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of particleboard using the density profile
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Abstract 

The relationship between density profile and internal bond (IB) of commercial particleboards was investigated. Mini‑
mum density was theoretically related to the IB, but the correlation coefficient between them was low at 0.435. The 
correlation coefficients between core layer densities and IB were also low. These correlation coefficients were approxi‑
mately 0.460. The IB is influenced not only by density, but also by other factors such as the manufacturing conditions. 
In addition, commercial particleboards have a narrow density range. This narrow density range results in overfitting, 
showing a low correlation coefficient. Thus, predicting the IB using density profile was difficult.
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Introduction
Most researchers have not studied the mechanical prop-
erties of commercial particleboard (i.e., board) but 
have studied those of laboratory boards. Therefore, the 
mechanical properties of commercial boards should 
be properly investigated. In particular, the relationship 
between density profile and internal bond (IB) should be 
studied although density profile is one of the important 
factors for IB prediction [1–3]. The minimum density in 
the core layer is theoretically the most important to cor-
rectly predict IB [4]. However, Schulte and Frühwald [5] 
showed that the correlation coefficient between mini-
mum density and IB was not high. They described that 
the IB shows no correlation to the minimum density for 
three possible reasons [5]: (1) the measured density pro-
file at a given location is not representative of the entire 
specimen. The measurement slot length is only 10  mm 
versus the 50  mm specimen height. (2) The failure sur-
face is not always plane and parallel to the specimen sur-
face. (3) The IB depends more on other parameters than 
on the density profile.

Their study [5] was commenced in 1996, and the 
recent density profiler has improved since 1996. The 

measurement slot length of the recent density profiler 
was 50  mm versus the 50  mm specimen height, repre-
sentative of the entire specimen. The first reason was 
solved. The author also often observed the second rea-
son, and therefore, measuring the failure position was 
very difficult. Thus, the failure position was not deter-
mined in the present study. Whether the third reason 
is correct or not should be confirmed. The relationship 
between density profile and IB in the present study con-
firmed the third reason.

Previous studies [6, 7] have shown that the modulus 
of rupture (MOR) prediction using density profile was 
possible. The present study also established whether a 
density profile may be used to predict IB. These previ-
ous [6, 7] and present studies are the first steps toward 
investigating the relationships between the mechanical 
properties and density profile of commercial wood-based 
boards, including fiberboards. The future goal of these 
studies is to predict mechanical properties using density 
profile and non-destructive test. The manufacturing con-
ditions of commercial boards, in general, are not revealed 
owing to industrial secrets; therefore, analyzing manu-
facturing conditions is impossible. However, measuring 
density profile and using non-destructive test are possi-
ble; therefore, a series of these studies focused on density 
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profile and non-destructive test. In particular, the present 
study focused on just the density profile.

Experimental
Density profile and IB measurement
Commercial boards bonded with methylene diphenyl 
diisocyanate resin fabricated in a Japanese factory were 
used with the thickness and density of 9.1 mm and 0.78 g/
cm3, respectively. According to Japanese industrial stand-
ard (JIS) A 5908:2003 [8], these boards were categorized 
as type 18. Many MOR 50 mm × 210 mm specimens were 
prepared from some commercial boards. These commer-
cial boards were obtained from the same lot. Moreover, 
127 MOR specimens were randomly obtained from many 
MOR specimens. The MOR was determined according to 
JIS A 5908:2003 [8].

The two density profile specimens were obtained from 
one MOR specimen after MOR measurements [6, 7]. 
Two adjacent 50 mm × 50 mm specimens (specimens A 
and B) were derived. In addition, 127 pairs of specimens 
A and B existed. Figure  1 shows their sampling posi-
tions within the MOR specimen. These specimens were 
scanned using a density profile measuring system (DA-X 
5000, GreCon, Germany). The measurement slot length 
of the density profiler was 50 mm versus the 50 mm spec-
imen height. The density was measured at intervals of 
0.1 mm along with the specimen thickness. After density 
profile measurements, the IB of specimens A and B was 
determined according to JIS A 5908:2003 [8].

Definition of the layer densities in the density profile
A density profile specimen was randomly selected, No. 
41 specimen A, shown in Fig.  2a. Moreover, Fig.  2b 
shows the mean density profile of 127 specimens A 
and 127 specimens B (the sum was 254 specimens), 
and how each layer was defined in the density profile. 
The left layers LL1–LL3 and right layers RL1–RL3 were 
manufactured with fine particles and identified the face 
layers (0–1.7 and 7.4–9.1 mm thicknesses), whereas the 
left layers LL4–LL8, right layers RL4–RL8, and center 
layer L9 were manufactured with coarse particles and 
identified the core layers (1.7–7.4  mm thickness) [9]. 
The definition of the layer densities (Fig. 2b) was used 

for determining the minimum density. The mean den-
sity of each layer was calculated. For example, the LL1 
density was obtained by averaging the values measured 
at 0.2–0.7  mm. The gross density of specimens A and 
B was also measured. Fig. 2c also shows the mean den-
sity profile of 254 specimens. The difference between 
Fig.  2b and c was the definition of the layer densities. 
For example, LL1 and RL1 densities (Fig.  2b) were 
obtained by averaging the density measured at 0.2–0.7 

Fig. 1  Sampling positions of specimens A and B in the modulus of 
rupture (MOR) specimen. IB internal bond, DP density profile

Fig. 2  a A density profile specimen, No. 41 specimen A, was 
randomly selected as a representative density profile. b Identification 
of the LL1–RL1 and gross densities in the density profile. The L10 
density is the gross density of specimens A and B. c Identification of 
the L1–L9 and gross densities in the density profile
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and 8.4–8.9 mm thicknesses, respectively. The L1 den-
sity (Fig.  2c) was obtained by averaging the densities 
measured at 0.2–0.7 and 8.4–8.9 mm thicknesses.

Results and discussion
IB of the adjacent specimens A and B
Figure  3a and b shows the histogram of 127 IB values 
of the adjacent specimens A and B, respectively. The IB 
distribution is symmetrical in general [10], but asym-
metrical in this case. Furthermore, the MOR distribu-
tion obtained from the identical specimen (Fig. 1) was 
also symmetrical in the other study. Because the source 
of this asymmetry is unknown, more research on differ-
ent boards is required. The mean, standard deviation, 
and the distributions of specimens A and B were nearly 
identical. Moreover, 127 pairs of IB (specimens A and 
B) existed. According to the paired t-test, the p value 
was 0.571. No statistically significant difference was 
observed between specimens A and B. Specimen B was 
obtained near the center of the MOR specimen after 
MOR measurement. Although there is a possibility that 
the IB of specimen B decreased compared with that of 
specimen A owing to the destructive effect of MOR 
measurement, the IB of specimens A and B was almost 
the same. No destruction effect on the IB decrease of 
specimen B was found for the MOR measurement. 
Hence, specimens A and B were not distinguished. In 
addition, Fig. 3c shows the histogram of 254 IB values 
obtained from specimens A and B. Furthermore, 254 IB 
values were analyzed in the next section.

Relationship between layer densities and IB
The minimum density of the specimens was investigated 
because IB is theoretically related to minimum density 
[4]. L9 is assumed to be the minimum density because 
L9, shown in Fig.  2b, was the center of the specimen 
thickness. However, the number of the specimen with the 
minimum density was only 49, and 205 other specimens 
were not L9. L9 was not always the minimum density. 
Figure 4a shows the relationship between minimum den-
sity and IB. The correlation coefficient was 0.435, which 
was low. Furthermore, minimum density was found not 
to be a decisive factor to determine IB. Sequentially, the 
definition of the layer densities shown in Fig.  2c was 
used to investigate the relationship between layer den-
sities and IB. The density profile was symmetrical, and 
therefore, distinguishing the right and left layers was 
meaningless. Accordingly, the right and left layers were 
equally treated in Fig. 2c. Figure 4b–k shows the relation-
ship between layer densities and IB. The lowest correla-
tion coefficient was 0.208 of the L1 density (Fig. 4b), and 
the highest correlation coefficient was 0.506 of the gross 
density (Fig. 4k). L1 was especially very low. L1 was the 
outermost layer, and therefore, L1 density was affected 
with sanding. The local surface was sanded deeply or 
shallowly, resulting in large dispersion of L1 density. This 
leads to the lowest correlation coefficient.

The failure position of the IB, in general, is probably 
L6–L9. This is considered to lead to high correlation 
coefficients of L6–L9. However, these were low. When 
comparing L2–L3 (L1 was excluded owing to effects of 
sanding) and L6–L9, not much difference was observed 
between their correlation coefficients. Figure 5 shows the 
relationship between thickness and mean layer density. 
The L6–L9 densities were almost the same, and therefore, 

Fig. 3  a Histogram of 127 internal bond (IB) values of specimen A. b Histogram of 127 IB values of specimen B. c Histogram of 254 IB values of the 
adjacent specimens A and B. SD standard deviation, COV coefficient of variation
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Fig. 4  The relationship between the layer densities and internal bond (IB). a Minimum density vs. IB. b L1 density vs. IB. c L2 density vs. IB. d L3 
density vs. IB. e L4 density vs. IB. f L5 density vs. IB. g L6 density vs. IB. h L7 density vs. IB. i L8 density vs. IB. j L9 density vs. IB. k Gross density vs. IB
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the difference between minimum density and L6–L9 
densities was subtle (e.g., No. 41 specimen A shown in 
Fig.  2a). Furthermore, the failure surface is not always 
plane and parallel to the specimen surface (Fig. 6); there-
fore, the failure position cannot be defined at layers as 
shown in Fig. 2b. Thus, layer density was not a decisive 
factor in predicting IB. Rather than L1–L9 and minimum 
density, gross density is more important. Schulte and 
Frühwald [5] also showed that gross density is a better 
predictor of IB than minimum density [5]. Their corre-
lation coefficients of minimum and gross densities were 
0.24–0.59 and 0.46–0.83, respectively [5]. The correlation 
coefficients of minimum and gross densities of the pre-
sent study were 0.435 and 0.506, respectively (Fig. 4a and 
k). 

These layer densities as shown in Fig. 2, that is, density 
profile, were not useful to predict IB. Moreover, the IB is 
influenced not only by density profile, but also by other 

factors such as the manufacturing conditions. This is why 
making an IB prediction using density profile is difficult.

Difference between laboratory and commercial boards
Several studies have shown the high correlation coef-
ficient between density and IB, indicating the impor-
tance of density. For example, Wang et al. made boards 
at density ranging from 0.3 to 1.1 g/cm3 [11]. Jin et al. 
also made strand boards at different density ranging 
from 0.4 to 0.9 g/cm3 [12]. Their results showed a high 
correlation between density and IB. The coefficients 
of determination of Wang et al. [11] and Jin et al. [12] 
were approximately 0.99 and 0.97, respectively. From 
the aforementioned similar studies [11, 12], density 
was considered to be a decisive factor to predict IB. 
This fact resulted from laboratory boards having a wide 
density range, thus proving the importance of density. 
However, commercial boards do not have a wide den-
sity range, and the density range was very narrow, as 
shown in Fig. 4. The gross density range in the present 
study was only 0.742–0.807  g/cm3  (Fig.  4k). This nar-
row density range results in overfitting, showing a low 
correlation coefficient. Thus, density and density pro-
file are not important for IB prediction of commercial 
boards that have a narrow density range.

Dai et  al. [13, 14] modeled some of the essential 
aspects of wood composites bonding. Their works set a 
stage for the development of a comprehensive model to 
predict IB. However, their model was developed from 
wide-range density conditions as described above. A 
model should be developed from narrow-range den-
sity conditions when the IB of the commercial board is 
predicted.

Difficulty of IB prediction using density profile
MOR and IB specimens were obtained from the identi-
cal board piece as shown in Fig. 1. MOR prediction using 
density profile was possible in the previous studies [6, 7]. 
The correlation coefficient between L4 density and MOR 
was 0.610. However, IB prediction using a density pro-
file was impossible in the present study; the correlation 
coefficients shown in Fig. 4 were lower than 0.610. Thus, 
the effects of density profile on MOR and IB predictions 
differ entirely. To deepen these analyses, Fig. 7 shows the 
relationship between IB and MOR. These correlation 
coefficients of specimens A and B were 0.270 and 0.241, 
respectively, which were very low. IB prediction was also 
difficult using MOR.

The IB is influenced not only by density profile, but also 
by manufacturing conditions, such as the type of glue, 
glue content, particle dimensions, wood species, rela-
tive densification (concerning wood density), moisture 

Fig. 5  Relationship between thickness and mean layer density. Error 
bars denote standard deviations

Fig. 6  Failure positions of two randomly selected IB specimens. a 
Randomly selected No. 35 specimen A.  b Randomly selected No. 86 
specimen A
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content of the mat, and pressing parameter [5]. These 
factors are very difficult to analyze. Moreover, overfitting 
results in a difficult IB prediction using density profile.

Conclusions
The correlation coefficients between layer densities 
including minimum density and IB, were low. These 
correlation coefficients were approximately 0.460. Cor-
rectly predicting the IB using density profile was found 
to be very difficult. The IB is influenced not only by 
density, but also by other factors such as manufactur-
ing conditions. Recently, many studies reported that a 
high correlation coefficient between density and IB was 
observed. This fact resulted from laboratory boards 
with a wide density range. However, commercial boards 
have a narrow density range, resulting in overfitting, 
thereby producing a low correlation coefficient.
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