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Abstract In this research, asymmetric four-point bending (AFPB) tests were used to obtain 

the in-plane shear (IPS) properties of medium-density fibreboard (MDF). Circular notches 

were cut on the top and bottom surfaces of rectangular MDF bars with variable distances 

between the notch roots. Both tab-free and tabbed specimens were prepared from these bars. 

The AFPB tests were conducted using these specimens, and three IPS properties, that is, the 

shear modulus, proportional limit stress, and stress at failure, were measured. When using 

tabs, the IPS properties could be obtained for a wide range of the notch root distances, 

although the failure initiated at the notch roots led to the catastrophic failure. 
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Introduction 

 

Medium-density fibreboard (MDF) is one of the principal wood products used in various 

construction projects. To ensure that construction designs are reliable and cost-effective, it is 

important to accurately measure the in-plane shear (IPS) properties of MDF, including the 

in-plane shear modulus (IPSM), the in-plane shear stress at the proportional limit (IPSPL), 

and the in-plane shear strength (IPSS). 

 The asymmetric four-point bending (AFPB) test is one effective method to determine 

the shear properties of a material. Several examples describing the examination of the shear 

properties for ceramic and textile composites (Ünal et al. 1998; Ünal and Dayal 2003; 

Tarnopol’skii et al. 1999, 2000), solid wood (Yoshihara and Suzuki 2005; Morita et al. 2006; 

Yoshihara 2009), laminated veneer lumber (LVL) (Ohno et al. 2010), plywood (Yoshihara 

2010a; Yoshihara and Yoshinobu 2014), and paper (Yoshihara and Yoshinobu 2015a) are 

included. 

 Due to the fabrication process, the density of the MDF in the region close to the 

mid-thickness is usually lower than that at the surface (Schulte and Frühwald 1996, De 

Magistris and Salmén 2004; Wilczyński and Kociszewski 2007; Sliseris et al. 2014; Sebera et 

al. 2014). Therefore, it is relatively easy to induce interlaminar shear failure around the 

mid-thickness region. Several examples describing the measurement of the out-of-plane shear 

(OPS) properties using a simple shear test (Schulte and Frühwald 1996; Suzuki and 

Miyagawa 2003) and using a short beam shear test (Suzuki et al. 1987; Yoshihara 2012a, 
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2013) have been reported. For the IPS properties, there are several available examples that 

can be employed when determining the IPSM using vibration tests (Yoshihara 2011; 

Yoshihara and Yoshinobu 2015b) and plate bending test based on full-field slope 

measurements (Xavier et al. 2013). In contrast, it is difficult to induce shearing force failure 

in MDF, and there are few examples available that describe measuring the IPSS, with the 

exception of those relating to the rail shear test (McNatt 1969; Lee and Stephens 1988; 

Suzuki et al. 2000; Suzuki and Miyagawa 2003). The rail shear test is determined in several 

major standards (ASTM 1037-12, BS EN789-2004). However, when using the rail shear 

method, there are concerns that the failure will be always induced at the gripped portion 

where a combined stress condition is inevitable, and that is why we are trying to use AFPB 

test method to see if it will work better. Additionally, this method requires a special 

equipment for applying the shearing force, which extremely restricts the specimen 

configuration. 

 As described, it is important to evaluate the IPS properties of MDF used in construction 

projects, making it is necessary to establish a method for accurately characterising the IPS 

properties. AFPB test may be promising to achieve this aim because the IPS properties of 

solid wood can be obtained accurately without using any special equipment (Yoshihara 2009). 

In this study, the shear properties of MDF were therefore measured by AFPB tests using a 

beam specimen with circular notches. The specific objectives in this study are summarised as: 

1. Examination of the validity of AFPB test. 

2. Investigation on the effect of end tabs used for preventing the specimen from the 
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bending failure at the loading points. 

3. Investigation on the effect of distance between the circular holes. 

 

Materials and methods 

 

Specimens 

 

Medium-density fibreboard (MDF) with dimensions of 910 mm  1820 mm  15 mm was 

used to fabricate the test specimens for this study. The board, with a density of 609 ± 9 kg 

m-3 and a moisture content (MC) of 12 % was fabricated in a board mill (Ueno Mokuzai 

Kogyo Co., Himeji, Japan) using softwood with a typical fibre length of 2-4 mm and 

urea-formaldehyde (UF) resin. The material was stored for approximately one year at a 

constant 20C and 65% relative humidity prior to testing. The material was confirmed to be 

in an air-dried condition. These conditions were maintained throughout the testing. The 

equilibrium MC condition was approximately 12%. 

 Similarly to the definitions utilised in previous studies (Nairn 2009; Matsumoto and 

Nairn 2009), the directions along the length, width, and thickness of the MDF sheet are 

defined as the L, T, and Z directions, respectively. 

 Independently of the AFPB test, the Young’s modulus and IPSM were measured by 

flexural vibration tests using the specimen cut from the MDF. In the vibration tests, a beam 

specimen with the dimensions of 260 (L)  40 (T)  15 (Z) was prepared. Similar to the 
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method conducted in a previous study (Yoshihara 2011), flexural vibration tests were 

conducted using five specimens. From the vibration tests, the details of which are described 

in Yoshihara (2011), the Young’s modulus in the L direction EL and IPSM GLT were 

obtained as 3.545  0.240 and 0.980  0.075 GPa, respectively. 

 

Asymmetric four-point bending (AFPB) test 

 

Initially, rectangular bars with the dimensions of 260 mm  40 mm were cut from the MDF 

raw material. The length and depth directions of the specimen coincided with the L and T 

directions of the MDF sheet, respectively. As shown in Figure 1, both tab-free and tabbed 

specimens were prepared. In the tabbed specimen, four rectangular tabs of Japanese birch 

with a thickness of 10 mm were bonded on both ends of the specimen using epoxy resin as 

shown in Figure 1(b). It was expected that bending failure at the loading or supporting point 

could be reduced using the tabs. For both specimens, two 4-mm-diameter circular holes were 

drilled symmetrically on the mid-span point on the LT plane. Straight notches with a width 

of 3 mm were then cut using a circular saw. The distance between the notch roots H was 

varied from 5 to 30 mm at intervals of 5 mm. A triaxial strain gauge (Tokyo Sokki FRA-2-11, 

gauge length = 2 mm, base length = 8 mm) was bonded at a centre of the LT plane to 

measure the IPS strain LT, with the exception of the specimen with H = 5 mm, in which a 

triaxial strain gauge with the gauge length of 1 mm (Tokyo Sokki FRA-1-11, base length = 4 

mm) was used. In a previous study on the AFPB test of solid wood and acryl, the stress 
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concentration was effectively reduced and the stress distribution was almost uniform 

(Yoshihara 2009). Therefore, it was expected that the he stress concentration could be 

effectively reduced in this study. For the tab-free AFPB test specimen, failure at the point 

behind the inner loading or supporting point was most common. Therefore, it was expected 

that bending failures would be reduced by increasing the specimen width at the loading and 

supporting points. Therefore, the specimens containing solid wood tabs bonded using an 

epoxy resin were also prepared. 

 The specimens were asymmetrically supported and loaded, as shown in Figure 1(a). 

Before loading, the specimens were set so that the notches were at the mid-span. The total 

span length was 240 mm, and the specimens were eccentrically supported at two trisected 

points. The load P was applied to the remaining two trisected points using a crosshead speed 

of 2 mm/min until the load markedly decreased. Figure 2 shows the set-up of the AFPB test. 

The total testing time was approximately 5 min. The IPS stress LT was calculated from the 

following equation based on beam theory (Yoshihara 2009): 

t LT =
P

2HB
, (1) 

where B is the width of the specimen, which coincides with the thickness of the MDF sheet 

(= 15 mm). The IPS strain LT was obtained from the strain-gauge output (Yoshihara 2009): 

g LT = 2e45 - eL - eT
, (2) 

where L and T are the normal strains in the L and T directions, respectively, and 45 is the 

normal strain in the direction inclined at 45° with respect to the L direction. The in-plane 

shear modulus (IPSM) GLT was measured from the initial inclination of the linear portion of 
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the LT-LT relationship. The IPS stress at the proportional limit (IPSPL) YLT was obtained 

from the stress at the onset of nonlinearity of the LT-LT relationship. There are several 

methods to determine the proportional limit stress (Davies et al. 2001). In this study, the 

proportional limit stress was determined from the stress where the half-thickness of the 

plotter trace deviated from the straight line drawn in the elastic region (LT = GLTLT) of the 

LT-LT relationship (Davies et al. 2001; Yoshihara 2014). The IPS stress at the occurrence of 

failure (IPSF) FLT was derived from the maximum stress. In addition to the LT-LT 

relationship, the principal strain angle (PSA)  during loading was obtained from (Yoshihara 

2009): 

f =
1

2
tan-1 g LT

eT - eL

æ

èç
ö

ø÷
. (3) 

When  = 45, the stress and strain fields are regarded as being in pure shear. 

 

Two-dimensional finite element analyses (2D FEAs) 

 

To analyze the stress distribution in the AFPB test, two dimensional finite element analyses 

(2D FEAs) were conducted independently of the AFPB tests. Finite element program was 

ANSYS Version 16.0, which is a library program of the Institute for Information 

Management and Communication of Kyoto University. Figure 3 shows the finite element 

model. The models had the dimensions of 260 mm (x = L), 40 mm (y = T), and 15 mm (z = 

Z) except for the notched region. The models consisted of four-noded plane-strain elements, 
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and the meshes were refined at the vicinity of the notches as demonstrated in Figures 3(b) 

and (c). 

 The Young’s moduli in the L and T directions, EL and ET, respectively, and the shear 

modulus GLT were determined by the flexural vibration tests as described above. The 

Poisson’s ratio LT was referred from a previous study (Yoshihara 2011). The values of EL, 

ET, GLT, and LT are: EL = ET = 3.55 GPa, GLT = 0.98 GPa, and LT = 0.275. 

 The model was asymmetrically supported and loaded at the points (Figure 3(a)). The 

displacement of 1 mm was applied to inner and outer loading points. Similar to the actual 

AFPB tests, the details of which are described below, the distance between the notch roots, 

defined as H, was varied from 5 to 30 mm at intervals of 5 mm. 

 The shear stress distribution between the notch roots at the mid-length of the model and 

the reaction force at two loading points were calculated and compared with each other. The 

total of the reaction forces was substituted into P of Eq. (1), and the IPS value obtained from 

the reaction forces is defined as LT
BT. In contrast, the shear stress corresponding to each 

node located between the notch roots at the mid-length is defined as LT
FEM. The distance 

from the center of the model in the y-direction is defined as y, so the locations of the top and 

bottom hole edges correspond to y = - 0.5H and 0.5H, respectively. 

 

Results and discussion 

 

2D FEAs 
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Figure 4(a) shows the LT
BT/LT

FEM-y/H relationship between the hole edges corresponding 

to each H. The LT
FEM value deviates from the LT

BT value at the region near the hole edge. 

Figure 4(b) shows the LT
BT/LT

FEM-y relationships in the range of -1 mm ≤ y ≤ 1 mm, which 

corresponds to the gauge region except for the model with H = 5 mm. This figure indicates 

the shear stress is uniformly distributed in the gauge region, although the shear stress 

distribution is disturbed at the region close to the hole edge. 

 

AFPB test 

 

Figure 5 shows photographs of the failed AFPB test specimens. For the tab-free specimen, 

failure caused by the bending moment is easily induced at the point behind the inner loading 

or supporting point when the value of H is greater than 15 mm. Under these conditions, it was 

difficult to induce a failure in the gauge portion. In contrast, failure was initiated at the notch 

root and propagated within the gauge portion when the value of H is 5 or 10 mm. When 

bonding the tabs, the range of H values that induced failure at the notch root was extended to 

5-20 mm. According to beam theory, the bending moment is usually reduced within the 

gauge portion during the AFPB test, meaning that a failure at the gauge portion may be 

regarded as being induced by a shearing force. In the solid wood AFPB test, catastrophic 

failure caused by shearing was induced along the fibre within the mid-depth of the gauge 

portion after the failure initiated at the notch root (Yoshihara 20122009). However, as shown 
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in Figure 5, catastrophic failure was not induced at the mid-depth of the gauge portion, but 

rather was induced at the notch root due to the associated stress concentration. 

 Figure 6 shows typical examples of the IPS stress-strain (LT-LT) and PSA-IPS strain 

(-LT) relationships. As shown in Figure 4(a), when the value of H is small enough, the 

LT-LT relationship continuously increases until a catastrophic failure was induced at the 

notch root. However, when examining the -LT relationship, the value of  tends to deviate 

from 45 before the IPS stress attained its maximum. It is possible that a small failure may 

have been induced at the notch root before attaining the maximum stress, which would cause 

a stress redistribution within the gauge portion (Yoshihara 20122009). In contrast, as shown 

in Figure 4(b), failure by the bending moment preceded the shearing force induced failure 

when the value of H is large. Therefore, the stress at failure was lower than that of the 

specimen when the failure occurred in the notch root. In this failure pattern, the value of  is 

approximately 45 until catastrophic bending failure was induced at the point behind the 

inner loading or the supporting point. 

 Figure 7 shows the IPSM GLT, IPSPL YLT, and IPSF FLT values corresponding to the 

distance between the notch roots H. Table 1 shows the results of analysis of variance 

(ANOVA) to compare and evaluate the differences between the average properties of GLT, 

YLT, and FLT. The results of ANOVA indicate that the difference between the GLT values 

corresponding to each H value was not significant at a significance level of 0.05 for both the 

tab-free and tabbed specimens. In addition, the GLT values obtained from the AFPB tests 

were close to 0.980 GPa, which was obtained from the flexural vibration test as described 
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above, and the results of ANOVA also indicated that the difference between the GLT values 

obtained from the AFPB and vibration tests was not significant at a significance level of 0.05 

for both the tab-free and tabbed specimens. Therefore, the GLT value was appropriately 

measured by the AFPB test using both kinds of specimens. In contrast, the YLT and FLT values 

decreased with increasing values of H. For the tab-free specimens, the statistical analysis 

revealed that the difference between the YLT values corresponding to each H value were 

significant at a significance level of 0.05. This phenomenon was also applicable to the FLT 

values. In the tab-free specimen, the failure from the bending moment induced at the loading 

or supporting point often preceded that from shearing force at the gauge region, so the YLT 

and FLT values decreased with increasing values of H. However, for the tabbed specimens, 

the difference between the YLT values with the H values of 5-25 mm is not significant, 

whereas that between the FLT values is not significant in the range of H value is 5-15 mm. 

From these results, the use of end tabs was effective and permitted the measurement of YLT 

and FLT values in over a wide range of H values and prevented failure from the bending 

moment at the inner loading or supporting point. 

 From the experimental results, it was revealed that the IPSM of the MDF can be 

appropriately obtained using an AFPB test with and without the tabs. In contrast, the tabbed 

specimen was preferable to obtain the IPSPL and IPSF values. In particular, it was feasible 

that the IPSF value of the specimen that failed in the gauge portion may be regarded as the 

in-plane shear strength (IPSS). Nevertheless, the stress concentration at the notch root cannot 

be reduced, and the failure initiated at the notch root led to catastrophic failure. As described, 
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this tendency is different from that of solid wood, in which the catastrophic failure was not 

induced at the notch root, but rather, at the mid-depth (Yoshihara 20122009). Further 

research should be conducted to evaluate the IPSS of MDF by comparing the experimental 

results obtained from the AFPB test and other data such as from torsion testing, in which 

catastrophic failure may be induced using a specimen that does not contain any notches 

(Yoshihara 2011). Additionally, further research is also required whether the failure is really 

induced from the predominant shearing force. Microscopic observation may reveal the source 

of the failure. 

 

Conclusions 

 

The IPS properties of MDF, including the IPSM, IPSPL, and IPSS, were measured by AFPB 

testing using a specimen with circular notches. During the testing, tab-free and tabbed 

specimens with various distances between the notch roots were used. The conclusions are 

summarized as follows: 

1. The IPSM value can be obtained using the tab-free and tabbed specimens with any 

distances between the holes H investigated in this study. 

2. The end tabs were effective for inducing the shear failure at the gauge region while 

preventing the specimen from the bending failure at the loading points. 

3. The results demonstrated the feasibility to measure the IPSPL and IPSS values when 

using the tabbed specimen with the H values of 5-25 and 5-15 mm, respectively. 
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Nevertheless, failure initiated at the notch root due to the stress concentration and often 

led to catastrophic failure. 
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Figure captions 

 

Fig. 1 (a) Tab-free specimen and diagram of the asymmetric four-point loading and (b) 

tabbed specimen. Units: mm. L and T represent the length and width directions of the MDF 

sheet, respectively. 

 

Fig. 2 Asymmetric four-point bending (AFPB) test setup. 

 

Fig. 3 Finite element model for the AFPB test. (a) Overall mesh, (b) detail of zone A, and (c) 

detail of zone B. Unit = mm. 

 

Fig. 4 Distributions of the LT
FEM/LT

BT values between the notch roots (a) and around the 

gauge region (b) obtained from the 2D FEAs. 

 

Fig. 5 Typical failure patterns corresponding to the distance between the notch roots H. 

Failure is indicated in the ellipsoid except for the tabbed specimen with H = 30 mm. 

 

Fig. 6 Typical examples of the shear stress/shear strain relation and the principal strain 

angle/shear strain relation. (a): Tabbed specimen with H = 15 mm, failure by shearing force 

at the gauge portion and (b): Tabbed specimen with H = 30 mm, failure by bending moment 

at the point behind the inner loading point. 

 

Fig. 7 Shear modulus GLT, proportional limit stress YLT, and stress at the occurrence of failure 

FLT corresponding to the distance between the notch roots H. Results are average ± SD. 
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Table 1 Results of ANOVA to compare and evaluate the differences between the average 

properties of GLT, YLT, and FLT. 

 

 Tab-free specimen  Tabbed specimen 

H (mm) GLT YLT FLT  GLT YLT FLT 

5 A A   A A A 

10 A A   A A A 

15 A    A AB AB 

20 A B   A AB B 

25 A BC   A AB  

30 A C   A B  

Groups with same letters in column indicate that there is no statistical difference (significance 

level < 0.05) between the samples.
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Fig. 1 (a) Tab-free specimen and diagram of the asymmetric four-point loading and (b) 

tabbed specimen. Units: mm. L and T represent the length and width directions of the MDF 

sheet, respectively. 
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Fig. 2 Asymmetric four-point bending (AFPB) test setup. 
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Fig. 3 Finite element model for the AFPB test. (a) Overall mesh, (b) detail of zone A, and (c) 

detail of zone B. Unit = mm. 
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Fig. 4 Distributions of the LT
FEM/LT

BT values between the notch roots (a) and around the 

gauge region (b) obtained from the 2D FEAs. 
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Fig. 5 Typical failure patterns corresponding to the distance between the notch roots H. 

Failure is indicated in the ellipsoid except for the tabbed specimen with H = 30 mm.  
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Fig. 6 Typical examples of the shear stress/shear strain relation and the principal strain 

angle/shear strain relation. (a): Tabbed specimen with H = 15 mm, failure by shearing force 

at the gauge portion and (b): Tabbed specimen with H = 30 mm, failure by bending moment 

at the point behind the inner loading point. 
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Fig. 7 Shear modulus GLT, proportional limit stress YLT, and stress at the occurrence of failure 

FLT corresponding to the distance between the notch roots H. Results are average ± SD. 


