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ABSTRACT

The objective of this study was to develop predictive expressions for estimating the withdrawal force
capacity of various size of beech (Fagus orientalis) dowels from medium density fiberboard (MDF) and parti-
cleboard (PB). Furthermore, effects of the base material type, dowel diameter, dowel penetration and adhesive
type on withdrawal force capacity were investigated. Polyurethane (PU), polyvinyl acetate based D2, and
polyvinyl acetate (PVA) adhesives were utilized for gluing of dowels. A total of 540 specimens were pre-
pared for edge and face withdrawal force capacity tests including two material types (MDF, PB), three dowel
diameters (6 mm, 8 mm, 10 mm), three dowel penetration depths (15 mm, 20 mm, 25 mm for edge, 6 mm, 9
mm, 12 mm for face), three adhesive types and five replications for each group. Specimens were tested under
static withdrawal forces. Based on results of tests, predictive expressions that allow furniture engineers to es-
timate edge and face dowel withdrawal force capacity as a function of dowel diameter and dowel penetration
were developed. Calculations showed that the expressions developed provided reasonable estimates for with-
drawal force capacity of dowels. As a result of statistical analyses, material type, dowel diameter, dowel pene-
tration, adhesive type and their four-way interaction have significantly affected the withdrawal force capacity
of dowels. Test results also indicated that PU adhesive and MDF ranked the highest withdrawal force capacity
among the adhesive and material types. Increasing either dowel diameter or penetration tended to have a posi-
tive effect on withdrawal force capacity. Dowel diameter was found to have a higher effect on withdrawal force
capacity than dowel penetration.

Keywords: Dowel, dowel joints, medium density fiberboard, particleboard, predictive expression, with-
drawal force capacity.
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INTRODUCTION

Furniture is a product that human beings use widely after settling down, starting with the need for storage,
and later to meet their needs for sitting, sleeping, eating etc. With the development of technology over time,
the increase in these needs has caused the use of furniture to become widespread. Various problems have arisen
over time during the use of furniture, which is one of the most used products in the world. For example, about
80 % of structural failures have their origin on connections (Itani and Faherty 1984).

Factors affecting furniture design were determined as a result of systematic scientific researches. One of
the most important factors affecting furniture design is strength. The strength of a furniture plays an important
role as well as its aesthetics and ergonomics. Furniture is structurally divided into three different construc-
tion types (frame, case and combined). Many different joint connection techniques are used in these three
different construction types. The dowel joints, which dates back to ancient times in history, is also widely
used in each of the frame, case and combined construction types. Moreover, it is main joint technique used
worldwide in the wooden structures. But the mechanical behavior of wooden joints is a complex problem
governed by a number of geometric, material and loading parameters (e.g. wood species, fastener diameter, end
distances, edge distances, spacing, number of fasteners, fastener/hole clearances, friction and loading configu-
ration) (Santos ef al. 2010). Traditionally, wooden dowel connections have been modelled based on Johansen’s
model (Johansen 1949), proposed in 1945, which has been incorporated in design codes (Soltis and Wilkinson
1987, BS EN 1995-1-1 2014). The literature shows that the dowel dimensions, wood species and adhesive
type that affects withdrawal, bending, shear, and tension strength on different joint surfaces are investigated by
using certain test standards such as TS 4539 (2005), and ASTM D5764-97a (2018).

Many studies have been performed for strength of dowels from solid wood and wood based materials. A
study (Eckelman 1971) of the bending moment resistance of T-type, two-pin dowel joints indicated that the
ultimate bending moment resistance (M) of the joint could be estimated by means of the expression M = F x
d, where F = withdrawal force of a single dowel and d = distance between resultant compression and tension
forces vectors. Englesson and Osterman (1972) found that applying glue on both the walls of the holes and
the surface of the dowels (double gluing) resulted in a 35 % increase in holding strength compared to coating
the walls of the holes or surface of the dowels alone. They also found that joint strength could be increased by
filling the holes with adhesive, so that the glue was forced into the porous surrounding substrate. Eckelman
and Cassens (1985) studied the face withdrawal strength of plain and spiral-grooved dowels from medium
density fiberboard (MDF), oriented strand board (OSB), and particleboard (PB). Results showed that the plain
and spiral-groove dowels give better face withdrawal strength than multi-groove dowels, and both face and
edge withdrawal strength of dowels linearly increased as the dowel penetration increased. Furthermore, they
recommended predictive expressions for edge and face withdrawal strengths. Another study was conducted to
investigate the withdrawal strength of dowels from plywood and OSB. Results were incorporated into predic-
tive expressions in order to predict the withdrawal strength as a function of the diameter of the dowels, their
depth of embedment and the material density (Erdil and Eckelman 2001). In a similar study, Eckelman et al.
(2002) searched bending strength of dowel joints constructed of plywood and OSB. Kasal (2007) studied the
edge and face withdrawal strength of dowels from some wood and wood based composite materials in the other
study. In the results, it was found that highest values obtained from beech with 10 mm diameter dowels with
20 mm penetration from edge withdrawal, and with 13 mm penetration from face withdrawal strength. He also
developed the predictive expressions for estimating the withdrawal force capacity of dowel from wood and
wood based materials.

Uysal and Ozgiftci (2003), performed a study to determine the withdrawal strength of 10 mm diameter
dowels produced from medium-density fiberboard (MDF), plywood, scotch pine (Pinus sylvestris), and beech
(Fagus orientalis), bonded parallel and vertical to the surface of MDF and PB with polyvinylacetate (PVAc)
and Polyurethane (PU) adhesives. They obtained the highest withdrawal strength in beech dowels bonded ver-
tically with PVAc adhesive to the surface of MDF at 7,91 MPa. Uysal and Kurt (2007) investigated the effects
of edge banding thickness, dowel dimension, type of material and type of adhesive used for edge banding
on the withdrawal strength of dowel. Results showed that the highest withdrawal strength (7,019 MPa) was
obtained in beech dowels with 6 mm diameter for MDF with solid wood edge banding of white oak with 10
mm thickness bonded with the hot-melt adhesive. In a similar study carried out by Yapici ef al. (2011), it was
determined that the edge banding thickness, dimension of dowels, material type. and adhesive type used for
edge banding have significant effect on withdrawal strength of dowels. They obtained the highest withdrawal
strength in beech dowels (6,68 MPa) with 8 mm diameter for MDF with 5 mm thickness of solid wood edge
banding of bonded beech with PU adhesive. Kurt et al. (2009), determined the withdrawal strengths of 6 mm,
8 mm, 10 mm diameter beech dowels with respect to edge of MDF or PB edged with 5 mm, 10 mm and 15
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mm thickness of solid wood edge banding of Uludag fir bonded with different adhesives. They obtained the
highest withdrawal strength in beech dowels (6,37 MPa) with 8 mm diameter for MDF with 5 mm thickness
of solid wood edge banding of Uludag fir with PU adhesive. In the one of the latest studies performed by
Karaman (2021), he determined the effect of wooden dowel species, thickness of edge banding, and the type
of adhesives on the withdrawal strength using laminated medium density fiberboard (MDF-Lam). In this study
it was found that withdrawal strength values of polyurethane were 65 % higher than the withdrawal strength
values of polyvinyl acetate, oak dowels bonded with polyurethane (PU-D4) adhesive vertical to the surface
of MDF-Lam performed the highest (8,35 MPa) withdrawal strength but lowest withdrawal strength value
was obtained from the dowel produced from oak with polyvinyl acetate (PVAc-D4) adhesive in the samples
without PVC edge banding.

When the latest literature was reviewed, it was seen that some auxetic (materials with negative Poisson’s
ratio) dowel designs were developed to be used in furniture joints, and their mounting forces and withdrawal
strengths were investigated. Aa a result of the study, it was reported that the auxetic dowels could be utilized
as an alternative fastener for the traditional wooden dowels in furniture joints (Kasal ef al. 2020, Kuskun et
al. 2021).

Although dowel joints are commonly utilized in the construction of case furniture, limited information is
available on estimating the strength and effects such as, dowel sizes (diameter and penetration), adhesive type
and base material type on withdrawal force capacity. Accordingly, the aim of this study was to obtain practical
information concerning the withdrawal force capacity of dowels from PB and MDF that the furniture engineers
could use in the strength design of case furniture. The objectives were to:

- Estimate the average withdrawal force capacity of dowels evaluated in this study with the developed
predictive expressions,

- Compare the withdrawal force capacity of dowels from different panel materials, namely, MDF and PB,

- Determine the effects of dowel sizes (diameter and penetration) utilized on withdrawal force capacity of
dowels,

- Determine the effects of adhesive type (PU, D2, PVA) on withdrawal force capacity.

MATERIALS AND METHODS
Test materials

In the tests, 18 mm thick medium density fiberboard (MDF) and particleboard (PB) were used as base
materials. The MDF and PB panels were obtained from commercial suppliers. To prepare the specimens, 1880
mm x 3660 mm full-size sheets were first cut into member strips. These strips were subsequently cut into the
desired member lengths. Some physical and mechanical properties of the MDF and PB were tested in accor-
dance with the procedures described in ASTM D4442-92 (2001) and ASTM D1037-99 (2001). Average MC
values were 7,24 % and 6,72 %, and panel density values were 740 kg/m? and 610 kg/m3 for MDF and PB,
respectively.

In the tests, beech dowels of different diameters with straight grooved were utilized with the features
specified in TS 4539 (1985). Dowels were in six different lengths (45 mm, 50 mm and 55 mm for edge with-
drawal specimens and 36 mm, 39 mm and 42 mm for face withdrawal specimens) and three different diameters
(6 mm, 8§ mm and 10 mm).

In gluing of dowels, three adhesive types were used, namely, polyurethane (PU), 41 % solid content poly-
vinyl acetate based D2 (BS EN 204 2016), and 45 % solid content polyvinyl acetate (PVA). These adhesives
were selected because of their useful properties such as cold application, easily spreading, rapidly drying, to
be scentless and fireproof, and being preferred in the case furniture constructions. Some properties of the adhe-
sives used were given by the producer firm as density of 1110 kg/m?, viscosity of 3300-4000 cps at 25 °C, PH =
3 for PU adhesive; density of 960 kg/m?, viscosity of 1400 + 1000 cps at 22 °C, PH = 5-6 for D2 adhesive; and
density of 1100 kg/m’, viscosity of 160-200 cps, PH = 5, ash rate of 3 % for PVA adhesive (Polisan, Turkey).
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Test specimens

Four factorial experiments with five replications per cell were conducted to evaluate the effect of four
variables on withdrawal force capacity of dowels from edge and face. The variables were material type (MDF
and PB), dowel diameter, dowel penetration, and adhesive type (PU, D2, and PVA). Accordingly, a total of
540 specimens were prepared for edge and face withdrawal force capacity tests including two base material
types, three different dowel diameters, three dowel penetrations, three adhesive types and five replications for
each group.

For both edge and face withdrawal tests, dowels with diameters of 6 mm, 8 mm, and 10 mm were used.
However; depths of penetration were 15 mm, 20 mm and 25 mm for edge withdrawal and 6 mm, 9 mm and 12
mm for face withdrawal.

In general, test specimens consisted of a test piece from which the dowels with drawn, and a load piece
whose purpose was to provide a structure to which the other end of the dowel could be attached, and a dowel.
Test piece of both edge and face withdrawal specimen measured 80 by 80 mm square, whereas the load piece

measured 80 mm in length by 50 mm wide. The general view and dimensions of the withdrawal test specimens
are illustrated in Figure 1.
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Figure 1: (a) Configuration and sizes (in mm) of edge and (b) face withdrawal test specimens.

Dowel holes for the edge withdrawal tests were drilled in the center of the edge in required depth of each
test piece perpendicular to the face of the edge; similarly, holes for the face withdrawal tests were drilled to

the required depth in the center of each test piece perpendicular to the face. All the holes were drilled with
standard twist drills.

In preparation of the specimens, the ends of the dowels were very slightly chamfered to facilitate entry into
the holes. Measurements were not made of the dowel-hole clearances, but all dowels fit snugly into the holes.
The depths of the holes in the test piece of specimens were carefully controlled so that the dowels penetrated
into the holes exactly in required penetration size for edge and face specimens. A liberal amount of adhesive
(approximately 150 gr/m? = 10 gr/m?) was spread over the sides of the holes and all surface of the dowels.
Pieces of wax paper with holes in them to accommodate the dowels were used to prevent the end of the load
piece from adhering to the test piece. The dowels were penetrated to a depth of 30 mm in the end of the load
pieces in order to ensure that the dowels would withdraw from the test piece rather than the load piece. The
dowels were first inserted into the holes in the end of the load pieces and then forced into the hole until the
required penetration were provided in the corresponding test pieces. All specimens were kept at 20 °C + 2 °C
and 65 % + 3 % relative humidity until their weight became stable (1 month) in an environmentally controlled
climate chamber before the testing in order to reach an equilibrium moisture content (MC).
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Withdrawal force capacity testing

The edge and face dowel withdrawal force capacity of MDF and PB were determined according to
acceptable test methods that were given in previous studies (Eckelman ef al. 2002, Erdil et al. 2003). All of the
tests were carried out on a 50 kN capacity numerically controlled universal testing machine under the static
uniaxial loading. In the tests, rate of loading was taken as 2 mm/min. For the tests, the specimen-holding fixture
was bolted up and down to the testing machine table and leveled to ensure withdrawal force direction parallel
to dowel penetration direction. The fixture allowed self-alignment of a specimen with the loading direction.
Withdrawal force was applied until the dowels exactly pull out from the holes. The withdrawal force (N)
needed to pull out the dowels from the holes were recorded. So, ultimate failure loads were taken as the with-
drawal force capacity of the dowels. The loading form of withdrawal tests from edge and face are given in
Figure 2.

(a) (b)

Figure 2: (a) Withdrawal force capacity testing from edge and (b) face.

Statistical analyses

After the tests, obtained results were statistically analyzed. Four factor analysis of variances
(MANOVA) general linear model procedure was performed for individual data both edge withdrawal and face
withdrawal force capacity to analyze main effects and their interactions on the edge and face withdrawal capacity
values. Then, the least significant difference (LSD) multiple comparisons procedure at 5 % significance level
was performed to determine the mean differences of withdrawal force capacity from edge and face values of
specimens tested considering the significant main effects and four-factor interactions in the MANOVA results.
Minitab (Version 17, 2013) statistical software was utilized for the statistical analyses in this study (Minitab,
LLC, State College, PA, USA).

Regression models with one dependent variable and more than one independent variable are called mul-
tivariate regression analysis. In multivariate regression analysis, the independent variables try to explain the
changes in the dependent variable simultaneously. Accordingly, in this study, multiple regression analyzes
were performed and predictive expressions were developed in order to determine the changes caused by the
independent variables (dowel diameter and dowel penetration) simultaneously in the dependent variable (edge
and face withdrawal force capacity).
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RESULTS AND DISCUSSION
Test results for withdrawal force capacity of dowels
In general, all the test specimens failed in an ordinary manner; in other words, no unexpected failure

occurred. Failures took place in the glue line of the joints (Figure 3a, Figure 3b). Withdrawal force capacity of
the dowels (from edge and face) from the PB and MDF with their coefficients of variation are given in Table 1.

Table 1: Mean values of withdrawal force capacities with their coefficients of variation.

Mean withdrawal force capacity (V)
) Dowel Adhesive From edge From face
Material type diameter ; p
(mm) type Dowel penetration (mm) Dowel penetration (mm)
15 20 25 6 9 12

PU 598,41 1169,35 1265,49 390,44 667,08 802,46

(13,37) 9,24) (5,05) (8,41) (2,08) (4,92)

6 D2 488,54 704,36 861,32 423,79 539,55 619,99
(4,58) (1,53) (8,87) (1,94) 9.,88) (4,84)

PVA 608,22 323,73 549,36 233,48 292,34 461,08

(5,93) 9,34) (13,66) (10,46) (3,68) (7,06)

PU 1438,15 1599,03 2183,71 300,19 508,16 720,05

(2,67) (3,01 (5,65) (8,52) (15,53) (8,81)

1163,47 117524 1763,84 331,58 635,69 759,29

MDF 8 na 4.,41) (8,60) (7,30) (11,15) (4,14) (4,62)
PVA 637,65 763,22 1143,85 257,02 541,51 470,88

(11,46) | (2,30) (8,52) 6,27) (1036) | (5,89)
PU 2032,63 3003,82 3186,29 712,21 898,60 1108,53

(4,04) (5,93) (5,75) (4,63) (7,10 (3.13)

10 D2 1241,95 1785,42 1648,08 459,11 782,84 982,96
(3,93) 4,71) (5,52) (7,46) (2,86) 9,10

PVA 1265,49 1273,34 1577,45 576,83 698,47 873,09

4,75) (3,71) (10,45) (5,69) 6,23) | (10,75)

PU 578,79 890,75 1096,76 413,98 439,49 773,03

(11,43) (6,53) (11,53) 9,83) (7,30) (1,88)

6 D2 302,15 412,02 549,36 223,67 400,25 392,40
9,58) (8,75) (6,06) (1,96) (10,02) | (4,68)

PVA 488,54 300,19 519,93 119,68 227,59 225,63

(8,57) (7,16) 9,62) (12,16) 10,73) | (9.22)

PU 1275,30 1267,45 1449,92 311,96 413,98 44341

(2,37) (0,65) (7,36) (7,83) (6,36) (9,04)

PB 3 D2 596,45 684,74 822,08 311,96 402,21 390,44
(8,89) (8,50) (6,56) (8,44) 10,77) | @4,13)

PVA 382,59 639,61 616,07 204,05 184,43 345,31

(8,88) (11,75) (7,33) (4,02) (5,83) (6,16)
PU 1410,68 1516,63 2173,90 463,03 545,44 1012,39

(6,80) (6,93) (11,02) (5,48) (11,20) (7,61)

10 D2 829,93 812,27 1275,30 300,19 576,83 517,97
.19 | (10,7%) | (1045) (13,59) 4,72) (7,01)

PVA 551,32 839,74 1198,78 374,74 723,98 682,78

(10,41) (7,82) (6,51) (8,36) (7,69) (6,94

Values in parentheses are coefficients of variation.

Summary of the MANOVA results for both edge and face withdrawal force capacity values are provided
in Table 2.
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Table 2: Summary of the MANOVA results for edge and face withdrawal capacity values.

W“f}(‘)‘:zzwal Soiitee DF | AdiSS | AdiMS |F-Value fpz)a(l)‘g
Material Type 1 13267109 13267109 | 1775,28 0
Dowel Diameter 2 35182800 17591400 | 235391 0
Dowel Penetration 2 8966729 4483364 | 599,92 0
Adhesive Type 2 31694595 15847297 | 2120,53 0
Material Types*Dowel Diameter 2 3447086 1723543 | 230,63 0
Material Types*Dowel Penetration 2 361639 180819 24,20 0
Material Types*Adhesive Type 2 808739 404369 54,11 0
Dowel Diameter*Dowel Penetration 4 933383 233346 31,22 0
Dowel Diameter* Adhesive Type 4 4208286 1052072 140,78 0
Dowel Penetration *Adhesive Type 4 1385237 346309 46,34 0
Material Types*Dowel
HIRI gs Diameter*Dowel Penetration 4 1241518 310379 41,33 0
Material Types*Dowel 4 | 1114338 | 278585 | 3728 0
Diameter* Adhesive Type
Maeril Types*Dowel 4 728389 182097 | 2437 0
Penetration* Adhesive Type
Blosie Dismetes* Dowel 8 | 1105730 | 138216 | 1849 0
Penetration* Adhesive Type
Material Typesf"Dowel Dl.ameter* g 389293 48662 651 0
Dowel Penetration* Adhesive Type
Error 216 1614226 7473
Total 269 106449096
Material Type 1 1981809 1981809 1211,63 0
Dowel Diameter 2 4094197 2047098 1251,54 0
Dowel Penetration 2 3761113 1880556 1149,73 0
Adhesive Type 2 1640099 820050 501,36 0
Material Types*Dowel Diameter 2 64647 32324 19,76 0
Material Types*Dowel Penetration 2 159027 79513 48,61 0
Material Types*Adhesive Type 2 94801 47401 28,98 0
Dowel Diameter*Dowel Penetration 4 218053 54513 33,33 0
Dowel Diameter* Adhesive Type 4 796948 199237 121,81 0
Dowel Penetration *Adhesive Type 4 362972 90743 55,48 0
From face Material Types*Dowel 4 129557 32389 19,80 0
Diameter *Dowel Penetration
Maicna, Types Dowel 4 76484 19121 11,69 0
Diameter* Adhesive Type
Material TypestRewil 4 152000 38000 | 2323 0
Penetration* Adhesive Type
Dowelv D1a1neter*Dowel g 110649 13831 8.46 0
Penetration* Adhesive Type
Material Types*Dowel Diameter*
Dowel Penetration* Adhesive Type 8 384910 48114 29,42 0
Error 216 353302 1636
Total 269 14380568

DF: Degrees of freedom, SS: Sums of Squares, MS: Mean Squares, P: Probability

Four factor MANOVA results indicated that for both edge and face withdrawal force capacity, the main
effects (material type, dowel diameter, dowel penetration, adhesive type), two-factor interactions, three-factor
interactions and four-factor interactions were statistically significant at 5 % significance level. Although the
two-factor and three-factor interactions were found to be significant, they were not analyzed because the four-
way interaction was found to be significant. Thus, for the edge and face withdrawal force capacity values,
the main effects and four-factor interactions were analyzed. Comparing the F-values to one another, it can be
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concluded that withdrawal fore capacity from edge were mainly affected by dowel diameter and adhesive type,
respectively. For the withdrawal tests from face of specimens, withdrawal force capacity depended mainly on
dowel diameter and material type. The adhesive factor did not show its effect in the withdrawal force capacity
from face due to the low penetration.

(@) (b)

Figure 3: (a) Typical failure modes of the edge and (b) face specimens after withdrawal test.

Table 3 gives mean comparisons of withdrawal force capacities of the dowels from edge and face for
material type.

Table 3: Comparison of the mean withdrawal force values based on the two material types.

. From edge (N) From face (N)
Material type Mean Mean
MDF 1313,01 594,341
PB 869,67 422,993

As seen in Table 3, mean comparisons results based on the material type indicated that the withdrawal
force capacities from edge and face were significantly affected by the material type. Means comparisons results
showed that the withdrawal force capacities of the MDF specimens had considerably higher withdrawal force
capacity values than ones of PB for both from edge and face. In case of the withdrawal force capacity from
edge and face; MDF specimens was higher withdrawal force capacities than PB specimens by 51 % and 41 %,
respectively. These differences in withdrawal force capacities could be explained by differences in densities of
the materials used. It is a fact that the density of the materials directly affects the adhesive bonding strength.
In other words, materials with higher density would likely yield higher bonding strength and withdrawal force
capacities.

When the failure modes of specimens observed; it is understood that the withdrawal force capacity of the
dowels depend on the bonding strength of the adhesive used. According to this; it can be said that the other
important factor for providing a strong adhesive bonding concerning the material is the surface roughness. The
specific adhesion between the smooth surface and the glue line can be stronger. It is expected that the walls of
the dowel hole of MDF give smoother surface than the dowel hole of PB after drilling. Therefore, the adhesion
between the MDF and glue line is stronger than the adhesion between the PB and the glue line. It is accepted
that the adhesion is lower on the rough surfaces. Furthermore, one of the important advantages for adhesion is
the homogeneity of the material. MDF is more homogeneous material than the PB. Mean comparisons results
for the dowel diameter are given in Table 4. In the Table, values followed by the same capital letter are not
significantly different.
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Table 4: Mean comparison for dowel diameter on withdrawal force capacity.

Dowel diameter (mm) From edge (N) From face (N)
Mean HG Mean HG
6 650,40 C 424773 B
8 1089,02 B 418,451 B
10 153461 A 682,776 A

HG: Homogenous group

As seen in Table 4, it was observed that the withdrawal force capacity values increased with the increase
in the diameter of the dowel, especially from edge increased significantly. The highest withdrawal force ca-
pacity values were obtained from the10 mm diameter dowels for both from edge and face of the specimens.
Dowels with 6 mm penetration had the lowest withdrawal force capacities from edge of the specimens. In
case of the withdrawal force capacity from face, the differences between the 6 mm and 8 mm dowels were not
significantly different.

Table 5 gives mean comparisons of withdrawal force capacity values from edge and face of the specimens
for dowel penetration.

Table 5: Mean comparison for dowel penetration on withdrawal force capacity.

Dowel penetration (mm) Mi;im edge (II\_TI)G Dowel(;r;ertrlgtratlon Ml:;(:lm face (NI2IG
15 882,79 C 6 355,994 C
20 1064,49 B 9 526,579 B
25 1326,75 A 12 643,427 A

HG: Homogenous group

According to Table 5, the withdrawal force capacities of the dowels increased as the penetration is in-
creased from both edge and face of the specimens. The results also indicated that dowel penetration has a more
significant effect on withdrawal force capacity from edge than from face. Withdrawal force capacity from edge
increased 21 % and 25 % respectively, as the dowel penetration increased from 15 mm to 20 mm or 20 mm to
25 mm. For the withdrawal force capacity from face; when the dowel penetration increased from 6 to 9 mm,
the average withdrawal force capacity increased by 48 %, whereas the withdrawal force capacity of the dowels
with 12 mm penetration averaged 22 % greater than those for the dowels with 9 mm penetration.

Table 6 gives mean comparisons of withdrawal force capacities from edge and face of the specimens as a
function of adhesive type.

Table 6: Mean comparison for adhesive type on withdrawal force capacity.

Adhesive Type From edge (N) From face (N)
Mean HG Mean HG
PU 1563,17 A 606,912 A
D2 950,92 B 502,817 B
PVA 759,95 C 416,271 C

HG: Homogenous group

As seen in Table 6, the dowels glued with PU had the highest value both from edge and face withdrawal
force capacity. The lowest values were obtained from PVA for both edge and face withdrawal force capacity.
Average value of withdrawal force capacity of the dowels glued with PU (1563,17 N) was higher than the
dowels glued with D2 (950,92 N) by 64 %, and average value of the dowels glued with D2 was higher than
the dowels glued with PVA (759,95 N) by 25 % for edge withdrawal tests. In case of face withdrawal tests; the
dowels glued with PU (606,912 N) had higher withdrawal force capacity values than the dowels glued with D2
by 20 %, and the dowels glued with D2 was higher than the dowels glued with PVA by 21 %.



Table 7 and Table 8 give mean comparisons of withdrawal force capacities from edge and face of tested
dowels with their homogeneity groups considering the four-way interactions (material type*dowel diame-
ter*dowel penetration*adhesive type interactions), respectively. The withdrawal force capacity values in these
tables are given in order form the highest to the lowest. As shown in Table 7, the 10 mm diameter dowels with
25 mm penetration and glued with PU had the highest withdrawal force capacity (3186,29 N) from the edge
of MDF; while the lowest withdrawal force values (300,19 N) were obtained from the 6 mm diameter dowels
with 20 mm penetration and glued with PVA from the edge of PB. For the edge withdrawal force capacity of
6 mm diameter dowels; the differences between the 15 mm and 20 mm penetration, and D2 and PVA adhesive

was not statistically significant.
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Table 7: Mean comparisons for four-way interaction on withdrawal force capacity from edge.

Material Diameter Penetration Adhesive Mean withdrawal force
No .. HG
type (mm) (mm) type capacities from edge (N)

1 MDF 10 25 PU 3186,29 A
2 MDF 10 20 PU 3003,82 B

3 MDF 8 25 PU 2183,71 C

4 PB 10 25 PU 2173,90 C

5 MDF 10 15 PU 2032,63 D
6 MDF 10 20 D2 1785,42 E

7 MDF 8 25 D2 1763,84 E

8 MDF 10 25 D2 1648,08 F

9 MDF 8 20 PU 1599,03 FG
10 MDF 10 25 PVA 1577,45 FG
11 PB 10 20 PU 1516,63 GH
12 PB 8 25 PU 1449,92 H
13 MDF 8 15 PU 1438,15 H
14 PB 10 15 PU 1410,68 H
15 PB 10 25 D2 1275,30 1
16 PB 8 15 PU 1275,30 1
17 MDF 10 20 PVA 1273,34 1
18 PB 8 20 PU 1267,45 1J
19 MDF 6 25 PU 1265,49 1J
20 MDF 10 15 PVA 1265,49 1J
21 MDF 10 15 D2 1241,95 1K
22 PB 10 25 PVA 1198,78 DKL
23 MDF 8 20 D2 1175,24 IJKL
24 MDF 6 20 PU 1169,35 IJKL
25 MDF 8 15 D2 1163,47 JKL
26 MDF 8 25 PVA 1143,85 KL
27 PB 6 25 PU 1096,76 L
28 PB 6 20 PU 890,75 M
29 MDF 6 25 D2 861,32 MN
30 PB 10 20 PVA 839,74 MN
31 PB 10 15 D2 829,93 MN
32 PB 8 25 D2 822,08 MN
33 PB 10 20 D2 812,27 MN
34 MDF 8 20 PVA 763,22 NO
35 MDF 6 20 D2 704,36 OP
36 PB 8 20 D2 684,74 OPQ
37 PB 8 20 PVA 639,61 PQR
38 MDF 8 15 PVA 637,65 PQR
39 PB 8 25 PVA 616,07 PQRS
40 MDF 6 15 PVA 608,22 PQRS
41 MDF 6 15 PU 598,41 PQRS
42 PB 8 15 D2 596,45 QRS
43 PB 6 15 PU 578,79 QRST
44 PB 10 15 PVA 551,32 RST
45 MDF 6 25 PVA 549,36 RST
46 PB 6 25 D2 549,36 RST
47 PB 6 25 PVA 519,93 ST
48 MDF 6 15 D2 488,54 TU
49 PB 6 15 PVA 488,54 TU
50 PB 6 20 D2 412,02 uv
51 PB 8 15 PVA 382,59 UVW
52 MDF 6 20 PVA 323,73 VW
53 PB 6 15 D2 302,15 Y
54 PB 6 20 PVA 300,19 W

HG: Homogenous group
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withdrawal force capacity.

Results of the tests indicated that the edge withdrawal force capacity of dowels became stronger as either
dowel diameter or dowel penetration increased. In case of face withdrawal tests (Table 8), the highest values
(1108,53 N) were obtained from the 10 mm diameter dowels with the 12 mm penetration and glued with PU
from the face of MDF; while the 6 mm diameter dowels with 6 mm penetration and glued with PVA gave the
lowest withdrawal force values (119,68 N) from the face of PB. As in edge withdrawal force capacity, it can
be said that increasing either dowel diameter or dowel penetration tended to have a positive effect on the face

Table 8: Mean comparisons for four-way interaction on withdrawal force capacity from face.

Material Diameter Penetration Adhesive Mean withdrawal force
No .. HG
type (mm) (mm) type capacities from face (N)

1 MDF 10 12 PU 1108,53 A
2 PB 10 12 PU 1012,39 B

3 MDF 10 12 D2 982,96 B

4 MDF 10 9 PU 898,60 C

5 MDF 10 12 PVA 873,09 C

6 MDF 6 12 PU 802,46 D

7 MDF 10 9 D2 782,84 D

8 PB 6 12 PU 773,03 DE
9 MDF 8 12 D2 759,29 DEF
10 PB 10 9 PVA 723,98 EFG
11 MDF 8 12 PU 720,05 FG
12 MDF 10 6 PU 712,21 FGH
13 MDF 10 9 PVA 698,47 GH
14 PB 10 12 PVA 682,78 GHI
15 MDF 6 9 PU 667,08 HIJ
16 MDF 8 9 D2 635,69 1J
17 MDF 6 12 D2 619,99 JK
18 MDF 10 6 PVA 576,83 KL
19 PB 10 9 D2 576,83 KL
20 PB 10 9 PU 545,44 LM
21 MDF 8 9 PVA 541,51 LM
22 MDF 6 9 D2 539,55 LM
23 PB 10 12 D2 517,97 MN
24 MDF 8 9 PU 508,16 MNO
25 MDF 8 12 PVA 470,88 NOP
26 PB 10 6 PU 463,03 OPQ
27 MDF 6 12 PVA 461,07 OPQ
28 MDF 10 6 D2 459,11 OPQ
29 PB 8 12 PU 443 .41 PQR
30 PB 6 9 PU 439,49 PQRS
31 MDF 6 6 D2 423,79 PQRST
32 PB 6 6 PU 413,98 QRST
33 PB 8 9 PU 413,98 QRST
34 PB 8 9 D2 402,21 RST
35 PB 6 9 D2 400,25 RST
36 PB 6 12 D2 392,40 STU
37 MDF 6 6 PU 390,44 STU
38 PB 8 12 D2 390,44 STU
39 PB 10 6 PVA 374,74 TUV
40 PB 8 12 PVA 345,31 UVW
41 MDF 8 6 D2 331,58 VWX
42 PB 8 6 D2 311,96 WX
43 PB 8 6 PU 311,96 WX
44 PB 10 6 D2 300,19 WXY
45 MDF 8 6 PU 300,19 WXY
46 MDF 6 9 PVA 292,34 XY
47 MDF 8 6 PVA 257,02 YZ
48 MDF 6 6 PVA 233,48 z~
49 PB 6 9 PVA 227,59 z~
50 PB 6 12 PVA 225,63 e
51 PB 6 6 D2 223,67 e
52 PB 8 6 PVA 204,05 ZB
53 PB 8 9 PVA 184,43 7B
54 PB 6 6 PVA 119,68 z"°

HG: Homogenous group
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Predictive expressions for withdrawal force capacity of dowels

Multiple regression analyses were performed to provide a means of comparing the results of the edge
and face withdrawal tests as well as to obtain functional relationships between withdrawal force capacity and
the various dowel sizes for MDF and PB. Curves were fitted to the individual test data points by means of
regression techniques. The curves had following forms for edge withdrawal force capacities (Equation 1,
Equation 2, Equation 3, Equation 4, Equation 5 and Equation 6):

Fyypy =—3340+432,5D+85,54P (1)

Fop, =—1463+218,4D+45,98P (2)

F,py =—1358+219,6 D+2531P (3)

Froppy =—1365+211,2D+48,53P (4)
Fopp, =—1017+137,83D+30,61P (5)

Fppy =—847+106,8D+30,41P  (6)

In case of the face withdrawal force capacities, the following forms were fitted to the individual test data
points (Equation 7, Equation 8, Equation 9, Equation 10, Equation 11 and Equation 12):

Fopy ==510+71,7D+68,31P  (7)
Foypy, =—386,6+53,46D+63,77P (8)
Frypy =—653,8+96,79D+40,98 P (9)

Frppy =—248+32,9D+57,77P (10)

Fypp, =—94,3+31,56 D+25,83P (1)

Fyppy =—740,2+100,72D+30,85P (12)

Where F,, .. F F = withdrawal force capacities of the dowels glued with PU, D2, PVA, respec-

EMD2 ~ EMPV

tively, from the edge of MDF (N); ., F’ F_, ., = withdrawal force capacities of the dowels glued with

PPU> © EPD2 * EPPV

PU, D2, PVA, respectively, from the edge of PB (N); F F F_ = withdrawal force capacities of the

FMPU? = FMD2 = FMPV

dowels glued with PU, D2, PVA, respectively, from the face of MDF (N); F,,.., Fppy Frppy = Withdrawal
force capacities of the dowels glued with PU, D2, PVA, respectively, from the face of PB (N); D = dowel
diameter (mm); P = dowel penetration (mm). According to each adhesive type and each material type, a total
of 12 predictive expressions were developed; 6 for edge withdrawal force capacity and 6 for face withdrawal
force capacity. The coefficients of determination (R?) values were 0,9384; 0,8240; 0,8562; 0,8544; 0,8747 and
0,6919 for the edge withdrawal force capacity Equation (1), Equation (2), Equation (3), Equation (4), Equation
(5) and Equation (6); and 0,7169; 0,8332; 0,8416; 0,5163; 0,5983 and 0,7568 for the face withdrawal force ca-

pacity Equation (7), Equation (8), Equation (9), Equation (10), Equation (11) and Equation (12), respectively.
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To provide a practical evaluation of how well the withdrawal force capacity values predicted by these
developed expressions agreed with the observed withdrawal force capacity results from the actual tests, com-
parisons of the observed withdrawal force capacity test results with the withdrawal force capacity values
obtained with predictive expressions developed in this study are given in Table 9 and Table 10 for edge and
face, respectively.

Table 9 and Table 10 indicated that with the exception of few specimens, predicted and observed values
agree well for both edge and face withdrawal force capacity tests.

Table 9: Comparison of mean edge withdrawal force capacity test results and the values obtained with
developed predictive expressions.

Dowel penetration (mm)

15 20 25

Observed Predicted Observed/ Observed Predicted Observed/ Observed Predicted Observed/
™) N) Predicted N) @) Predicted @) ™) Predicted

Material Type
Dowel diameter
(mm)
Adhesive Type

PU | 59841 | 538,10 LII | 116935 | 965,80 121 | 126549 | 1393,60 | 0,91
6 D2 | 48854 | 537,10 0,91 70436 | 767,00 0,92 861,32 | 996,90 0,86
PVA | 60822 | 33925 1,79 323,73 | 465,80 0,69 54936 | 592,35 0,93
PU | 1438,15 | 1403,10 | 1,02 | 1599,03 | 1830,80 | 0,87 | 2183,71 | 225850 | 0,97
116347 | 973,90 1,19 | 117524 | 1203,80 | 098 | 1763,84 | 143370 | 1,23
PVA | 637,65 | 778,45 0,82 763,22 | 905,00 084 | 114385 | 103155 | L11
PU | 2032,63 | 226810 | 0090 | 3003,82 | 269580 | 1,11 | 318629 | 3123,50 | 1,02
10 | D2 | 124195 | 1410,70 | 0,88 | 178542 | 164060 | 1,09 | 1648,08 | 1870,50 | 0,88
PVA | 126549 | 1217,65 | 104 | 127334 | 134420 | 095 | 157745 | 147075 | 1,07
PU | 578,79 | 630,15 0,92 890,75 | 872,80 1,02 | 109676 | 111545 | 0,98
6 D2 | 302,15 | 269,13 L2 412,02 | 422,18 0,98 54936 | 575,23 0,96
PVA | 48854 | 249095 1,95 300,19 | 402,00 0,75 519,93 | 554,05 0,94
PU | 127530 | 1052,55 | 121 | 126745 | 129520 | 098 | 144992 | 153785 | 0,94
D2 | 59645 | 544,79 1,09 68474 | 697,34 0,98 822,08 | 580,89 1.42
PVA | 38259 | 463,55 0,83 639,61 | 615,60 1,04 616,07 | 767,65 0,80
PU | 1410,68 | 147495 | 096 | 151663 | 1717,60 | 0,88 | 217390 | 196025 | 111
10 | D2 | 829,93 | 82045 1,01 812,27 | 973,50 083 | 127530 | 112655 | 1,13
PVA | 55132 | 677,15 0,81 839,74 | 82920 101 | 119878 | 98125 1,22

MDF
]
@]
)

PB
3

Table 10: Comparison of mean face withdrawal force capacity test results and the values obtained with
developed predictive expressions.

Dowel penetration (mm)

6 9 12

Observed Predicted Observed/ Observed Predicted Observed/ Observed Predicted Observed/
) ) Predicted N) ™) Predicted ) ) Predicted

Material Type
Dowel diameter
(mm)
Adhesive Type

PU | 390,44 | 330,06 1,18 667,08 | 534,99 125 802,46 | 739,92 1,08
6 D2 | 423,79 | 316,78 134 539,55 | 508,09 1,06 619,99 | 699,40 0,39
PVA | 23348 | 172,82 135 29234 | 295776 0,99 46108 | 418,70 1,10
PU | 300,19 | 473,46 0,63 508,16 | 67839 0,75 720,05 | 883,32 0,82
331,58 | 423,70 0,78 63569 | 615,01 1,03 759,29 | 806,32 0,94
PVA | 257,02 | 366,40 0,70 54151 | 48934 1,11 47088 | 612,28 0,77
PU | 71221 | 616,86 1,15 898,60 | 821,79 1,09 | 110853 | 1026,72 | 1,08
10 [ D2 | 45911 | 530,62 0,87 782,84 | 721,93 1,08 982,96 | 913,24 1,08
PVA | 576,83 | 559,98 1,03 69847 | 682,92 1,02 873,00 | 805,86 1,08
PU | 413,98 | 296,02 1,40 43949 | 469,33 0,94 773,03 | 642,64 1,20
6 D2 | 223,67 | 250,04 0,89 40025 | 327,53 1,22 392,40 | 405,02 0,97
PVA | 119,68 | 4922 243 22759 | 141,77 1,61 22563 | 23432 0,96
PU | 311,96 | 361,82 0,36 413,98 | 535,13 0,77 44341 | 708,44 0,63
D2 | 311,96 | 313,16 0,99 40221 | 390,65 1,03 39044 | 468,14 0,83
PVA | 204,05 | 250,66 0,31 184,43 | 343721 0,54 34531 | 435,76 0,79
PU | 463,03 | 427.62 1,08 54544 | 600,93 091 | 101239 | 77424 131
10 [ D2 | 300,19 | 376,28 0,30 57683 | 453,77 1,27 51797 | 531,26 0,97
PVA | 37474 | 452,10 0,83 72398 | 544,65 133 682,78 | 637,20 1,07

MDF
(o]
g
¥

PB
oo
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In general, it is seen that edge withdrawal force capacity values can be better predicted than face
withdrawal force capacity values. Except for the specimen group of 6 mm diameter dowel with 15 mm
penetration and glued with PVA and withdraw from MDF and PB, the other groups could be estimated with
the expressions developed reasonably for the edge withdrawal force values. In case of the face withdrawal
force capacity values; with the exception of a few specimens, especially the specimens 6 mm diameter dowel
with 6 mm and 9 mm penetration and glued with PVA and withdraw from PB, predicted and observed values
agree well.

CONCLUSIONS

This study was carried out to obtain information relating to the withdrawal force capacity of various size
of dowels glued with different adhesives from MDF and PB; and also to develop predictive expressions for
estimating the withdrawal force capacity of the dowels.

Material type, adhesive type, dowel diameter and dowel penetration effects on the edge and face
withdrawal force capacity of dowels were investigated. Results showed that significant differences were found
in edge and face withdrawal force capacities with respect to above mentioned variables.

Results also indicated that the dowels from MDF specimens yield higher edge and face withdrawal force
capacity than those of PB. Moreover, increasing either dowel diameter or dowel penetration tended to have a
positive effect on edge and face withdrawal force capacity values. Dowel diameter was found to have a bigger
effect on withdrawal force capacity than dowel penetration. According to the results, the withdrawal force ca-
pacity of the dowels glued with PU ranked the highest among the adhesive types, followed by the strength of
the dowels glued with D2 and PVA. The 10 mm diameter dowels with 25 mm penetration (12 mm penetration
for face) and glued with PU had the highest withdrawal force capacity from the edge and face of MDF.

The most important conclusion is that the comparisons of the predicted and actual test results
indicated that the average withdrawal force capacity of the dowels evaluated in this study could be estimated by
developed predictive expressions.

The results of this study provide experimental and theoretical information on the withdrawal force capaci-
ty of various size of dowels, which will in turn help optimize furniture engineering design and construction of
case furniture joints with the dowels.
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