 

Keywords: laminated flatted-bamboo composite, Mode I fracture, crack 

propagation, failure modes, fracture toughness 

1 Introduction 

Due to the excessive energy consumption of traditional building materials, low-carbon, eco-

friendly and renewable new-type building material systems are becoming a hot topic in today's 

construction industry, one of the most representative materials is bio-based composite [1, 2]. With its 

short growth cycle, light weight, high toughness and good mechanical properties, bamboo has become 
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a highly sought-after bio-building material [3]. However, raw bamboo is limited in size and shape, as 

well as its physical and mechanical properties vary along the radial direction, making it difficult to be 

widely used in practical engineering [4, 5]. These problems have been solved by the emergence of 

laminated bamboo lumber (LBL) [6, 7], which is a composite of equal-thickness bamboo strips obtained 

by shaving the excess from raw bamboo, allowing for a more homogeneous material, whose size and 

shape can also be designed and processed according to needs. Existing research has confirmed the 

excellent mechanical properties of LBL, which has been widely used in construction structures [8]. 

However, LBL still leaves the disadvantage of low material utilization. In this regard, a material 

optimized on the basis of LBL, laminated flattened-bamboo composite (LFBC), was developed by 

scholars [9]. LFBC is processed without shaving off the inner and outer layers of bamboo, and just by 

softening and flattening 1/2 or 1/4 of the bamboo tube, large-area bamboo panel units can be obtained 

for lamination [10]. At present, the technology of producing LFBC is already mature, which can 

increase the material utilization rate of LFBC by more than 20% compared with LBL, meanwhile, the 

production efficiency is greatly improved, also the labor cost is lowered [11]. Yang et al. [12] tested the 

basic mechanical properties of LFBC in three orthogonal directions and found that the measured 

performances were comparable to those of other structural biomaterials. Chen et al. [13] investigated 

the dowel-bearing properties of LFBC, and Zhang et al. [14] experimentally studied the bonded 

anchorage properties of LFBC joints with glued reinforcement. Nevertheless, studies on other 

mechanical behaviors of LFBC (e.g., fracture properties) are still in a lack and need to be supplemented 

by more experiments. 

The special fiber structure of bamboo determines its high toughness, but low tensile strength in the 

perpendicular-to-grain direction, and prone to longitudinal cracking characteristics [15]. Especially, for 

engineered bamboo, it is difficult to avoid pores and micro-cracks in the manufacturing process. These 

initial defects are likely to cause cracks to propagate internal to the material during the use of its 

members, and fracture damage occurs before yielding, reducing the safety factor and service life of the 

structure [16, 17]. Crack propagation is divided into three modes [18,19]: Mode I, the opening crack; 

Mode II, the slippage crack; Mode III, the tearing crack. Among them, Mode I is the most likely to 

occur, and the other two modes are accompanied by the appearance of Mode I. Therefore, the Mode I 

fracture properties are the most fundamental and essential for exploring the fracture behavior of 

engineered bamboo as well as vital factors in the design of structures [20]. 

There have been some reports on Mode I fracture studies of moso bamboo and engineered bamboo. 

Using acoustic emission technique, Chen et al. [21] measured three kinds of fracture behaviors during 

bending in the inter-nodal part of moso bamboo: matrix damage, fiber separation and fiber fracture. An 

et al. [22] tested the bending fracture characteristics in different parts of moso bamboo respectively with 

the finding that the strength of the bamboo outer layer (fiber-dense layer) was much higher than that of 

the bamboo inner layer. Based on the different cell wall structures of fibers, Chen et al. [23] determined 

the main types of fracture: brittle fracture occurred in fibers with few layers; fracture transformed to 

ductile damage as the number of layers increased. Liu et al. [24] used scanning electron microscopy to 

observe the important fracture features of matrix cracking, interfacial separation, fiber bridging and 

splitting of cell wall layers in moso bamboo, confirming that rational weak interfaces are beneficial to 

improve the fracture toughness of bamboo. Most of the existing studies on engineered bamboo have 

focused on intralaminar fractures, which are similar to those of raw bamboo, but fewer studies have 

been conducted on interlaminar fractures. Liu et al. [25] investigated the Mode Ⅰ interlaminar fracture 

behavior of laminated bamboo composites finding that no significant fiber bridging was observed 

during the test and the damage mode was mainly brittle fracture. Sheng [17] tested the interlaminar 

fracture properties of bamboo integrates concluding that interlaminar fracture did not have a non-

negligible plastic extension zone and exhibited significant brittleness compared to intralaminar fracture. 

In fact, interlaminar fracture, which is influenced by the common action of the adhesive and the bamboo 

material, also tends to have lower fracture toughness and is a more dangerous mode than intralaminar 

fracture. 

In summary, Mode I fracture characteristics are essential for assessing the mechanical properties 

of engineered bamboo materials, and there is a lack of research on this aspect of LFBC. In this paper, 

based on the fracture failure modes, the interlaminar Mode I fracture properties of LFBC under different 
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influencing factors were tested and compared with those of intralaminar fracture in order to investigate 

the influence of failure modes on intralaminar and interlaminar fracture. The aim is to supplement the 

mechanical properties of this material and to provide reference for the development of relevant testing 

standards and engineering design. 

2 Test design 

2.1 Materials 

The raw material was 3-4 years old moso bamboo from Jiangxi Province, China, which was 

processed into LFBC and manufactured into test specimens by Jiangxi Feiyu Bamboo Materials 

Holding Co., LTD. As shown in Fig. 1, the difference between LFBC and LBL is that the basic unit of 

LBL is the bamboo strip in the middle of the arc-shaped bamboo sheet (the strip width is usually only 

21 mm), while the basic unit of LFBC is the flat plate obtained by flattening the arc-shaped bamboo 

sheet (the plate width can reach 100 mm). The processing steps of LFBC were as follows: Using urea-

formaldehyde resin as the adhesive, these flat plates were glued into veneers at 95°C, under a vertical 

pressure of 12 MPa and a horizontal pressure of 4 MPa. These veneers were then brushed with adhesive, 

stacked, and pressed under 18 MPa of positive pressure for two hours to produce LFBC. The basic 

mechanical properties of this material were tested as per ASTM D143-2014 [26] standard and the 

average values of the test results are shown in Table 1 [13] (each trial was repeated 20 times). 

Table 1. The mechanical properties of LFBC [13] 

 Compression Tension 
Density/kg/m3 Moisture content 

 R T L R T L 

strength/MPa 43.1 19.0 56.2 1.8 4.3 106.9 743 8.5％ 

 

Fig. 1.  The manufacturing process of LBL and LFBC 

2.2 Specimen design and test methed 

2.2.1 Design of groups and loading scheme 

Fig. 2 showed the diagrams and photos of the specimens, where "L" indicated the direction of fiber 

growth, "R" indicated the direction perpendicular to the bamboo plates, and "T" meant that the bamboo 

plates were flattened along this direction; the first letter in the naming of the specimen type (TL/RL) 

referred to the loading direction, and the second letter referred to the crack extension direction. As per 

ASTM E399 [27], 10 groups of LFBC compact tension (CT) specimens were tested for Mode I fracture 
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characteristics, with 6 repetitions of each group. Nine of the groups were interlaminar fracture tests (the 

test specimens were of RL type) with thickness (B) and prefabricated crack length (a0) as variables; the 

cracks of these specimens were prefabricated on the gluing surface between two layers of bamboo 

veneers; the gradient of B was set as follows: 15 mm, 20 mm, 25 mm, 30 mm, 35 mm, and the a0 was 

varied as follows: 20 mm, 22.5 mm, 25 mm, 27.5 mm, 29 mm; the specimen group with B of 25 mm 

and a0 of 25 mm was set as the standard group. In addition, a group for intralaminar fracture tests (the 

test specimens were of TL type) with B=25 mm and a0=25 mm was set up as a control. The detailed 

naming and grouping of the specimens were shown in Table 2. The crack width of all specimens was 

2 mm, and a fine gap of about 1 mm in length was manually cut at the crack tip to guide the crack 

extension. 

The capacity of the universal testing machine used for loading was 50 kN, and the loading ratio 

was set to 0.5 mm/min. The U-shape fixture used for tension was made of steel with a carbon content 

of 0.45%. Pre-loading was carried out before the test, and the load values and test phenomena were 

recorded during the test, while the displacement data were captured by the VIC-3D system. The test 

equipment and site were provided by the structural laboratory of Nanjing Forestry University. 

  

(a) Schematic diagram of TL type specimen (b) Photograph of TL type specimen 

  

(c) Schematic diagram of RL type specimen (d) Photograph of RL type specimen 

Fig. 2. Specimen type and dimensions (Unit: mm) 

2.2.2 Determination of critical stress intensity factor and critical load 

When the stress near the crack tip is in a plane strain state and the plastic deformation here is 

restrained, the resistance of the material to crack extension is called the stress intensity factor (KIC). 

Often KIC is also used to characterize the fracture toughness of a material, that is, the material fracture 

is considered to occur when the stress intensity factor reaches KIC. In this study, Eq. (1) specified by 

ASTM E399 standard was used to calculate the conditional value (KQ) of KIC. 

1/2

Q Q
( / ) ( / )K P BW f a W=                            (1) 

Where the parameters represented, respectively, PQ: critical load, B: thickness of the specimen; W: 

effective width of the specimen (50 mm for this study); a: length of the initial crack; f(a/W): the 

geometric coefficient for CT specimens, calculated according to Eq. (2). If the test was effective (i.e., 

KIC=KQ), two conditions needed to be satisfied: 1) B and a were both over 2.5(KQ/σs)2, where σs was 

0.2% tensile yield strength; 2) (Pmax/PQ) <1.1, where Pmax was the ultimate load. If it was not satisfied, 
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thicker specimens should be replaced for testing. 

2 3 4

1.5

0.886 4.64( ) 13.32( ) 14.72( ) 5.6( )
( ) (2 )

(1 )

x x x x
f x x

x

+ − + −
= + 

−
          (2) 

 

Fig. 3. Critical load positioning 

As shown in Fig. 3, the method of locating PQ: taking the intersection of line OA and X-axis as the 

origin O, where OA was the tangent line of the linear segment in the load-crack opening displacement 

(P-V) curve, a cut line OP5 was drawn from the point O with a slope of 0.95 times the OA slope. If the 

load at P5 exceeded the load at all preceding points (type I curve), then PQ = P5; if there existed a 

maximum load in front that was larger than P5 (type II or III curve), then such maximum load was 

chosen as PQ. 

2.2.3 Observation of strain field and crack extension 

 

Fig. 4. Comparison of scattered spot quality 

Since crack measurements are sub millimeter, the accuracy of the measuring equipment is very 

demanding. The core technology of VIC-3D system is the digital image correlation (DIC) principle, 

which is to measure the full-field 3D shape, displacement and strain at any point by tracking the change 

of surface speckles (pixel subsets) during object deformation with high-speed cameras, achieving 

displacement accuracy of 0.01 pixels and strain accuracy of 20~50 microstrain. The system includes 

the necessary equipment: two industrial cameras (Model No. GRAS-50S5M-C in spot gray) and a cold 

light source; software: Vic-sanp for acquisition control and Vic-3D for analysis; in addition to other 

auxiliary equipment, such as data transmission lines, calibration plates, levels and tripods. Before the 



Chen et al., SUEM, 2026, 2(2): 000024 

000024-6 

 

test, speckles needed to be fabricated on the observation surface of the specimen: white matte paint was 

used to cover the original grain of the specimen, and then black matte paint was sprayed evenly to form 

spots of 3-5 pixels in size, while ensuring that the ratio of black to white in the view was about 1:1. The 

quality of the speckles has an influence on the measurement results. Fig. 4 showed the imaging of 

different-quality speckles under VIC-3D system, and the high-quality speckles should ensure the 

uniform image color under static. During the test, VIC-3D system captured speckle images at 5Hz and 

matched each photo to the load value at the time of shot to analyze results. 

3 Analysis of test results 

The test results were shown in Table 2, where P and K were average values. A1~RS~A4 groups 

studied the factor for the ratio of crack length to specimen width (a/W); B1~RS~B4 groups researched 

the effect of specimen thickness; TS and RS groups studied the difference between Interlaminar and 

Intralaminar fracture. Too small specimen thickness would lead to test ineffective and affect the results 

(the method to judge whether the test is effective or not was shown in 2.2.2). Some studies give the 

minimum specimen thickness for fracture test of other engineered bamboo materials, but there is no 

reference on LFBC. In this study, some of the specimens in groups B1 and B2 were found to be 

ineffective (effective number < 6), and it was considered that the specimen thickness should be larger 

to ensure the effectiveness of the test. 

Table 2. Specimen configurations and fracture test results 

Type Groups a (mm) a/W 
B 

(mm) 
PQ (N) Pmax (N) 

KQ 

(MPa·mm1/2) 

Effective 

number 

TL TS 25 0.5 25 462.1 (6.9) 482.7 (6.3) 25.2 (6.9) 6 

RL 

RS 25 0.5 25 375.6 (5.5) 389.1 (5.7) 20.5 (5.5) 6 

A1 20 0.4 

25 

493.2 (5.1) 506.0 (5.2) 20.3 (5.1) 6 

A2 22.5 0.45 429.7 (4.0) 441.9 (4.4) 20.3 (4.0) 6 

A3 27.5 0.55 316.9 (3.7) 329.8 (2.6) 20.4 (3.7) 6 

A4 30 0.6 264.7 (8.7) 278.1 (8.0) 20.4 (8.7) 6 

B1 

25 0.5 

15 196.4 (10.5) 215.8 (11.0) 17.9 (10.5) 4 

B2 20 276.9 (12.8) 295.9 (12.7) 18.9 (12.8) 5 

B3 30 479.4 (7.8) 486.1 (7.0) 21.8 (7.8) 6 

B4 35 563.5 (3.3) 568.8 (2.9) 22.0 (3.3) 6 

Note: Values in parentheses are CoVs (%) 

3.1 Failure modes 

Due to the small size of the CT specimen, its fracture process zone (FPZ) was short, and it was 

difficult to observe the distinct fiber bridging phenomenon. From the tip of the prefabricated crack to 

the specimen bottom, only one main crack extended horizontally, so that the specimen was divided into 

two complete halves, without apparent subsidiary cracks observed. However, there were differences in 

the fracture cross-sectional morphology presented by TL and RL specimens, and the brittleness degrees 

of specimen breaks were also different. 

3.1.1 Failure mode of intralaminar (TL) fracture 

Bamboo is an anisotropic material which has low longitudinal (along the fiber growth direction) 

interfacial strength but high transversal toughness, and the cracks are prone to propagate along the fibers 

or the ground tissue. As shown in Fig. 5(a), although no distinct fiber bridging was found in the CT 

specimen during the test, the TL type of intralaminar fracture revealed that the specimen had a more 

tortuous crack, the fracture surfaces were rough, and there were fiber protrusions and pullouts. Fig. 5(b) 

was the photograph of the fracture surface under scanning electron microscopy (magnified 200x and 

800x, respectively), which showed that in FPZ, some fibers were integral and smooth, with fragments 

of ground tissue (consisting of parenchyma cells) remaining on the surface, and some the fibers were 

pulled off and exposed. It indicated that the intralaminar fracture of bamboo was essentially the 

destruction of fibers and ground tissues. Thus, the fiber and parenchyma cells in the TL specimen 

effectively inhibited the crack extension, allowing the crack propagation during the test to be slow and 

continuous and to exhibit ductile damage. 
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(a) Macroscopic failure mode 

 
(b) Microscopic failure mode 

Fig. 5. Failure mode of intralaminar (TL) fracture 

3.1.2 Failure mode of interlaminar (RL) fracture 

Compared with TL type, the process of interlaminar fracture of RL type was very fast and 

discontinuous. After reaching the critical load, the crack length would increase by a few millimeters in 

an instant and then remained for a while, and after continuing the loading for a period of time, the crack 

would extend rapidly again. This pattern was repeated until the specimen was completely split in half. 

The entire testing process for the RL specimen took less than half the time of the TL specimen.  

As shown in Fig. 6(a), the crack of RL specimen was very straight, and fracture surfaces were flat 

on which the residual adhesive patches were clearly visible, with no prominent fiber bundles. It was 

also evident in the micrograph (Fig. 6(b)) that the adhesive covered most area of the fracture surface, 

while a few fibers would be attached by the adhesive, causing them to be pulled off during the separation 

between the two parts of the specimen. Therefore, the interlaminar fracture of LFBC was essentially 

the failure of adhesive accompanied by a small amount of fiber fracture, and this damage mechanism 

determined the faster crack propagation with the specimen exhibiting pronounced brittleness. 

 
(a) Macroscopic failure mode 
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(b) Microscopic failure mode 

Fig. 6. Failure mode of interlaminar (RL) fracture 

3.2 Load-crack opening displacement (P-V) curves 

Fig. 7 provided the P-V curves of each group. The curves in TS group were smooth and regular 

(all were type I curve in Fig. 3): at the early stage of loading, the surface material of the specimen 

contacting with the U-shaped fixture was gradually squeezed to dense, and the displacement grew fast; 

when the load increased to about 100 N, the elastic phase began and the curve grew linearly; as the load 

continuously growing, the curve slope declined progressively and the plastic deformation of the 

specimen occurred until the load reached Pmax; after then, the crack propagation stabilized and the 

specimen bearing capacity decreased dramatically with the crack growth, this phase was the most time-

consuming phase in the test process. 

Before the elastic stage, the P-V curves of RL type specimens developed in the similar process as 

those of TL type specimens, while when entering the plastic deformation stage, the P-V curves of RL 

specimens began to vary randomly in a chaotic manner with no obvious pattern. Most of the curves 

dropped steeply after reaching the ultimate load (type III curve), showing apparent brittle characteristics, 

while a small portion of the curves would exhibit a fluctuating segment in which the PQ value was 

obtained (type II curve). 

The reasons for these differences were described in Section 3.1: in TL intralaminar fracture, the 

crack propagates along the fibers or ground tissue, which was a gradual and slow process, while in RL 

interlaminar fracture, it was the failure of the adhesive between the bamboo panels that caused the 

laminations to separate. Therefore, for RL specimens, the uneven brushing of glue, the presence of 

original pores and microcracks during processing could affect the fracture progression, and these factors 

increased the uncertainty in the development of the P-V curves. 

  
(a) Group TS (b) Group RS 
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(c) Group A1 (d) Group A2 

  

(e) Group A3 (f) Group A4 

  

(g) Group B1 (h) Group B2 

  

(i) Group B3 (j) Group B4 

Fig. 7. P-V curves 
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3.3 Effect of dimensions on the fracture parameters of RL type 

This section discussed the effect of a/W value and B on fracture parameters in RL specimens, 

including: the variation of P and KQ between different groups and the trend of load-crack (P-a) curves. 

3.3.1 Dimension effect on load and KQ value 

(1) Effect on load 

Shown in Fig. 8(a), with the increase of a/W from 0.4 to 0.6, the means of PQ and Pmax decreased 

almost linearly from 493.2 N to 264.7 N and from 506 N to 278.1 N, respectively, and the differences 

of PQ and Pmax were similar for each group. When the specimen thickness B was increased from 15 mm 

to 35 mm (Fig. 8(b)), the means of PQ increased from 196.4 N to 563.5 N, and the means of Pmax 

increased from 215.8 N to 568.8 N, with the values of PQ and Pmax getting increasingly close to each 

other. At the thickness of 35 mm, the PQ was almost equal to Pmax, which indicated that at this thickness, 

the specimen load capacity decreased sharply once the cracks initiated to extend.  

(2) Effect on KQ value 

As depicted in Fig. 8(c), there was almost no change in the KQ value as the a/W value increased, 

indicating that the fracture of LFBC in the RL direction was not affected by the a/W value. However, 

Fig. 8(d) demonstrated that the fracture toughness condition value KQ grew with increasing specimen 

thickness B. This growth trend was no longer apparent when the thickness reached 30 mm, since group 

B4 increased by 23% compared to group B1, while it only increased by 0.9% compared to group B3, 

proving that the fracture toughness reached stability at this time. Due to the existence of ineffective 

tests in both groups B1 and B2 (see Table 2), this study recommended that for the CT tests of LFBC in 

the RL direction, the specimen thickness should be at least that of the RS group, i.e., B ≥ 25 mm. In this 

paper, the average of the KQ values of groups A1~A4, RS and B3~B4, which satisfied the conditions, 

was taken as the Mode I fracture toughness of LFBC in the RL direction, with the value of KIC = 20.8 

MPa·mm1/2. 

  

(a) Effect of a/W value on load (b) Effect of B on load 

  

(c) Effect of a/W value on KQ value (d) Effect of B value on KQ value 

Fig. 8. Dimension effect on load and KQ value 
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3.3.2 Dimension effect on load-crack (P-a) curves 

During the test, VIC-3D system tracked the crack tip position throughout and obtained the crack 

length at each moment by calculating the total value of the newly generated crack length and the initial 

crack length, which was then matched with the corresponding load to derive the P-a curve. 

Some fiber composites (e.g. glass fiber reinforced plastics [28, 29]), have been proved to possess 

self-consistency in crack propagation during fracture, i.e., when the components are of the same size, 

they will be in the same state as the cracks propagate to the equivalent length, regardless of how long 

the initial cracks are. It can be seen in Fig. 9(a) that the specimens of RL type followed the above trend 

in the initial stage of crack extension. However, as the crack length increased, the P-a curves for 

different initial crack lengths gradually diverged without regularity. The failure mechanism of RL 

interlaminar fracture led to the uncertainty in the late stage of crack development, i.e., the crack 

propagation rate, bearing load and cracking location all possessed randomness. As shown in Fig. 9(b), 

the thicker the specimen, the faster the drop rate of the P-a curve, suggesting that the larger the B the 

rapider the loss of bearing capacity of the specimen during the crack development process. 

  

(a) Effect of a/W value on P-a curves (b) Effect of B value on P-a curves 

Fig. 9. Dimension effect on P-a curves 

3.4 Effect of loading direction on fracture parameters 

This section discussed the effect of different loading (fracture) directions on the fracture 

parameters, i.e., the difference between the specimens of RS and TS groups in terms of load, fracture 

toughness, and P-a curves. 

3.4.1 Effect on load and KQ value 

 
Fig. 10. Load and KQ values for RL and TL types 

As depicted in Fig. 10, the average ultimate load of the TS group was 482.7 N, which exceeded 

the 389.1 N of the RS group by about 24%; the average critical load of the TS group was 462.1 N which 

increased by about 23% compared with the 375.6 N of the RS group, and similarly the KQ value of the 

TS group was also larger than that of the RS group. This showed that the specimens in the RL direction 

were weaker than those in the TL direction, both in terms of fracture performance and load carrying 

capacity. The reason for this was that the adhesion between the fibers was stronger, and the adhesive 
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layers were often the weak part of the material. For laminated composites, how to prevent the adhesive 

from cracking is a constant topic in practical engineering applications. 

3.4.2 Effect on P-a curves 

The crack development in the RL direction was random and indeterminate as already explained in 

the previous section. The bond of the interlaminar adhesive would fail simultaneously over a certain 

area, causing crack extension to occur instantaneously and stabilize for some time before this extension 

occurs again when the adhesive failed in the next area. Therefore, the P-a curves of the RL type 

specimens were segmented wavy lines (Fig. 11(a)). However, the failure mode of TL-type specimens 

determined the continuity of crack extension, and thus the P-a curves of the TS group were smoother 

(Fig. 11(b)). In addition, the curves of the TS group were more concentrated and consistent in crack 

extension, while the curves of the RS group were more discrete. 

  
(a) Group RS (b) Group TS 

Fig. 11. P-a curves of specimens in TS and RS groups 

3.5 Evolution of strain 

 
Fig. 12. Evolution of strain in a typical RL specimen 
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Before starting the acquisition, the calibration plate with small holes was moved and imaged on 

the surface of the specimen; the VIC-3D system could establish a three-dimensional coordinate system 

by comparing the actual distance between the small holes with the distance in the imaging; the 

triangulation system with two lenses effectively eliminated the optical distortion and rigid rotation of 

the object, thus measuring the deformation of the object accurately. 

Fig. 12 illustrated the strain evolution of a typical RL specimen (PQ = 375.3 N), including the 

phase of load growth before crack extension, and the phase of load decrease after crack extension started. 

In the case of unloading, there was no deformation on the surface of the specimen and just one color 

existed in the strain cloud. When the load was increased to about 10 N, the specimen surface began to 

deform slightly, but there was no obvious regularity, and multiple color blocks appeared in the cloud 

diagram. When the load increased to about 30 N, the strain value near the tip of the prefabricated crack 

was greater than 0, indicating that tensile strain was applied here, while compressive strain (strain value 

less than 0) was generated at the bottom of the specimen due to extrusion. With the further growth of 

the load, the tensile strain field was gradually concentrated towards the prefabricated crack tip, and an 

obvious red color patch could already be seen near the crack tip at 100 N. Once the strain at the crack 

tip reached the limit (the load reached PQ), the crack started to extend, and the strain field was then 

transferred to the newly emerged crack tip. This process would continue until the crack extended to the 

specimen bottom with the maximum tensile strain reaching 0.0174. 

3.6 Empirical equation 

Empirical equations established on test data are often of great reference significance for predicting 

the value of a parameter of a material or member and play an active role in engineering design. The 

trend of crack extension of LFBC in the RL direction was shown to be uncertain in this study, but the 

critical load PQ at the start of crack extension was predictable. Therefore, as depicted in Fig. 13, the two 

factors B and a/W were considered comprehensively, and the remaining experimental data after 

excluding groups B1 and B2 were fitted with a quadratic polynomial to obtain the PQ equation shown 

in Eq. (3), with R2 = 0.99, which showed a high degree of agreement. The predicted values of PQ were 

substituted into Eq. (1) to derive the prediction values of KQ. Table 3 compared the KQ values calculated 

using the prediction equation with the actual tested KQ values, from which it could be seen that the 

maximum error was only 3.8%, proving the high accuracy of the equation. 

 
2

Q
0.103( / ) 21.897( / ) 466.237P BW a BW a= − + −                    (3) 

 
Fig. 13. Fitting curve of PQ 

Table 3. Calculated and tested values of KQ 

Groups Calculated PQ (N) Calculated KQ (MPa·mm1/2) Tested KQ (MPa·mm1/2) Error 

RS 378.8  20.7  20.5 0.9% 

A1 511.9  21.1  20.3 3.8% 

A2 441.8  20.8  20.3 2.8% 

A3 322.6  20.7  20.4 1.8% 

A4 272.7  21.1  20.4 3.0% 

B3 487.8  22.2  21.8 1.8% 

B4 576.8  22.5  22.0 2.4% 
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4 Discussion 

(1) The failure modes of Mode I intralaminar (TL) fracture and interlaminar (RL) fracture of LFBC 

were observed by scanning electron microscopy. TL fracture was actually the destruction of fibers and 

ground tissues, which effectively inhibited the crack propagation so that the crack development in the 

test was slow and continuous and exhibited ductile damage. Accordingly, its P-V curves were smooth 

and regular, as well as the P-a curves were more centralized. The essence of RL fracture was adhesive 

failure accompanied by a small amount of fiber fracture, which led to its faster crack extension and the 

specimens exhibited obvious brittleness. After the crack started to extend, the rate and location of 

extension were uncertain, so the P-V curves and P-a curves of RL groups were observed to have more 

random and discrete morphology in the late stage of crack development. Also, the KQ values of TL were 

higher than those of RL for the same dimensions. Improvement of the fabrication process can be 

considered in future studies to eliminate this variability, e.g., the adhesive can be replaced with phenolic 

resin, and the hot-pressing conditions can be changed. More research is needed to explore the effects of 

different fabrication processes on the fracture behavior of LFBC. In addition, tension in the RL direction 

should be avoided as much as possible in the engineering design, or carbon fiber reinforcement can be 

used. 

(2) The effects of initial crack-to-width ratio (a/W) and specimen thickness (B) on the fracture 

properties of RL type were investigated. a/W had no effect on the fracture toughness, while the larger 

the B the more pronounced the brittle damage of the specimen, and too small B would lead to ineffective 

testing, so it is recommended that the specimen thickness should meet B ≥ 25 mm for future CT tests 

of RL fracture. The fracture toughness of LFBC in the RL direction tested in this paper was KIC = 20.8 

MPa·mm1/2. The crack extension of RL fracture was not self-similar, and the P-a curves diverged at 

the late stage of crack development. 

(3) The strain evolution of a typical specimen of RL type was observed using the VIC-3D system. 

Compressive strains appeared at the bottom of the specimen and tensile strain fields were concentrated 

at the crack tip and moved with the crack extension, with a maximum strain value of 0.0174. 

(4) In the RL direction, the critical load PQ at the time when the crack first started to expand was 

predictable. In this paper, an empirical equation based on a/W and B was proposed to predict the PQ 

value of the specimen. The predicted PQ value was used to calculate KQ, and the maximum error was 

only 3.8%, indicating that the empirical equation was highly accurate. 
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