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investigated.
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with diameter of 1/8 in were drilled. .
Statistical analyses on screw driving torques for two PB materials clamped
together, illustrated that the SET and STT tended to increase when the pilot-hole diameter

decreased from 11/64 to 1/16 in. The prediction of the SET and STT values of driving
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Results on shear and internal bond (IB) strength demonstrated that there was a
clear trend that the shear and IB strengths were higher in the surface of the particleboards
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INTRODUCTION

1.1

Background and Problem Statement
One of the most important properties of wood and wood-based materials is screw-

driving performance driven into materials. Limited research has been done in
investigation of factors on screw driving torques such as seating torque and stripping
torque and its effects on strength performance of wood composites connecting with
screws.
It is important and necessary to become familiar with what actually happens when
a screw is tightened into the materials. There are some factors involved during the screw
driving process which must be understood in order to achieve a proper torque. The
factors consist of application of force and screw turning speed to drive the screw in, and
pilot-hole diameter driven into the materials along with embedded screw orientation.
Screws that are insufficiently tightened to the materials with low torque might
cause screw seating problems and applying excessive torque on the screw may cause
screw stripping problems. Additionally, over-torque can be equally damaging the
materials because of the failure of a fastener from overstressing the screw and secured
areas in the materials. Carroll (1970) elaborated that overdriving screws substantially
reduces SWR and suggested that this important reduction in SWR.
1

The repetitive screw driving process may expose assemblers to potential strain
and stress reactions. Driving screws into any kind of material may cause some health
problems such as cumulative injuries, which occur in connective soft tissues, especially
to tendons and their sheaths (Kroemer 1989). These strain and stress reactions may cause
quick changes of wrist position, excessive force use, and gesture quickness. These
factors can generate tendons over-forced so that it is critically important to choose right
screwdrivers which could minimize the reaction exercised on the operator`s hand after
reaching certain torque levels, and reduces consequently the reaction on the operators
hand and arm. Over-usage of screwdrivers on tightening operations may also fatigue the
operator`s fingers due to effort to start and keep using the driver for a long time.
Torque requirements for particular applications should be determined and then the
proper torque applied in order to induce clamping force is essential in providing a reliable
screw assembly. If the relationship among the driving torques and their effect, the values
can help manufacturers to reduce some quality issues, which may cause low connection
strength on account of stripped screws in particleboard. The results of this research will
provide and improve the understanding of variable that may affect screw performance in
particleboards.

2

1.2

Literature Cited

Carroll MN (1970) Relationship between driving torque and screw-holding strength in
particleboard and plywood. Forest Prod J 20(3):24-29.
Kroemer KHE (1989) Cumulative trauma disorders: Their recognition and ergonomics
measures to avoid. Reprinted with permission from Applied Ergonomics, Volume 20,
Number 4. 274-280.
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LITARATURE REVIEW

2.1
2.1.1

Literature review
Particleboard (PB)
Carll (1986) defined PB as composite panel product from dry wood particles such

as wood chips, wood shavings or even sawdust bonded together by urea formaldehyde or
other synthetic resin or other suitable binder and pressed with heat and pressure into
sheets. ANSI (1999) also defined particleboard as a composite panel primarily composed
of cellulosic materials, generally in the form of discrete pieces or particles, as
distinguished from fibers, bonded together with a bonding system, and which may
contain additives. Particleboards are currently used for many end uses, primarily as core
material for doors, furniture, and cabinets.
2.1.2

Wood Screws
White and Fellow (2005) reported that wood screws are one of the most used

fasteners in wooden structures since the mid-18th century. The wood screws can vary
significantly in their shape and thread. Flat, oval, and round heads are the most common
used types of wood screws. For appearance purpose, oval-head and round-head screws
are common used and the flat-head screws are used if a flush surface is desired. Wood

4

screws are mostly made of steel, and they can be found in other metals such as brass or
alloys. They are often coated to improve corrosion resistance and/or for aesthetics.
2.1.3

Screw Driving Torques
Recently, a study on screw driving torques in particleboard, using No. 10-gauge,

1-1/2 in. wood screw (Tor et al 2015) defined and termed the critical torques values from
typical torque-time curves. Three different pilot-hole diameters (1/16, 5/64, and 3/32in.)
and two different embedded screw orientations (edge and face) were used for screw
driving process in OSB and PB. There were two typical torque-time curves recorded
during the course of driving screws into OSB and PB in their study (Figure 2.1). Figure
2.1a was observed most of time in faces of OSB with pilot-holes drilled and faces of PB
with and without pilot-holes.
The maximum drive torque (MDT) in figure 2.1a, which was the maximum drive
torque value, required to drive a screw into tested material. As soon as the screw head
touched the countersink of the metal plate holes, the torque increased acutely. The torque
value at the turning point was termed the SET since at this point the screw head became
flush with the countersink of the plate hole, and the screw seated. There was decreasing
trend in between MDT and SET in figure 2.1a because of screw tip protruding which
pushed out surface of OSB material and fractured surface of PB material. Turning the
screw beyond the turning point began the process of tightening the metal to the tested
material, and once the turning torque passed its maximum value, which is the second
peak termed the STT, the torque dropped dramatically due to the formed threads being
stripped by the screws (Robert 2012).
5

There was only one peak at STT in figure 2.1b and this trend was observed mostly
when driving the screws into the edges or ends of OSB and PB materials. The gradual
increase in torque as a screw was driven into the edge of a tested material could be
explained by the fact that, as the screw was driven into the edge, the screw encountered
the core material, which had a relatively uniform density (Tor et al, 2015).

Figure 2.1

Typical torque-time curves of driving screws into tested wood-based
composites in this study.

a) face
b) side
(Tor et al, 2014)
Bahr (1994) and Heidemann et al (1998) reported that the torque-turn curve
recorded during the course of inserting osteosynthesis screws into bone can be divided
into two phases. The torque values in phase I result from the resistance to the friction
between the screw and bone surface. In this phase, if the drill hole is tapped, the torque
increases at a constant rate. However, if the drill hole is not tapped, the torque increases
6

to a maximum (the first peak) value named, as insertion torque (Heidemann et al 1998) or
fracturing torque (Bahr 1994), then drops gradually. This high torque is due to the
additional torque required as the screw cuts its own thread into bone (Heidemann et al.,
1998), or due to the screw fracturing (Bahr 1994). Phase II starts when the screw head
touches the bone surface. Turning the screw beyond this point starts the tightening
process, and a small increase in turning angle pilots to a sharp increase in torque. The
torque curve in this phase is very steep. The torque value at the turning point is termed
“seating torque”. Once the torque reaches the second peak on the torque-turn curve, i.e.
the “maximum torque” (Bahr 1994; Heidemann et al 1998), it drops sharply. The drop in
torque can be a result of tightening the screw beyond the mechanical strength of the bone,
which pilots to the destruction of the bone thread (stripped) or the tightening force higher
than the mechanical strength of the screw and, without failure of the bone thread, the
screw itself will fracture. Therefore, understanding the process of inserting a screw into a
bone, especially the torque changes and factors associated with the process, is important
for the surgeon because, in the case of any screw failure during insertion, achieving rigid
fixation can become difficult. (Bahr 1994).
2.1.4

Screw Direct Withdrawal Load
The earliest study on this subject has shown the importance of not overdriving a

screw in PB. Significant contributors to the topic of torque related to withdrawal load
capacity in wood screws are Carroll (1970, 1998), Superfesky (1974), Didriksson et al.
(1974), Fujimoto and Mori (1983), Schmidt (1986), Eckelman (1990), and Gates (2009).
Carroll (1988) reported that friction at screw-wood connections is a crucial for a
screw withdrawal to resist the tendency of the screw to rotate to ease the withdrawal load.
7

Lag screw will fail in tension due to the associated excessive shear, compression or
bearing. Fairchild (1926) concluded that holding strength of lag or wood screws in wood
was closely related to specific gravity, screw direct withdrawal and shear strength which
are correlated. Predicting withdrawal strength from shear strength gave better results than
specific gravity (Cockrell, 1933).
Fairchild (1926) concluded that withdrawal load capacity decreases about 10% to
25% in wood with slight pre-existing when driving the screw in. Doganay (1991)
reported that screw withdrawal load capacity in particleboard was lower than the Fagus
orientalis wood, Werzalit, and MDF in both parallel and perpendicular directions. Broker
and Krause (1991) resulted that the screw withdrawal load capacity is correlated to screw
length and screw diameter.
2.1.4.1

Screw Driving Torques
In the encyclopedia of wood by the U.S. Department of Agriculture (1999) that a

modest tightening of screws into materials in many situations provides effective
compromise between optimizing withdrawal load capacity and stripping threads.
Engineered Wood Association (APA), (2011) indicated that relative ease is one of
the important consideration in over-torqueing or overdriving the screws when using
power tools. If the screw continues to spin after the head has contacted the surface of the
panel, the threads will drill a hole in the panel, and as a result the withdrawal capacity of
screw will be reduced significantly. National Particleboard Association (NPA 1968)
study revealed that the holding material, screw type, and setting torque levels all affected
the withdrawal loads in particleboard. Another study by Eckelman (1990) showed that
there was a strong relationship between SWR and torque strength in PB and reported that
8

it is crucial to have significant difference between the amount of torque required to set
the screw and the amount of torque required to strip the threads.
Carroll elaborated that overdriving screws substantially reduces SWR and
suggested that this important reduction in SWR as a result of overdriving may contribute
to particleboard’s poor reputation for fastening with screws (Carroll 1970). Gates (2009)
analyzed the effects of screw torque ranges (weak, standard, and over-torque), two
penetration depths (1/2 and 5/8 in.), three different density (low, standard, and high), two
moisture contents (low and standard), and the use of pilot-holes. The report indicated
that increasing screw penetration depth from 1/2 to 5/8 in. with no diameter and using the
proper torque affected the maximum holding strength. Over-torqueing the screw had the
greatest negative effect on screw withdrawal load capacity with a 77% decrease in
maximum load.
Carroll (1970) found a linear relationship between maximum torque and
conventional screw withdrawal load capacity values in the case of laboratory-made low
density particleboard (<40 lb/ft3). There is expected to be greater contact between the
screw and the substrate of denser boards resulting in greater shear forces normal to the
plane of the board, which may have a greater confounding effect on the relationship to
tensile load capacity of the substrate. In the encyclopedia of wood by U.S. Department of
Agriculture (1999) it was reported that a higher withdrawal load was obtained at higher
setting torque, but there is not much difference (%3) in values between 60% and 90%
setting torques.
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2.1.4.2

Pilot-hole Diameter
Eckelman (1990) suggested that there was 4% decrease in screw direct

withdrawal load when pilot-hole diameter used compared with the use of no diameter
because the particleboard panel becomes densified around the screw and creates a slightly
higher screw direct withdrawal capacity. Screw direct withdrawal strength in
particleboard also observed that it is important to note that use of pilot-holes in the face
of a block may increase withdrawal strength by only 10% to 15% (Eckelman 1990).
Fairchild (1926) indicated, when a pilot-hole was applied, withdrawal load
capacity decreased in wood of low density. Fairchild recommended a pilot-hole size of
50% of the root diameter at the threaded portion to be drilled along the threaded portion,
for medium dense wood, a pilot-hole diameter of 70% was recommended, and for wood
with high density, the pilot-hole size was recommended to be 90% (Carroll 1988).
Using a stronger and/or larger hole diameter, fastener may avoid tensile failure.
Withdrawal load capacity failure may be decreased by the use of washers or a thicker
and/or stronger side member (NFPA 1986; McLain 1997). Ithnin, Rajak and Eckelman
(1993) determined the holding strength of large diameter sheet metal screws in the face
and edge surfaces of medium density fiberboard and particleboard. Results indicated that
the use of pilot-holes of the proper diameter significantly increases the holding strength
of the screws in the material. In general, pilot-holes should be equal to about 80 to 85%
of the root diameter of the screw.
2.1.4.3

Shear Strength and Internal Bond (IB)
Shear strength, which is also known as compression strength parallel to surface, is

a specimen from a test with compression forces to obtain the maximum stress applied
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parallel to the surface. Shear strength is tested to determine the resistance of material to
crushing in each of the primary panel directions (Cai and Ross 2010).
Eckelman (1990) reported that screw direct withdrawal strength is strongly related
to the internal bond (IB) strength of the particleboard. Density of the particleboard is an
indicator of IB strength of the particleboard. Hence, screw direct withdrawal strength
may be improved thorugh the use of particleboards which have higher density or IB.
Rajak and Eckelman (1993) low-density core can be easily damaged by the insertion of
screws into pilot-holes of an inappropriate size, further contributing to low screw holding
ability.
Fujimoto and Mori (1983) suggested, internal bond (IB) and face and edge SWR
(SWRf&e) are highly correlated with bond quality of boards. Didriksson et al. (1974)
have reported on the edge-splitting tendency of wood-based materials, including
particleboard. Their technique consisted of measuring the internal bond both before and
after placing a screw into the sample edge. In general, the IB was approximately 10
percent lower with the screw inserted at the thickness midpoint in the board edge.
Didriksson (1974) used the IB test to evaluate edge splitting tendency of fiberboard (hardboard and MDF), particleboard, and spruce plywood. They found that the
edge-splitting tendency decreased as the pilot-hole diameter increased from 60 to 85
percent of the outer diameter of the screw threads. However, the edge screw withdrawal
load capacity decreased. The edge splitting tendency of fiberboard was considerably
greater than that of particleboard or plywood.
The internal bond strength of wood composites can be defined as the ultimate
failure stress of a wood composite under tensile force perpendicular to the board panel.
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Enayati et al. (2013) reported that the board density is the main variable affecting shear
strength. Barboutis and Philippou (2007) demonstrated that IB of all PB increased with
board density and wood intensity. Dai et al. (2008) indicated that IB was increased by
increase in product density, resin content, and particle thickness.
2.1.4.4

Screw Dimensions
Kjucukov and Encev (1977) concluded that there is linear relationship between

screw diameter from 1.5 to 6 in. and screw withdrawal load capacity on Fagus orientalis.
Ithnin, Rajak and Eckelman (1993) found that increments in nail and screw diameters
yielded increases in the resultant withdrawal strengths. In addition, it was also found that
there was no relationship between screw length and withdrawal strength while the
diameter of screw had a linear relationship.
2.1.4.5

Screw penetration depth
Eckelman (1990) studied on the effects of seven types of #8 screws (type “A”

sheet metal screw, wood screw, and five types of particleboard screws) in a 1/2 in. thick
particleboard with a density of 49 lb/ft3. All screws were driven with a pilot-hole, to the
depth of 3/32 in. The screw withdrawal load capacity decreased 32% from an average of
175 lb. with 5/8 in. screw penetration depth to 118 lb. with 1/2 in. screw penetration
depth. Eckelman (1975) found that screws driven completely through the main member
had about 16% greater withdrawal load capacity than screws of the same size that were
driven their full length into a deeper member. As a consequence, screw withdrawal load
capacity does not seem to be affected by screw tip so that they should not be considered
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in the length of the effective threaded portion embedded into the main member (McLain,
1997).
Board density and internal bond are two of the most crucial factors affecting the
properties of the PB. Dias et al. (2005) indicated that when there is increase in board
density, it would result in improvement in board density. Wood with low density
provides a high-density compression ratio. Thus, a higher contact surface between
particles than high-density wood would lead to a more uniform product with a greater
capacity to transmit loads between particles, resulting in higher flexural and internal bond
properties.
Rajak and Eckelman (1993) low-density core can be easily damaged by the
insertion of screws into pilot-holes of an inappropriate size, further contributing to low
screw holding ability. Ithnin, Rajak and Eckelman (1993) determined the holding
strength of large diameter sheet metal screws in the face and edge surfaces of medium
density fiberboard and particleboard. Results indicated that the use of pilot-holes of the
proper diameter significantly increases the holding strength of the screws in the material.
Cook and Chiu (1997) indicated that the prediction of properties of wood-based
composites using models provides valuable information to improve process control and
reduce quality issues and production cost.
2.1.5

Screw Clamping Pressure
Higher or lower torque may result in unnecessary failure of fasteners or materials

as the parts are being clamped together. When applied pressure is not sufficient, uneven
loads will be transmitted along the assembly, which can result in excessive wear or
premature failure due to fatigue.
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Thomas (2000) reported that finite elements have evolved to become quite useful
in the determination of critical stress intensity factors. It still remains, however, that
finite element method (FEM) is limited in its application to wood fracture due primarily
to wood’s natural variability. FEM is useful in its application in that it buffers other
methods in fracture analysis, thereby providing a different and beneficial insight into the
process of fracture.
Chazistergos (2009) proposed to study the parametric study of the dependence of
the behavior of the pedicle screw - lumbar bone system on various factors. These factors
include the type of the interface and the geometric characteristics of the screw. The
variation of the pull-out force with the geometrical characteristics of the screw was
explored in an effort to determine their optimum combination, i.e. the one that
corresponds to the most mild stress distribution resulting in turn to the maximization of
the pull-out load capacity of the system. The study is carried out numerically with the aid
of the Finite Element Method (FEM). Bozkaya et al. (2004) and Ersalan and Inan (2010)
reported that FE analysis allows for simulation of a variety of different implant
parameters that have been shown to influence stress and strain distribution in neighboring
bone. Haase (2013) resulted that it is clear that implant geometry not only influences the
pullout strength of orthopedic screws, but also affects the distribution of mechanical
stimuli in bone, and thus long-term bone density and bone strength.
2.2

Objectives
The objectives of this study were to (1) determine screw driving torques from the

recorded torque-time curves and investigate effects of pilot-hole diameter, screw
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penetration depth, embedded screw orientation, application of force and pressure on
screw driving torques in PB (2) predict screw driving torques for PB clamped together.
(3) investigate the effects of material mechanical properties, such as shear and tensile
strength on screw direct withdrawal loads in PB (4) develop a model to predict screw
direct withdrawal load capacity and investigate stress distribution (5) obtain right surface
pressure and investigate the effects of screw driving torques in PB.
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CHAPTER III
SCREW DIRVING TORQUES IN PARTICLEBOARD

3.1

Abstract
This study investigated characteristics of screw driving torques into particleboard.

Factors evaluated on screw seating and stripping torques (SET and STT) were pilot-hole
diameter, screw penetration depth, embedded screw orientation, turning speed and force
level. Torque-time curves of the complete process of screw driving demonstrated similar
screw torques in edge and face screw orientation of PB. Statistical analysis results
indicated that the force level had significant influences on the SET and STT per thread
within the combination of screw penetration depth and turning speed when no diameter
used in edge of PB. Comparing the screw penetration depths, the SET and STT per thread
with or without use of the pilot-hole diameter at the screw penetration depth of 0.75 in.
was higher than the one at 0.5 in. in all combination of force level and screw penetration
depth.
Keywords: screw driving torque, particleboard, turning speed, force, screw
penetration depth
3.2

Introduction
This study is primarily concerned with, application of force and turning speed to

drive screws into particleboards. Tor et al. (2015) reported that particleboard material had
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mean maximum driving torque (MDT) ranging from 9 to 16 lb.in., mean stripping torque
ranging from 28 to 54 lb.in., and mean ratio for STT to MDT ranging from 3.08 to 3.29.
Tor concluded that there was no significant difference on screw driving torques between
edge and end orientations. Yu et al. (2015) investigated the characteristics of driving
screws into six different PBs. It was also reported that mean SET values for driving screw
in face of PB materials ranged from 8 to 17 lb.in., whereas the mean stripping torque
ranged from 33 to 58 lb.in., and mean ratio for STT-to-SET ranging from 2.5 to 5.0. In
the case of edge of PB materials, mean SET values were from 6 to 10 lb.in. whereas
mean STT values were from 18 to 36 lb.in., and mean ratio for STT-to-SET ranged from
2.5 to 4.1. In both studies, No. 10-gauge, 1-1/2-in-long wood screw were used and pilotholes were drilled. The seating torque and stripping torque in PB materials with pilotholes were lower than their corresponding ones without pilot-holes. In addition, seating
and stripping torque can be estimated using power equation including PB material core
density and particle size and internal bond (IB) strength. (Yu et al., 2015).
National Particleboard Association (NPA,1968) studied on the screw holding of
particleboards. In this study, it was reported that the maximum torque required to set a
No.8 wood or self-tapping screw ranged from about 20 lb.in to 50 lb.in for 30 to 57 pcf
particleboards. Carroll (1970) measured the flush and maximum screw driving torques in
particleboard (PB) using a dial-type manual torque wrench at a loading rate of
approximately 8 seconds per revolution. The flush condition was defined as that in
which the screw head was fully touching the surface of the substrate. Carroll (1970)
reported that stripping of wood screw to occur after one full turn of the wrench beyond
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the point where the lag screw was in full contact with the side member. Hoadley (1977)
also found that the lag screw heads could pop-off due to overtightening the screw.
Liu C et.al. (2012) reported that the mean value of the insertion torque in four
different density group (0.01, 0.007, 0.006, and 0.004 lb/in3) ranged between 3.41 and
4.97 lb.in. and was higher in the foam bone specimens that had a higher density.
However, the difference between the middle density groups (4.04±0.08 lb.in. and
3.83±0.38 lb.in.) was not statistically significant. Ottoni et al. (2005) reported that the
insertion torque value was associated with the probability of implant loss, which can
decrease by 20% for every 0.87 lb.in. increase in the insertion torque value.
Studies have shown that driving screws into any kind of material may cause some
health problems such as cumulative injuries, which occur in connective soft tissues,
especially to tendons and their sheaths (Kroemer 1989). The cumulative injuries are
common in the hand-wrist-forearm area and in shoulder and neck. These kinds of injuries
are called Cumulative Trauma Disorders (CTD) which is caused or aggravated by
repetitive motions including vibrations, sustained or constrained postures, and forceful
movements at work. This term also called cervicobrachial disorder, cumulative trauma
injury, repetition strain injury, repetitive motion injury, rheumatic disease, osteoarthritis
and over-use injury (Armstrong et al., 1982; Chatterjee, 1987; Putz, 1988).
Many studies have found about the issues above. Manual screw-driving tool are
often performed with highly repetitive wrist movements (Aroori 2008) , and it may cause
Carpal Tunnel Syndrome (CTS), (Cederqvist and Lindberg 1993; Bonfiglioli et al 2007)
which is an entrapment neuropathy of the median nerve at the wrist level and it is
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associated with jobs characterized by repetitiveness, force and awkward postures
(Bernard 1997; Nordstrom et al 1997; Rempel et al 1998).
3.3

Objectives
The objectives of this study were to determine screw driving torques from the

recorded torque-time curves and investigate effects of pilot-hole diameter, screw
penetration depth, embedded screw orientation, application of force and pressure on
screw driving torques in PB.
3.4
3.4.1

Materials and Methods
Specimen Configurations and Materials
Figure 3.1 shows the configuration of the face-testing block. Each testing block

had nominal dimensions of 3 in. length by 6 in. width by 0.75 in. thick. The aluminum
plates were as the same size with the PB specimens. The pilot-holes were drilled at the
center of the edge testing blocks with a screw penetration depth of 0.5 and 0.75 in., using
1 in- and 0.75 in-thick aluminum plate on the top of the testing blocks, respectively. In
face testing block, two pilot-holes were drilled in a single block which was 1.5 in. away
from the edge and end, and 3 in. away from each other. (ASTM D1716 and D1037-06
2010)Table 3.1 and Figure 3.3 show general configuration and dimensions of a wood
screw.
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Figure 3.1

General configuration of a face-testing block
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Figure 3.2

General configuration of a wood screw

Head
Head
Shank
Thread shank
Thread
Length Diameter
length
width
diameter
diameter
projection
Pitch
Root depth
Tip depth
(L)
(D)
(Hl)
(Hw)
(Sd)
(Sps)
(d)
(p)
(r)
(t)
----------------------------------------------------------------------in---------------------------------------------------------------------1.447 (1) 0.183 (1) 0.160 (1) 0.37 (2) 0.148 (3)
0.135 (1)
0.015 (2) 0.079 (1)
0.025 (2)
0.012 (4)

Dimensions of 1-1/2 in-thick screws

1-1/2 in-thick

Screw type

Table 3.1
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3.4.2

Experimental design
A complete five-factorial experiment with 10 replications per combination was

conducted to evaluate effects of factors on seating torque (SET) and stripping torque
(STT) of driving screws into PB materials. The five factors were embedded screw
orientation (edge and face), and pilot-hole diameter (0 and 1/8 inches), screw penetration
depth (0.5 and 0.75 in), and turning speed (low and high), and force level which varied
based on the factors above as shown in table 3.2. The edge of a specimen was the edge
parallel to panel machine direction and the face of a specimen was the panel surface.
Two screw driving torque tests into one face-specimen and one test into edge-specimen
were performed separately as shown in figure 3.1. Therefore, a total of 480 screw-driving
tests were performed on 240 specimen blocks. Figure 3.3 shows the particle size
distribution of the core of the PB specimen. The PB core had 65% larger particles with
their size ranging from 0.18 to 0.60 in long and 0.1 to 0.16 in wide and 35% small
particles with their size ranging from 0.02 to 0.16 in long and 0.04 to 0.08 wide. No. 10gage, 1-1/2 in. long flathead and zinc plated phillips low carbon sheet metal screws were
used.
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Figure 3.3

Table 3.2

Particle size distribution of particleboard core (6 x 3 in.)

Force application for each treatment combinations

Screw
orientation
Edge

Turning Speed
Low

Screw
penetration depth
(in)
0.5
0.75

High

0.5
0.75

Face

Low

0.5
0.75

High

0.5
0.75
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Pilot-hole diameter
(in)
0
1/8
0
1/8
0
1/8
0
1/8

Force
(lb)
7.5, 10, 15
5, 10, 15
7.5, 10, 15
5, 10, 15
7.5, 10, 15
5, 10, 15
7.5, 10, 15
5, 10, 15

0
1/8
0
1/8
0
1/8
0
1/8

15, 17.5, 20
10, 15, 20
15, 17.5, 20
10, 15, 20
15, 17.5, 20
10, 15, 20
15, 17.5, 20
10, 15, 20

3.4.3

Specimen Preparation and Torque Measurements
Testing blocks were cut from full-size sheets of 3/4-thick PB panels (4 by 8ft),

and conditioned in an equilibrium moisture content chamber controlled at 68 ± 6ºC and
65 ± 5% relative humidity for two weeks. In the case of face testing blocks, two pilotholes were drilled in a single block, which were 1.5 in. away from edges and ends, and 3
in. away from each other (Figure 3.4). (ASTM D1716 and D1037-06, 2010). Pilot-hole
diameters used in this study were 0 and 1/8 inches which were 0%, 90% of the root
diameter of a screw, respectively. Two different thicknesses of aluminum plates were
also used which were 0.75 and 1 in. with 0.75 and 1 in. screw penetration depth.
Figure 3.3a-b shows the setup for recording torque-time curves during the process
of driving screws into face- and edge-testing blocks, respectively. The apparatus for the
screw driving torque measurement consists of a RTSX 100i rotary torque transducer, a
TT500FH dial pneumatic screwdriver, specific forces and a laptop computer installed
with Mountz torque & force analyzer, which has a CFII PCMCIA card and a Wizard Plus
software. The transducer operating torque range is from 10 to 100 lb.in. and the torque
data collecting rate is 50 points per second. The complete screw-driving test ended in
about 3-4 seconds. The torque apparatus with specific forces on was attached to an
ergonomic screwdriver arm. The arm prevents side force and cross threading, by securely
clasping the screwdriver and keeping the apparatus in a perpendicular alignment
(Mountztorque). Total of 960 data points were collected for screw driving torques from
torque-time curves. All screw driving torque values were divided by the number of the
thread along the screw. The screw had 12 threads counted in total. The screw penetration
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depth of 0.75 had 8 threads whereas the screw penetration depth of 0.5 in. had four
screws.

Figure 3.4

Preparation of PB specimen for driving torque test in face (a) and PB
specimen with aluminum plate on the top of face
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Figure 3.5

Screw driving torque setup

(a) face
(b) edge
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3.5

Results and Discussion
Table 3.3 summarizes mean values of physical and mechanical properties of PB

materials used in this study. Figure 3.6 shows the density profile of PB materials used in
this chapter. The physical and mechanical properties were evaluated in accordance with
the procedure described in ASTM D 4442-92 and D 1037-06 (2010a, 2010b),
respectively.
Table 3.3

Physical and mechanical properties of tested PB.

Density (lb/ft3)
Mositure content
(%)
Overall
Core
Surface
b
PB 37 (14)
29 (4)
53 (5)
8.0 (3)
b
Values in parentheses are coefficient of variation (%).

Figure 3.6

Internal bond
(psi)
112 (4)

Density profile of PB materials evaluated in this study.
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3.5.1

Torque Curves
Torque values for driving screws into a single PB material such as, SET and STT

were obtained from torque-time curves recorded by the torque measuring system. Figure
3.5 shows three typical torque-time curves recorded during the course of driving screws
into PB materials. Figure 3.7 a-b and 3.7c, which had only one peak, was observed in the
cases of screws driven into faces and edges of PB materials, respectively. The main
difference between those curves was the screw penetration depth. Driving screws into the
PB material with the screw penetration depth of 0.5 in. ended in shorter time than the one
in screw penetration depth of 0.75in because the use of 1 in-aluminum plate was thicker
than the 0.75 in-one.
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Figure 3.7

Typical torque-time curves of driving screws

into face (a) and (b) with 0.75 and 0.5 in screw penetration depths, respectively; into edge
(c) with 0.5 in. screw penetration depth (pilot-hole diameter = 1/8; load level = 15 lb;
turning speed = low)
3.5.2

Mean Comparisons of Driving Torques
Driving torque values per thread in testing PB blocks were calculated and

compared in edge and face grain orientation when pilot-hole diameter used. Since the
force levels were different within each pilot-hole diameter, statistical analysis was run
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separately based on the torque types (SET and STT) and pilot-hole diameter. Table 3.3
shows application of force used in this study based on the treatment combinations among
the factors. Table 3.4 and 3.5 summarize mean SET and STT for driving screws into
edge and face of tested PB materials, respectively. In each table, torque values for
driving screws into edge and face were divided into four groups based on the application
of pressure and force, pilot-hole diameter and screw penetration depth. In general, it is
certain that STT had significantly higher means than SET. Based on this, the analysis of
variance (ANOVA) and mean comparison were performed first on SET and STT per
thread of specimens within different pilot-hole diameter. All ANOVA and mean
comparison analyses on torque data for edge and face of PB specimens were performed at
the 5% significance level. Table 3.6 and 3.7 summarize p-values from ANOVA analyses
of SET and STT per thread for each of treatment combinations for edge and face of PB
specimens, respectively.
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a

Edge

90

Low

1/8

0

1/8

0

Screw orientation Pressure (psi) Pilot-hole diameter (in)

0.75

0.5

0.75

0.5

0.75

0.5

0.75

0.5

Screw penetration
depth (in)

10
10

10
15

10

15

10

10
5

10

10

15
5

10

10

10
10

10

15
7.5

10

10

10

15

10

10

7.5

10

10

15
5

10

10

10

10

10

15
5

10

10

10

15
10

10

10
7.5

10

7.5

Force (lb) Number of samples

0.93 (7)

0.95 (7)

0.84 (10)

0.64 (6)

0.63 (0)

0.63 (0)

0.99 (4)

1.00 (6)

0.89 (10)

0.7 (9)

0.87 (5)

0.79 (11)

0.9 (9)

0.94 (7)

0.89 (10)

0.58 (12)

0.63 (0)

0.64 (6)

0.95 (7)

0.98 (5)

0.85 (12)

0.84 (10)

0.75 (0)

0.75

(0) a

SET

2.75 (6)

2.8 (7)

2.48 (10)

1.47 (6)

1.48 (10)

1.35 (13)

2.63 (6)

2.49 (6)

2.35 (13)

1.84 (10)

1.73 (5)

1.74 (10)

2.57 (8)

2.78 (7)

2.5 (6)

1.62 (15)

1.59 (14)

1.48 (13)

2.58 (7)

2.63 (3)

2.48 (10)

1.69 (12)

1.85 (6)

1.68 (9)

STT

Torque type (lb.in)

Mean values of screw seating torques (SET) and stripping torques (STT) per thread in PB.

Values in parentheses are coefficient of variation (%).

Table 3.4
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a

Low

Face

1/8

0

1/8

0

Pilot-hole diameter (in.)

Values in parentheses are coefficient of variation (%).

High

Turning speed

0.75

0.5

0.75

0.5

0.75

0.5

0.75

0.5

Screw penetration depth
(in.)

10
10

17.5
20

10

20

10

10
15

10

15

10

20
17.5

10

17.5

10

20

10

10
15

10

10

20
15

10

17.5

10

15

10

20
10

10

15

10

20
10

10

10

10

10

20
15

10

17.5

17.5

10

Number of samples

15

Force (lb.)

Mean values of screw seating torques (SET) and stripping torques (STT) per thread in PB.

Screw orientation

Table 3.5
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1.26 (14)

1.1 (5)

1.23 (10)

1.6 (6)

1.56 (8)

1.56 (8)

1.83 (7)

1.81 (5)

1.76 (4)

2.2 (9)

2.02 (6)

2.08 (14)

1.26 (10)

1.2 (16)

1.18 (7)

1.54 (12)

1.64 (8)

1.58 (7)

1.79 (5)

5.13 (10)

4.66 (6)

4.76 (7)

4.98 (6)

4.8 (10)

5.4 (10)

5.58 (8)

5.13 (4)

5.04 (5)

6.86 (9)

6.26 (10)

5.48 (7)

4.31 (7)

4.13 (6)

4.09 (4)

5.12 (13)

5.54 (9)

5.46 (8)

5.76 (15)

5.65 (16)

4.85 (9)
1.88 (7)

1.65

6.88 (15)
(9) a

6.02 (14)

5.22 (10)

STT

2.18 (8)

2.18 (7)

2.08 (5)

SET

Torque type (lb.in.)

1/8 in

11.23 <.0001

0.57

0.5681

0.62

0.5381

1.13

0.3258

SET
STT
SET
STT
F value p value F value p value F value p value F value p value
15.12 <.0001
5.69
0.0045
4.29
0.0161
12.63
<.0001
2.71 0.1027
0.42
0.5186
0.37
0.5434
0.89
0.3465
184.73 <.0001
547.91
<.0001
706.84
<.0001
1074.5
<.0001
9.84 0.0001
4.12
0.0189
4.18
0.0179
0.62
0.5375
6.43 0.0023
1.3
0.277
6.61
0.002
2.38
0.0978
1.35 0.2472
2.24
0.1371
1.03
0.3119
7.36
0.0078

No

Summary of ANOVA results obtained from general linear model procedure performed on three factors for each SET
and STT per thread within each of pilot-hole diameters in edge of PB materials.

Source
Force
Pressure
Screw penetration depth
Force x Pressure
Force x Screw penetration depth
Pressure x Screw penetration depth
Force x Pressure x Screw penetration
depth

Table 3.6
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1/8 in

0.78 0.4624

0.84

0.4345

0.61

0.543

0.83

0.4373

SET
STT
SET
STT
F value p value F value p value F value p value F value p value
8.23 0.0005
30.14
<.0001
1.03
0.3618
1
0.3709
0.55 0.4618
0
0.9495
0.37
0.5421
4.39
0.0385
166.82 <.0001
44.26
<.0001
234.83
<.0001
66.53
<.0001
3.32 0.0399
0.97
0.3842
2.37
0.0984
2.68
0.0732
2.2 0.1159
3.79
0.0257
2.83
0.0636
5.25
0.0067
3.56 0.0618
2.01
0.1595
0
0.9459
32.77
<.0001

No

Summary of ANOVA results obtained from general linear model procedure performed on three factors for each SET
and STT per thread within each of pilot-hole diameters in face of PB materials.

Source
Force level
Turning speed
Screw penetration depth
Force level x Turning speed
Force level x Screw penetration depth
Turning speed x Screw penetration depth
Force level x Turning speed x Screw
penetration depth

Table 3.7
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3.5.2.1

Edge Specimens
General linear model (GLM) procedure for a three-factor ANOVA was performed

to analyze main effects and their interactions on means of SET and STT per thread for PB
edge specimens when no pilot-hole diameter used, respectively, followed by mean
comparisons using the protected least significant difference (LSD) multiple comparison
procedure if any significant interaction was identified, otherwise main effects were
concluded. Factors were force level (7.5, 10 and 15 lb.), turning speed (air pressure of 60
and 90 psi), and screw penetration depth (0.5 and 0.75 inches). All statistical analyses
were performed at the 5 percent significance level. Table 3.6 summarizes ANOVA
results obtained from the GLM procedure performed for SET and STT per thread when
driving screw into edge of PB material with and without pilot-hole diameter of 1/8 in.
For SET per thread with no pilot-hole diameter used, ANOVA results illustrated
that the three-way interaction was significant. This suggested that further analyses should
be focused on the significant interaction. In addition, main effects of force level and
screw penetration depth were all significant with their p values all less than 0.0001
whereas the main effect of turning speed was not significant with its p value of 0.1027.
Based on the main effect mean comparisons of turning speed, there was no significant
difference between the turning speeds, in general. Further checking F values of these
significant main effects found that their relative magnitudes were different. Screw
penetration depth had much higher F value of 184.73 than force level with an F value of
15.12. As a result, the interpretation of screw penetration depth effects on the SET per
thread was based on main effect mean comparison. The mean comparison result indicated
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that the screw penetration depth of 0.05 in. had higher SET per thread than the one in the
0.75 in. driven into edge of PB without pilot-hole diameter.
The force level was analyzed through considering the three-way interaction
because of the nature of conclusions from interpretation of main effects also depends on
the relative magnitudes of the interaction and individual main effects (Freund and Wilson
1997). Table 3.8 summarized mean comparisons of SET per thread for force level within
each combination of turning speed by screw penetration depth. The results were based on
a one-way classification with 12 treatment combinations considering the three-factor
interaction and mean comparisons among these combinations using a single LSD value of
0.057 lb.in. Additionally, mean comparison of the SET per thread based on the three-way
interaction for the main effect of the screw penetration depth an turning speed yielded the
similar results obtained from mean comparison considering these main effects.
Table 3.8

Mean comparison of seating torque per thread in edge of PB with no pilothole diameter for force levels within each combination of screw penetration
depth and turning speed.

Force level (lb) a
Screw penetration
Turning speed
depth
7.5
10
15
(in)
-----------------(lb.in)--------------Low
0.5
(0.75) B (0.75) B (0.84) A
0.75
(0.85) B
(.98) A
(.95) A
High
0.5
(0.79) B (0.87) A
(0.7) C
0.75
(0.89) B
(1) A
(.99) A
a
Means not followed by a common letter are significantly different at the 5% level.
For STT per thread with no pilot-hole diameter use, ANOVA results illustrated
that turning speed had a p-value of 0.5186, which was considered statistically nonsignificant whereas main effects of force level and screw penetration depth were
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significant; their corresponding F values of 5.69 and 547.91. Consequently, the
significant of screw penetration depth on SET per thread is much stronger than the force
level since screw penetration depth had a much greater F-value of than force level.
Hence, screw penetration depth on STT per thread was performed based on mean
comparisons of main effect directly. The comparison result indicated that the screw
penetration depth of 0.5 in. had higher STT per thread than the one in the 0.75 in. The
force level on the STT per thread with a p value of 0.0045 was analyzed through
considering the non-significant three-way interaction as suggested previously. Mean
comparison results were summarized in Table 3.9 for force level. The results were based
on a one-way classification with 12 treatment combinations considering the three-factor
interaction and mean comparisons among these combinations using a single LSD value of
0.1599 lb.in. Additionally, mean comparison of the STT per thread based on the threeway interaction for the main effect of the screw penetration depth an turning speed
yielded the similar results obtained from mean comparison considering these main
effects.
Table 3.9

Mean comparison of stripping torque per thread in edge of PB with no pilothole diameter for force levels within each combination of screw penetration
depth and turning speed.

Force level (lb)
Screw penetration
Turning speed
depth
7.5
10
15
(in)
-----------------(lb.in)--------------Low
0.5
(1.74) A
(1.73) A
(1.84) A
0.75
(2.35) B (2.49) AB (2.63) A
High
0.5
(1.69) B
(1.85) A
(1.68) B
0.75
(2.48) A
(2.63) A
(2.58) A
a
Means not followed by a common letter are significantly different at the 5% level.
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The same ANOVA procedure was performed for SET per thread when pilot-hole
diameter of 1/8 in used for edge of PB specimens. Only different factor was the force
level (5, 10, and 15 lb.) and the rest of the factors were as the same as the ones with no
pilot-hole diameter.
For SET and STT per thread in edge of PB material with use of pilot-hole
diameter of 1/8in., ANOVA results revealed that turning speed had a p-value of 0.5434
and 0.3465, which were considered statistically non-significant for SET and STT per
thread, respectively. On the contrary, main effects of force level and screw penetration
depth were significant; their corresponding F values of 4.29 and 706.84 for SET per
thread and 12.63 and 1074.5 for STT per thread, respectively. As a result, the significant
of screw penetration depths on SET and STT per thread were much stronger than the
force level since screw penetration depth had a much greater F values of than force
levels. Hence, screw penetration depths on SET and STT per thread were performed
based on mean comparisons of main effects directly. The comparison results indicated
that the screw penetration depths of 0.5 in. had higher SET and STT per thread than the
ones in the 0.75 in. The force level on the SET and STT per thread with a p value of
0.0161 and <0.0001 was analyzed through considering the non-significant three-way
interaction, respectively. Mean comparison results for force levels were summarized in
Table 3.10 for SET per thread and Table 3.11 for STT per thread. The results were based
on a one-way classification with 12 treatment combinations considering the three-factor
interaction and mean comparisons among these combinations using a single LSD value of
0.0518 and 0.1703 lb.in. Additionally, both mean comparison of the SET and STT per
thread based on the three-way interaction for the main effect of the screw penetration
41

depth an turning speed yielded the similar results obtained from mean comparison
considering these main effects.
Table 3.10

Mean comparison of seating torque per thread in edge of PB with pilot-hole
diameter of 1/8 in. for force levels within each combination of screw
penetration depth and turning speed.

Force level (lb)
Screw penetration
Turning speed
depth
5
10
15
(in)
---------------(lb.in)--------------Low
0.5
(0.64) A (0.63) A (0.57) B
0.75
(0.89) A (0.94) A (0.90) A
High
0.5
(0.63) A (0.63) A (0.64) A
0.75
(0.84) B (0.95) A (0.93) A
a
Means not followed by a common letter are significantly different at the 5% level.
Table 3.11

Mean comparison of stripping torque per thread edge of PB with pilot-hole
diameter of 1/8 in. for force levels within each combination of screw
penetration depth and turning speed.

Force level (lb)
Screw penetration
Turning speed
depth
5
10
15
(in)
----------------(lb.in)---------------Low
0.5
(1.48) A (1.59) A (1.62) A
0.75
(2.5) B
(2.78) A (2.57) B
High
0.5
(1.35) A (1.48) A (1.47) A
0.75
(2.48) B
(2.8) A
(2.75) A
a
Means not followed by a common letter are significantly different at the 5% level.
3.5.2.2

Face Specimens
General linear model (GLM) procedure for a three-factor ANOVA was performed

to analyze main effects and their interactions on means of SET and STT per thread for PB
face specimens with no pilot-hole diameter used, respectively, followed by mean
comparisons using the protected least significant difference (LSD) multiple comparison
procedure if any significant interaction was identified, otherwise main effects were
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concluded. Factors were force level (15, 17.5 and 20 lb.), turning speed (air pressure of
60 and 90 psi), and screw penetration depth (0.5 and 0.75 inches). All statistical analyses
were performed at the 5 percent significance level. Table 3.7 summarizes ANOVA
results obtained from the GLM procedure performed for SET and STT per thread when
driving screw into PB material with and without pilot-hole diameter of 1/8 in.
For SET per thread when no pilot-hole diameter used, ANOVA results illustrated
that turning speed had a p-value of 0.4618, which was considered statistically nonsignificant. Mean comparison of main effects indicated that turning speed had no
significant effect on SET per thread, driven screw into the PB material when used no
pilot-hole diameter. Main effects of force level and screw penetration depth were all
considered statistically significant at the 5% significance level. Further checking the
magnitudes of their F-values (Table 3.7) indicated that the screw penetration depth had a
much greater F-value of 166.82 than force level with an F-value of 8.23. As a result, the
significant of screw penetration depth on SET per thread is much stronger than the force
level. Hence, screw penetration depth on SET per thread was performed based on mean
comparisons of main effect directly. The comparison result indicated that the screw
penetration depth of 0.05 in. had higher SET per thread than the one in the 0.75 in. The
force level on the SET per thread was analyzed through considering the non-significant
three-way interaction with a p value of 0.4624. Mean comparison results of force levels
on the SET per thread within each combination of screw penetration depth by turning
speed summarized in Table 3.12. The results were based on a one-way classification with
12 treatment combinations considering the three-factor interaction and mean comparisons
among these combinations using a single LSD value of 0.1434 lb.in.
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Table 3.12

Mean comparison of seating torque per thread in face of PB with no pilothole diameter for force levels within each combination of screw penetration
depth and turning speed.

Force level (lb)
Screw penetration
Turning speed
depth
15
17.5
20
(in)
----------------lb.in----------------Low
0.5
(2.08) A (2.18) A
(2.18) A
0.75
(1.65) B (1.88) A
(1.79) A
High
0.5
(2.02) B (2.02) B
(2.2) A
0.75
(1.76) A (1.81) A
(1.83) A
a
Means not followed by a common letter are significantly different at the 5% level.
Table 3.13

Mean comparison of seating torque per thread in face of PB with no pilothole diameter for pressure levels within each combination of force levels
and screw penetration depth.

Turning speed
Force level
Low
High
(lb)
----------(lb.in)---------15
(2.08) A
(2.02) A
17.5
(2.18) A
(2.02) B
20
(2.18) A
(2.2) A
0.75
15
(1.65) A
(1.76) A
17.5
(1.88) A
(1.81) A
20
(1.79) A
(1.83) A
a
Means not followed by a common letter are significantly different at the 5% level.
Screw penetration
depth
(in)
0.5

For STT per thread, ANOVA results (Table 3.7) indicated that turning speed had
a p-value of 0.9495, which was considered statistically non-significant. Mean comparison
of main effects indicated that turning speed had no significant effect on STT per thread,
driven screw into the PB material when used no pilot-hole diameter. Main effects of force
level and screw penetration depth were all considered statistically significant at the 5%
significance level. Further checking the magnitudes of their F-values (Table 3.7)
indicated that even though two main effects were significant based on their p-values, their
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corresponding F values were relatively low (less than 100). Thus, their effects on the STT
per thread were analyzed through considering the three-way interaction even though it
was not significant. Mean comparison results were summarized in Table 3.14 for force
level and in Table 3.15 for screw penetration depth, respectively. The results were based
on a one-way classification with 12 treatment combinations considering the three-factor
interaction and mean comparisons among these combinations using a single LSD value of
0.5741lb.in.
Table 3.14

Mean comparison of stripping torque per thread in face of PB with no pilothole diameter for force levels within each combination of screw penetration
depth and turning speed.

Force level (lb)
Screw penetration
Turning speed
depth
15
17.5
20
(in)
---------------(lb.in)-------------Low
0.5
(5.22) C (6.02) B (6.88) A
0.75
(4.85) B (5.65) A (5.76) A
High
0.5
(5.48) C (6.26) B (6.86) A
0.75
(5.04) A (5.13) A (5.58) A
a
Means not followed by a common letter are significantly different at the 5% level.
Table 3.15

Mean comparison of stripping torque per thread in face of PB with no pilothole diameter for screw penetration depths within each combination of force
level and turning speed.

Screw penetration depth
(in)
Turning speed
Force level
0.5
0.75
(lb)
---------(lb.in)-------Low
15
(5.22) A
(4.85) A
17.5
(6.02) A
(5.65) A
20
(6.88) A
(5.76) B
High
15
(5.48) A
(5.04) A
17.5
(6.26) A
(5.13) B
20
(6.86) A
(5.58) B
a
Means not followed by a common letter are significantly different at the 5% level.
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The same ANOVA procedure was performed for SET per thread, drilled pilothole diameter of 1/8 in into face of PB material. Only different factor was the force level
(10, 15, and 20 lb.) and the rest of the factors were as the same as the ones with no pilothole diameter. For SET per thread, ANOVA results indicated that turning speed and load
level had p-value of 0.5421 and 0.3618, which were considered statistically nonsignificant. Mean comparison of main effects indicated that turning speed and load level
had no significant effect on SET per thread, driven screw into the PB material using pilothole diameter of 1/8 in.. On the contrary, the main effect of screw penetration depth had a
p-value of <0.0001 with a F value of 234.83. Hence, screw penetration depth on SET per
thread was performed based on mean comparisons of main effect directly. The
comparison result indicated that the screw penetration depth of 0.05 in. had higher SET
per thread than the one in the 0.75 in. Mean comparison results of SET per thread were
summarized in Table 3.16 for force level. The results were based on a one-way
classification with 2 treatment combinations considering the three-factor interaction and
mean comparisons among these combinations using a single LSD value of 0.1191 lb.in.
Additionally, mean comparison of the SET per thread based on the three-way interaction
for the main effect of the screw penetration depth and turning speed yielded the same
result obtained from mean comparison considering main effects.
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Table 3.16

Mean comparison of seating torque per thread in face of PB with pilot-hole
diameter of 1/8 in. for screw penetration depth within each combination of
force level and turning speed.

Force level (lb)
Screw penetration
Turning speed
depth
15
17.5
20
(in)
---------------(lb.in)-------------Low
0.5
(1.58) A (1.64) A (1.54) A
0.75
(1.18) A
(1.2) A
(1.26) A
High
0.5
(1.56) A (1.56) A
(1.6) A
0.75
(1.23) A
(1.1) B
(1.26) A
a
Means not followed by a common letter are significantly different at the 5% level.
For STT per thread, ANOVA results (Table 3.7) indicated that even though three
main effects of turning speed and screw penetration depth were significant based on their
p-values, their corresponding F values were relatively low (less than 100) whereas the
main effect of force level was not significant (p-value of 0.3709). Consequently, two
significant main effects on the STT per thread were analyzed through considering the
three-way interaction. Mean comparison results were summarized in Table 3.17 for
pressure level and Table 3.18 for turning speed, respectively. The results were based on a
one-way classification with 12 treatment combinations considering the three-factor
interaction and mean comparisons among these combinations using a single LSD value of
0.4192 lb.in.
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Table 3.17

Mean comparison of stripping torque per thread in face of PB with pilothole diameter of 1/8 in. for screw penetration depth within each combination
of force level and turning speed.

Screw penetration
depth (in)
Turning speed
Force level
0.5
0.75
(lb)
---------(lb.in)-------Low
10
(5.46) A
(4.09) B
15
(5.54) A
(4.13) B
20
(5.12) A
(4.31) B
High
10
(5.4) A
(4.76) B
15
(4.8) A
(4.66) A
20
(4.98) A
(5.13) A
a
Means not followed by a common letter are significantly different at the 5% level.
Table 3.18

Mean comparison of stripping torque per thread in face of PB with pilothole diameter of 1/8 in. for turning speeds within each combination of force
level and screw penetration depth.

Turning speed
Force level
Low
High
(lb)
---------(lb.in)-------10
(5.46) A
(5.4) A
15
(5.54) A
(4.8) B
20
(5.12) A
(4.98) A
0.75
10
(4.09) B
(4.76)AB
15
(4.13) B
(4.66) A
20
(4.31) B
(5.13) A
a
Means not followed by a common letter are significantly different at the 5% level.
Screw penetration
depth
(in)
0.5

3.5.3
3.5.3.1

Force level effects
Edge orientation
Statistical analysis results indicated that the force level had significant influences

on the SET and STT per thread within the combination of screw penetration depth and
turning speed when no diameter used in edge of PB. In general, the force level of 10 lb.
had higher SET per thread than the other two force levels in all combinations (Table 3.8).
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There was no significant difference between the force levels of 10 and 15 lb., except one
case. The force level of 15 lb. had higher SET per thread than the other force levels on
which there was no significant difference between them. In the case of using the pilothole diameter of 1/8 in., there was almost no significant difference among the force levels
in all combination of screw penetration depth and turning speed except two cases. The
SET per thread was significantly lower at the force level of 15 lb. than the other two force
levels when screw penetration depth was 0.5 in.-deep, driving the screw into material
with low turning speed (Table 3.9). Another case was that SET per thread was
significantly lower at the force level of 7.5 lb. than the other two force levels when screw
penetration depth was 0.75 in.-deep, driving the screw into material with high turning
speed.
In the case of STT per thread in general, the force level of 15 lb. tended to have
higher STT per thread than the other two force levels when screw driven with the low
turning speed whereas the same trend did not follow when the use of high turning speed
(Table 3.10). The force level of 10 lb. had higher STT per thread than the other two force
levels when no diameter used. In the usage of pilot-hole diameter of 1/8 in, the STT per
thread was lowest at the force level of 5 in. while the force level of 10 lb. tended to be
highest almost in all combinations, except one case. The force level of 15 lb. had higher
STT per thread than the other two levels; however there was no significant difference
among all force levels (Table 3.11).
3.5.3.2

Face orientation
Table 3.12 indicates that the SET per thread was lowest at the force level of 15 lb.

in all combination of screw penetration depth and turning speed when no diameter used.
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In two cases, there was significant difference between the force levels at which the screw
penetration depth 0.5 in. was used to drive to the screw in with low turning speed.
Another one was the usage of 0.75 in with high turning speed. In the case of using pilothole diameter of 1/8 in. in general, there was no significant difference in SET per thread
among the force levels in almost all cases, except one case. The force level of 15 lb. had
the lowest SET per thread than the other two levels (Table 3.16).
In the case of STT per thread when no diameter used, the force level of 20 lb. had
the highest STT per thread whereas the force level of 15 lb. had lowest, in general in all
combinations. There was no significant difference between the force levels when the
screw driven into the material 0.75 in-deep, by applying the high turning speed.
3.5.4
3.5.4.1

Screw penetration depth effects
Edge specimens
In general, comparing the screw penetration depths, the SET and STT per thread

when no pilot-hole diameter and the pilot-hole diameter of 1/8 in. used at the screw
penetration depth of 0.75 in. was higher than the one at 0.5 in. in all combination of force
level and screw penetration depth.
3.5.4.2

Face specimens
In general, the STT per thread decreased when the screw penetration depth

increased from 0.5 to 0.75 in. in all force levels as shown in Table 2.15. There was only
one case which the screw penetration depths did not differ from each other at the force
level of 20 lb..
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Table 3.15 indicated that the screw penetration depth of 0.5 in. in general had
higher than the one in 0.75 in. There was no significant difference among the screw
penetration depths level at the force levels of 15 and 17.5 lb. with the low turning speed
and at the force level of 15 lb. with the high turning.
Table 3.16 indicated that there was no significant difference among the screw
penetration depths at force level of 15 and 20 lb. with the usage of the high turning speed.
3.5.5
3.5.5.1

Turning speed effects
Edge specimens
There was no significant difference among the turning speeds when no pilot-hole

diameter used, by driving the screw into the material with both screw penetration depth
levels within all force levels.
3.5.5.2

Face specimens
Table 3.13 indicated that the SET per thread when no diameter used, in general,

there was no significant difference among the turning speeds. The high turning speed had
higher SET per thread was higher than the one with low turning speed. in all combination
of force level and screw penetration depth, except one case. The SET per thread at the
high turning speed was higher than the one with low turning speed when the screw driven
into the material 0.5 in.–deep, by applying 17.5 lb-force.
Table 3.17 indicated that the STT per thread at screw penetration depth of 0.75,
the high turning speed was higher than the one with low turning speed when the pilothole diameter of 1/8 in. used.
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3.6

Conclusion
The characteristics and effects of screw driving torques in particleboard were

investigated through evaluating effects of different factors on critical torques that are
used to characterize the behavior of torques driven screws into a material. The factors
were embedded screw, pilot-hole diameter, screw penetration depth, force, and pressure.
Screws were driven into each material in two orientations edge and face. Two levels of
pilot-hole diameters, 0 and 1/8 in., were evaluated.
Torque-time curves indicated that the behavior of torques for driving screws into
the edge and face of a particleboard was the same. Driving screws into the edge and face
of evaluated particleboard, the screw torque gradually increased to its SET, and was then
followed by an immediately dramatic increase to its STT.
In general, there was no significant difference between the low and high turning
speed in almost all cases. Comparing the screw penetration depths, 0.5 in.-deep screw
penetration depth was higher than the one with 0.75 in. for stripping torque per thread.
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CHAPTER IV
SCREW DRIVING TORQUES IN CONNECTION OF TWO PARTICLEABORADS

4.1

Abstract
In this study, screw driving torques for PB clamped together were predicted from

a single specimen test. Factors evaluated on screw seating and stripping torques (SET and
STT) were pilot-hole diameter, embedded screw orientation, and testing groups. Results
indicated that the SET and STT tended to increase when the pilot-hole diameter
decreased from 11/64 to 1/16 in.. The prediction of the SET and STT values of driving
screws through a face into an edge of PB materials can be predicted by the connection of
two separate PB materials between a single face specimen with countersink in the surface
and a single edge specimen. In addition, a face into a face PB connection, the prediction
of both SET and STT can be predicted by connection of two separate face specimens.
Keywords: screw driving torque, prediction of screw torque, screw orientation,
pilot-hole diameter
4.2

Introduction
Tor et al. (2015) and Yu et al. (2015) investigated the characteristics of driving

screws into PBs. In both studies, No. 10-gauge, 1-1/2-in-long wood screw was used and
pilot-holes were drilled. It was also reported that there was difference between the seating
and stripping torques when screws were driven into edge and end of OSB and PB due to
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particle and flake size. OSB had large flake in its core, while PB had small particles in its
core, even though it had a higher core density. In the case of face-orientation, the SET
and STT of screw driven into the material face were not sensitive to particle size of the
material. In the same study, it was mentioned that SET and STT in PB materials with
pilot-holes were lower than their corresponding ones without pilot-holes. In addition,
seating and stripping torque can be estimated using power equation including PB material
core density and particle size and internal bond (IB) strength. (Yu et al., 2015).
National Particleboard Association (NPA, 1968) studied on the screw holding of
particleboards. In this study, it was reported that the maximum torque required to set a
No.8 wood or self-tapping screw ranged from about 20 lb.in to 50 lb.in for 30 to 57 pcf
particleboards. Carroll (1970) measured the flush and maximum screw driving torques in
particleboard (PB) using a dial-type manual torque wrench at a loading rate of
approximately 8 seconds per revolution. The flush condition was defined as that in
which the screw head was fully touching the surface of the substrate.
Ottoni et al. (2005) reported that the insertion torque value was associated with
the probability of implant loss, which can decrease by 20% for every 0.87 lb.in. increase
in the insertion torque value. There was another study on driving torques by Gates (2009)
and reported that overtorqueing the screw can cause a 77% decrease in screw maximum
withdrawal load. The torque requirements are influenced by screw size, panel density,
and depth of screw penetration depth. There is no significant influence on torque
requirement or withdrawal resistance in PB when the screw root diameter is between
50% and 90%.
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4.3

Objectives
The objectives of this study were to (1) determine screw driving torques from the

recorded torque-time curves for a single edge and face specimens along with a
connection of two specimens (2) predict screw driving torques for PB clamped together.
4.4
4.4.1

Materials and Methods
Specimen Configurations and Materials
Testing blocks were cut from full-size sheets of 3/4-thick PB panels (4 by 8ft),

and conditioned in an equilibrium moisture content chamber controlled at 68 ± 3ºC and
65 ± 5% relative humidity for two weeks. The pilot-hole was drilled at the center of the
edge testing block with depth of 0.5 and 0.75 in. In face testing block, two pilot-holes
were drilled in a single block which was 1.5 in. away from the edge and end, and 3 in.
away from each other. In the case of testing blocks clamped together, all the pilot-holes
were drilled at the center of the specimen as shown in Figure 4.3 (ASTM D1716 and
D1037-06, 2010). The physical and mechanical properties were evaluated in accordance
with the procedure described in ASTM D 4442-92 and D 1037-06 (2010a, 2010b),
respectively. In this chapter, seven different drill bits were used which were titanium
coated which reduces friction and increases drilling speeds in material. Table 4.1 shows
the ratio percentage of size of pilot-hole diameters over screw shank diameter along with
ratio percentage of size of pilot-hole diameters over screw diameter.
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0.134

0.184

45
56
68
79
90
102
113
125
135
147

1/16 (0.063)
5/64 (0.078)
3/32 (0.094)
7/64 (0.109)
1/8 (0.125)
9/64 (0.141)
5/32 (0.156)
11/64 (0.172)
3/16 (0.188)
13/64 (0.203)

34
42
50
59
67
76
84
92
101
109

Shank diameter of Diameterof wood
Percentage of
Percentage of
wood screw
screw
pilot-hole diameter / shank diameter pilot-hole diameter / screw diameter
(in)
(in)
(%)
(%)

Pilot-hole diameters and their ratio over shank diameter and screw diameter for 1-1/2 in-long wood screw.

Pilot-hole diameter
(in)

Table 4.1
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4.4.2

Experimental Design
A complete two-factorial experiment with 20 replications per combination was

conducted to evaluate screw driving torque of SET and STT data per thread of a screw
for a single edge and face testing block and predict the SET and STT for PB face to face
and face to edge connections. There were three sections in this part of the study which
were to obtain SET and STT for a single edge and face of PB blocks and obtain SET and
STT for two PB face to face and face to edge connections and lastly compare observed
and prediction value of SET and STT for two PB block connection.
In the first section, a complete two-factorial experiment with 20 replications per
combination was conducted to evaluate screw driving torques of SET and STT data per
thread of a screw for a single edge and face PB block. The factors were pilot-hole
diameter (1/16, 5/32, 7/64, 1/8, 9/64, 5/32 and 11/64 inches). Testing methods for face
orientation were 1) top-testing PB block with countersink on the surface, 2) bottomtesting PB block without countersink on the surface, 3) bottom-testing PB block tested
with an aluminum plate as two blocks. In the case of edge orientation, only difference in
the factors was the testing method that was the bottom-testing block tested with an
aluminum plate.
In the second section, a complete two-factorial experiment with 20 replications
per combination was conducted to evaluate screw driving torques of SET and STT data
per thread of a screw for two PB blocks clamped together. The factors were pilot-hole
diameter (9/64, 5/32, 11/64, 12/64, and 13/64) and embedded screw orientation (face to
face and face to edge). Testing methods were based on the two PB block clamped
together one of which was face to face and other one was face to edge.
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In the third section, a complete two-factorial experiment with 20 replications per
combination was conducted to compare the observed and predicted value of SET and
STT data per thread of a screw for two PB blocks clamped together. The factors were
pilot-hole diameter (9/64, 5/32 and 11/64 inches), testing methods (two testing methods
for face orientation and one method for edge orientation). Based on these testing methods
mentioned, two different predictions were compared with each other to evaluate which
prediction of screw driving torques would be more suitable than the other one. One
prediction was from the connection of top-testing PB block with countersink on the
surface and a bottom-testing PB block without sink in it. Another one was from the toptesting block with countersink on the surface and the bottom-testing block tested with an
aluminum plate.
The application of force and pressure were based on the previous chapter from
which the minimal condition of force and pressure combination was selected and began
testing. A total of 480 screw driving tests were performed in the face and edge of the PB
blocks. Each testing block had nominal dimensions of 3 in long by 6 in wide by 0.75 in
thick. All torque measurements were performed immediately after pilot-holes had been
drilled into the testing blocks. No. 10-gage, 0.75 and 1-1/2 in-long flathead and zinc
plated Philips low carbon sheet metal screws.
Screw driving torques for two PB blocks clamped together from screw driving
torque values per thread in three different prediction equations was predicted. Firstly, the
screw driving torque values were recorded to calculate how much torque applied in each
thread of the screw in all testing methods, then using these data to predict the PB
connections.
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4.4.3

Specimen Preparation and Torque Measurement
The apparatus for the screw driving torque measurement consists of a RTSX 100i

rotary torque transducer, a TT500FH dial pneumatic screwdriver, specific forces and a
laptop computer installed with Mountz torque & force analyzer, which has a CFII
PCMCIA card and a Wizard Plus software. The transducer operating torque range is
from 10 to 100 lb.in. and the torque data collecting rate is 50 points per second. The
complete screw-driving test ended in about 3-4 seconds. The torque apparatus with
specific forces on was attached to an ergonomic screwdriver arm. The arm prevents side
force and cross pitching, by securely clasping the screwdriver and keeping the apparatus
in a perpendicular alignment (Mountztorque). Critical torque values were obtained from
torque-time curves.
At the beginning of the testing process, minimal conditions between the
combination of turning sped and force levels were selected as low as a wood screw can
be driven in edge and face of PB materials. Referring to Chapter I, the low turning speed
and the force level of 10lb. for face orientation and 5 lb. for edge orientation were used
due to the usage of pilot-hole diameter. All torque measurement was performed
immediately after pilot-holes were drilled into testing blocks for all methods.
Screw driving torque data were collected from three different testing methods for
face of PB and one method for edge of PB. For this purpose, there were two separate
testing blocks, one of which was top-testing block, and other one was bottom testing
block. In the first method for face of PB, the top-testing block was tested with a counter
sink at two spots on the surface of the block, which stopped the screw penetrating deeper
into the block. The counter sink was drilled with a 3/8 in. countersink bit in order to
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obtain a flat surface after driven the screw in as shown in figure 4.3 (a). The two sinks
were drilled 1.5 inches away from the edges & ends of material itself and 3 inches away
from each other (ASTM D1716 and D1037-06, 2010). Once the drilling process had been
finished, the pilot-hole was drilled all the way through the block since it is assumed as the
top block of the two PB blocks clamped. The top-testing blocks were begun testing from
the narrowest pilot-hole diameter of 1/16 in, then the other diameters following tested for
all testing methods. In this first group, the number of the threads was six as it was
assumed the top of PB face to face connection.
In the second method, the bottom-testing block without sink was tested as
assumed the bottom block of the PB face to face connection as shown in figure 4.3 (b).
The pilot-hole was drilled about 90% of the block, which makes it 95% of the length of
the wood screw to prevent any failure due to fastener connection. Two pilot-holes were
drilled 3 inches away from each other and 1.5 inches away from the ends, into a single
block without the countersink. The number of the threads was six as it was assumed the
bottom of PB face to face connection.
In the third group, a 0.75 in-thick metal plate was used to test the driving torques
with 0.75 in screw penetration depth into PB material. The reason for using the metal
plate was to stop screw penetrating more into the testing block. The number of the
threads was eight in this part as it was assumed the bottom of PB face to face connection.
From all these three groups, the driving torques, which were SET and STT per
thread, were predicted for PB face to face connection from Eq. 4.1 and 4.2, and for PB
face to edge connection was from Eq.4.3, respectively.
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4.4.3.1

Calculation for screw thread and thread
Dimensions of screws were measured by a digital caliper as shown in figure 4.3.

Table 4.2 shows the all measurement of 3/4- and 1-1/2 in-thick screws used in this part of
the study. The 1-1/2 in-thick screws were driven into face of PB tested with aluminum
plate and into face to face and face to edge clamped PB. These screws had 12 threads and
12 threads in total, excluding the tip count. The 3/4 in-thick screw was only driven into
the single face PB blocks with and without counter sink in. This screw had 6 threads in
total and the same number used in the test
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Dimensions of 3/4 in-thick and 1-1/2 in-thick screws

b)

Head
Shank
Pitch shank
Thread
Length Diameter length Head width diameter
diameter
projection
Pitch
Root depth
Tip depth
Screw type
(l)
(D)
(hl)
(hw)
(dtfb)
(dfb)
(d)
(p)
(r)
(t)
----------------------------------------------------------------------------------in----------------------------------------------------------------------3/4 in-thick
0.72 (1) 0.185 (1) 0.155 (5) 0.367 (3)
0.134 (3)
0.013 (3)
0.078 (1)
0.025 (2)
0.011 (6)
1-1/2 in-thick 1.447 (1) 0.183 (1) 0.160 (1) 0.37 (2) 0.148 (3) 0.135 (1)
0.017 (2)
0.08 (1)
0.025 (2)
0.012 (4)

Table 4.2

a)

Doug Gaunt (1996)

Measurement of screw length (L) by a digital caliper

a) digital caliber
b) wood

Figure 4.1
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a) PB face top block with sink in as top block

b) PB bottom-testing block without sink in as bottom
block

(c) PB top-testing block with metal plate on the top

Figure 4.2

PB top-testing block with & without sink in and with aluminum plate
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4.4.3.2

Prediction equations
For PB face to edge connection, there were two testing methods to obtain screw-

driving data to predict the screw driving torques for two PB blocks clamped. The testing
methods were 1) Single face-block with counter sink in tested as a top-block. 2) Single
edge-block with an aluminum plate on tested as bottom-testing block.
For PB face to face connection, there were three methods to obtain screw-driving
data to predict the screw driving torques for two PB blocks clamped. The testing methods
were 1) Single face-block with counter sink in tested as a top-block. 2) Single face-block
without counter sink tested as bottom-testing block. 3) Single face-block with an
aluminum plate on tested as bottom-testing block.
4.4.3.2.1

Seating torque

SET for face to edge PB connection was predicted from SET values per thread in
single blocks and one prediction equation was used. Eq. 4.1 was used to predict SET
value for face to edge PB connection.
SET for face to face PB connection was predicted from SET values per thread in
single blocks and two prediction equations were used. Eq. 4.2 and Eq. 4.3 were used to
predict SET value for face to face PB connection.
4.4.3.2.1.1

Prediction equation for edge-grain orientation
SETtwo (edge) = (SETT / # of thread) x 4 +(SETB / # of thread) x 8

(4.1)

where:
SETtwo is assumed seating torque for two PB face blocks clamped (lb.in)
SETT

is seating torque for top-testing block for face of PB with 6 threads (lb.in)
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SETB
4.4.3.2.1.2

is seating torque for bottom-testing block of PB with 8 threads (lb.in)
Prediction equation for face-grain orientation

SETtwo (face) = (SETT / # of thread) x 4 + (SETB / # of thread) x 8

(4.2)

where:
SETtwo is assumed seating torque for two PB face blocks clamped (lb.in)
SETT

is seating torque in top-testing block for face of PB with 6 threads (lb.in)

SETB

is seating torque in bottom-testing block for face of PB with 8 threads
(lb.in)

4.4.3.2.1.3

Prediction equation for face-grain orientation
SETtwo (face) = (SETT / # of thread) x 4 + (SETB / # of thread) x 8

(4.3)

where:
SETtwo is assumed seating torque for two PB face blocks clamped (lb.in)
SETT

is seating torque in top-testing block for face of PB with 6 threads (lb.in)

SETB

is seating torque in bottom-testing block for face of PB tested with
aliminum plate and the number of threads was 8 threads (lb.in).

4.4.3.2.2

Stripping torque

STT for face to edge PB connection was predicted from STT values per thread in
single blocks and one prediction equation was used. Eq. 4.4 was used to predict STT
value for face to edge PB connection.
STT for face to face PB connection was predicted from STT values per thread in
single blocks and two prediction equations were used. Eq. 4.5 and Eq. 4.6 were used to
predict STT value for face to face PB connection.
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4.4.3.2.2.1

Prediction equation for edge-grain orientation
STTtwo (edge) = (STTT / # of thread) x 4 +(STTB / # of thread) x 8

(4.4)

where:
STTtwo is assumed stripping torque for two PB face blocks clamped (lb.in)
STTT

is stripping torque for top-testing block for face of PB with 6 threads
(lb.in)

STTB
4.4.3.2.2.2

is stripping torque for bottom-testing block of PB with 8 threads (lb.in)
Prediction equation for face-grain orientation

STTtwo (face) = (STTT / # of thread) x 4 + (STTB / # of thread) x 8

(4.5)

where:
STTtwo is assumed stripping torque for two PB face blocks clamped (lb.in)
STTT

is stripping torque in top-testing block for face of PB with 6 threads (lb.in)

STTB

is stripping torque in bottom-testing block for face of PB with 8 threads
(lb.in)

4.4.3.2.2.3

Prediction equation for face-grain orientation
STTtwo (face) = (STTT / # of thread) x 4 + (STTB / # of thread) x 8

where:
STTtwo is assumed stripping torque for two PB face blocks clamped (lb.in)
STTT

is stripping torque in top-testing block for face of PB with 6 threads
(lb.in)

STTB

is stripping torque in bottom-testing block for face of PB tested with
aliminum plate and the number of threads was 8 threads (lb.in)
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(4.6)

a)

b)

Figure 4.3

PB specimens clamped together

face to face (a) and face to edge (b)
Based on the factors on this chapter of the study, the screw driving torques were
tested starting from minimal conditions such that the turning speed and force application
selected as low as the screw can be driven into PB face and edge blocks. Therefore, the
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low turning speed and low force application of 10 lb. for face and 5 lb. for edge-grain
orientation was tested first then; the other levels of turning speed and force application
followed it accordingly.
4.5

Results and Discussion
Table 4.3 summarizes mean values of physical and mechanical properties of PB

materials used in this study. Figure 4.3 shows the density profile of PB materials used in
this chapter. The physical and mechanical properties were evaluated in accordance with
the procedure described in ASTM D 4442-92 and D 1037-06 (2010a, 2010b),
respectively.
Table 4.3

Physical and mechanical properties of tested PB.

Density (lb/ft3)
Mositure content
(%)
Overall
Core
Surface
b
PB 37 (14)
29 (4)
53 (5)
8.0 (3)
b
Values in parentheses are coefficient of variation (%).
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Internal bond
(psi)
112 (4)

Thickness (s)

Figure 4.4

4.5.1

Density profile of PB materials evaluated in this study.

Typical Curves
Torque values for driving screws into a single PB material such as, SET and STT

were obtained from torque-time curves recorded by the torque measuring system. Figure
4.5 shows a typical torque-time curve recorded during the course of driving screws into
PB materials.
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Figure 4.5

4.5.2

Typical curve of screw driving process

Mean Comparisons of Driving Torques for a Single Block
General linear model procedure (GLM) for a one-factor ANOVA was performed

to analyze main effect (pilot-hole diameter) on means of SET and STT per thread for
edge of PB specimens. In the case of face of PB specimens, GLM procedure for a twofactor ANOVA was performed to analyze main effects (pilot-hole diameter and testing
methods) and their interactions on means of SET and STT per thread. These procedures
were followed by mean comparisons using the protected least significant difference
(LSD) multiple comparison procedure if any significant interaction was identified,
otherwise main effects were concluded. Table 4.4 and 4.5 summarize mean SET and STT
per thread for driving screws into edge and face of PB materials, respectively. In general,
it was obvious that the STT per thread had significantly higher means than SET per
thread in both screw embedded orientation (Table 4.4 and 4.5). All ANOVA and mean
comparison analyses on torque data for both embedded screw orientations were
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performed at the 5 percent significance level. Table 4.6 and 4.7 summarize p-values from
ANOVA analyses of SET and STT per thread for each of treatment combinations for
edge and face of PB specimens, respectively.
Table 4.4

Mean values of screw seating torques (SET) and stripping torques (STT) per
thread for a single testing method in edge of PB specimens.

Torque type
Pilot-hole diameter
SET
STT
(in)
------------(lb.in)---------1/16
1.052 (9) a 3.178 (12)
5/32
1.097 (6)
3.233 (5)
7/64
0.933 (9)
2.99 (11)
1/8
0.815 (10) 2.753 (10)
9/64
0.654 (8)
2.433 (8)
5/32
0.63 (0)
1.733 (12)
11/64
0.63 (0)
1.271 (13)
a
Values in parentheses are coefficient of variation (%).
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Torque type

Mean values of screw seating torques (SET) and stripping torques (STT) per thread for testing methods in face of PB
specimens.

a

SET
STT
Pilot-hole diameter
1
2
3
1
2
3
(in)
------------------------------------------(lb.in)--------------------------------------------1/16
1.717 (6)b
1.701 (7)
1.697 (6)
5.084 (3)
5.101 (5)
4.958 (7)
5/32
1.685 (5)
1.609 (8)
1.658 (9)
5.184 (4)
5.001 (5)
4.784 (7)
7/64
1.44 (8)
1.291 (12) 1.422 (8)
4.751 (5)
4.75 (5)
4.471 (6)
1/8
1.225 (10) 1.176 (12) 1.159 (9)
4.659 (5)
4.591 (5)
4.241 (8)
9/64
0.864 (8)
0.873 (12) 0.854 (6)
3.926 (7) 3.392 (10)
3.934 (7)
5/32
0.864 (8)
0.83 (0)
0.691 (11)
2.75 (8)
2.558 (10) 3.971 (12)
11/64
0.83 (0)
0.83 (0)
0.625 (0)
1.69 (11)
1.63 (12)
2.12 (11)
a
Group of testing blocks; 1, top-testing block with counter sink; 2, bottom-testing block with no countersink; 3, bottom-testing
block with an aluminum plate.
b
Values in parentheses are coefficient of variation (%).

Table 4.5
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Table 4.6

Summary of p-values for main effects from ANOVA analysis of mean SET
and STT per thread in edge of PB materials.

Torque type
Source
SET
STT
a
Pilot-hole diameter
<.0001 <.0001
* Values of R2: 0.90 and 0.89 for SET and STT, respectively.
a p-value
Table 4.7

Summary of p-values for interactions and main effects from ANOVA
analysis of mean SET and STT per thread in face of PB materials.

Torque type
Source
SET
STT
a
Testing method
<.0001 <.0001
Pilot-hole diameter
<.0001 <.0001
Testing method x pilot-hole diameter <.0001 <.0001
* Values of R2: 0.94 and 0.95 for SET and STT, respectively.
a p-value
For both SET and STT, ANOVA results indicated that the main effect of the
pilot-hole diameter was significant with a p-value of <.0001 in the edge of PB specimens.
Therefore, one-way classification of 7 treatment combinations was created for SET and
STT per thread data set to evaluate mean differences among those combinations using
LSD value of 0.0406 and 0.1612 lb.in, respectively (Table 4.8 and 4.9). The mean
comparison result indicated that the pilot hole- diameter of 5/32 in. had higher SET and
STT per thread than the other diameters.
For both SET and STT, ANOVA results indicated that the two-way interaction
between the pilot-hole diameter and testing methods was significant with a p-value of
<.0001 in the face of PB specimen. Therefore, two-way classification of 21 treatment
combinations was created for SET and STT per thread data set to evaluate mean
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differences among those combinations using LSD values of 0.0621 and 0.1692 lb.in,
respectively. Table 4.10 and 4.11 summarize mean comparison of SET and STT per
thread for pilot-hole diameter within each of face-testing methods. Table 4.12 and 4.13
summarize mean comparison of SET and STT per thread for testing methods within each
of pilot-hole diameter in face of PB specimens. The mean comparison result indicated
that the first testing method of which specimens were tested with a counter sink had
higher SET and STT per thread than the other methods.
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Mean comparison of seating torque per thread for pilot-hole diameter within each of edge-testing methods.

Mean comparison of stripping torque per thread for pilot-hole diameter within each of edge-testing methods.

Mean comparison of seating torque per thread for pilot-hole diameter within each of face-testing methods.

Testing method a

Pilot-hole diameter (in) b
1/16
5/32
7/64
1/8
9/64
5/32
11/64
------------------------------------------------(lb.in)------------------------------------------------1
(1.717) A (1.685) A (1.44) B
(1.225) C (0.864) D (0.864) D (0.83) D
2
(1.701) A (1.609) B (1.291) C (1.176) D (0.873) E
(0.83) E (0.833) E
3
(1.697) A (1.658) A (1.422) B (1.158) C (0.854) D (0.691) E (0.625) F
a
Group of testing blocks; 1, top-testing block with counter sink; 2, bottom-testing block with no countersink; 3, bottom-testing
block with an aluminum plate.
b
Means not followed by a common letter are significantly different at the 5% level.

Table 4.10

Torque type

Pilot-hole diameter (in) a
1/16
5/32
7/64
1/8
9/64
5/32
11/64
------------------------------------------------(lb.in)-------------------------------------------------STT
(3.178) A
(3.233) A (2.99) B (2.753) C
(2.433) D
(1.733) E
(1.272) F
a
Means not followed by a common letter are significantly different at the 5% level.

Table 4.9

Pilot-hole diameter (in) a
Torque type
1/16
5/32
7/64
1/8
9/64
5/32
11/64
------------------------------------------------(lb.in)-----------------------------------------------SET
(1.052) B (1.097) A (0.933) C (0.812) D (0.654) E (0.63) E (0.63) E
a
Means not followed by a common letter are significantly different at the 5% level.

Table 4.8
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Mean comparison of stripping torque per thread for pilot-hole diameter within each of face-testing methods.

Testing method a

Pilot-hole diameter (in)
1/16
5/32
7/64
1/8
9/64
5/32
11/64
------------------------------------------------(lb.in)-------------------------------------------------(5.084) A (5.184) A (4.751) B (4.659) B (3.926) C (2.75) D
(1.69) E
1
(5.101) A (5.001) A (4.75) B
(4.591) B (3.392) C (2.558) D (1.63) E
2
(4.958) A (4.784) A (4.471) B (4.241) C (3.934) D (3.971) D (2.12) E
3
a
Group of testing blocks; 1, top-testing block with counter sink; 2, bottom testing block with no countersink; 3, bottom testing
block with an aluminum plate.
b
Means not followed by a common letter are significantly different at the 5% level.

Table 4.11
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Table 4.12

Mean comparison of seating torque per thread for testing method within
each of pilot-hole diameters.

Testing method a
Pilot-hole diameter
1
2
3
(in)
------------------(lb.in)----------------1/16
(1.717) A (1.701) A
(1.697) A
5/32
(1.685) A (1.609) B (1.658) AB
7/64
(1.44) A
(1.291) B
(1.422) A
1/8
(1.225) A (1.176) A (1.159) AB
9/64
(0.864) A (0.873) A
(0.854) A
5/32
(0.864) A
(0.83) A
(0.691) B
11/64
(0.83) A
(0.833) A
(0.625) B
a
Group of testing blocks; 1, top-testing block with counter sink; 2, bottom testing block
with no countersink; 3, bottom testing block with an aluminum plate.
b
Means not followed by a common letter are significantly different at the 5% level.
Table 4.13

Mean comparison of stripping torque per thread for testing method within
each of pilot-hole diameter.

Testing method a
Pilot-hole diameter
1
2
3
(in)
------------------(lb.in)----------------1/16
(5.084) A (5.101) A (4.958) A
5/32
(5.184) A (5.001) B (4.784) C
7/64
(4.751) A
(4.75) A
(4.471) B
1/8
(4.659) A (4.591) A (4.241) B
9/64
(3.926) A (3.392) B (3.934) A
5/32
(2.75) B
(2.558) C (3.971) A
11/64
(1.69) B
(1.63) C
(2.12) A
a
Group of testing blocks; 1, top-testing block with counter sink; 2, bottom testing block
with no countersink; 3, bottom testing block with an aluminum plate.
b
Means not followed by a common letter are significantly different at the 5% level.
4.5.2.1

Pilot-hole diameter effects
Statistical analysis results indicated that the SET per thread tended to increase

when the pilot-hole diameters decreased from 11/64 to 1/16 in. The highest SET per
thread obtained when the pilot-hole diameter of 1/16 and 5/32 used whereas the pilot79

hole diameter of 5/32 and 11/64in. had lowest as shown in Table 4.7. A similar trend
followed in the case of STT per thread, the pilot-hole diameter of 5/32 had the highest
STT per thread than the pilot-hole diameters while the pilot-hole diameter of 11/64 had
significantly lowest. Statistical analysis results indicated that the SET and STT per thread
increased when the pilot-hole diameter decreased in all testing methods.
4.5.2.2

Testing method effects
Statistical analysis results showed that the first testing method in which the

specimens were tested in a single PB block with a counter sink in had higher SET than
the other two methods. For SET per thread, there was no significant difference between
the first and second testing methods when the pilot-hole diameter of 9/64, 5/32, and 11/64
in. used. In the case of STT per thread, the first testing method in first four pilot hole
diameters (1/16, 5/32, 7/64, and 1/8) had higher STT per thread than the other methods.
The same trend was not the same for the other pilot-hole diameters (9/64, 5/32, and
11/64), STT per thread was higher in third testing method which the specimens were
tested with a metal plate. In addition, the lowest STT per thread obtained when the
specimens were tested in a single block without counter sink in.
4.5.3

Mean Comparisons of Driving Torques for two PB blocks Clamped
General linear model procedure (GLM) for a one-factor ANOVA was performed

to analyze main effect (pilot-hole diameter) on means of SET and STT for connected PB
materials. This procedure was followed by mean comparisons using the protected least
significant difference (LSD) multiple comparison procedure if any significant interaction
was identified, otherwise main effect was concluded. Table 4.14 summarizes mean SET
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and STT for driving screws into face to edge and face to face connection. In general, it
was obvious that the STT had significantly higher means than SET in both screw
embedded orientations (Table 4.14). All ANOVA and mean comparison analyses on
torque data for both embedded screw orientations were performed at the 5 percent
significance level.
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SET
STT
SET
STT

Face to Edge

Face to Face

Torque type

Pilot-hole diameter (in)
9/64
5/32
11/64
12/64
13/64
LSD value
-------------------------------------------(lb.in)--------------------------------------(8.15) A
(8.1) A
(7.95) A
(6.05) B
(5.3) C
0.5406
(33.85) A
(24.1) B
(15.9) C (15.15) C (12.75) D
1.6692
(11) A
(10.55) A (10.4) A
(8.65) B
(7.15) C
0.7311
(41.85) A
(33) B
(20.95) C (18.4) D
(15.6) E
1.5922

Mean values of screw seating torques (SET) and stripping torques (STT) for connected PB materials.

Screw orientation

Table 4.14
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4.5.3.1

Pilot-hole diameter effects
Statistical analysis results indicated that the pilot-hole diameter had significant

influences on the SET and STT in both embedded screw orientations. In general, the
pilot-hole diameter of 9/64 in. tended to have higher SET and STT in both orientations.
In addition, the LSD results also showed that the SET in edge and face of PB specimens
followed similar trend in which there was no significant difference among the pilot-hole
diameters of 9/64, 5/32, and 11/64 in. In the case of STT, the pilot-hole diameters were
significantly different from each other.
4.5.4

Mean Comparisons of Driving Torques for Prediction Equation
Driving torque values in testing blocks were calculated and compared in edge and

face grain orientation. Table 4.15 summarizes mean SET and STT for driving screws into
edge and face of tested PB materials, respectively. In each table, torque values for
driving screws into edge and face were divided into three groups based on pilot-hole
diameter, embedded screw orientation and screw driving torques. In general, it can be
seen obviously that STT had significantly higher means than SET. Based on this, the
analysis of variance (ANOVA) and mean comparison were performed first on SET and
STT of specimens within different pilot-hole diameter. All ANOVA and mean
comparison analyses on torque data were performed at the 5% significance level (Table
2.6). Table 4.16 summarizes mean comparison and LSD values of seating and stripping
torques for predictions for each combination of pilot-hole diameter, torque type and
screw orientation.
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Table 4.15

Screw
orientation

Mean values of screw seating torques (SET) and stripping torques (STT) per
thread in PB.
Torque
type

Prediction Equation

Pilot-hole
diameter

Observed value
1
2
--------------------(lb.in)------------------Edge
SET
9/64
8.15 (12)b
8.66 (6)
5/32
8.15 (11)
8.46 (3)
11/64
7.95 (14)
8.33 (0)
STT
9/64
33.85 (12)
35.15 (6)
5/32
24.1 (13)
24.85 (7)
11/64
15.9 (15)
16.92 (10)
Face
SET
9/64
11 (11)
10.47 (9)
10.26 (5)
5/32
10.55 (14)
10.13 (3)
8.96 (8)
11/64
10.4 (12)
10 (0)
8.33 (0)
STT
9/64
41.85 (8)
42.83 (8)
47.15 (4)
5/32
33 (11)
31.47 (8)
42.75 (9)
11/64
20.95 (9)
19.83 (10)
23.72 (9)
a
Prediction Equation: 1, connection of a single face to face;
b
Values in parentheses are coefficient of variation (%).
Table 4.16

Mean comparison and LSD values of seating and stripping torques for
predictions for each combination of pilot-hole diameter, torque type and
screw orientation.

Screw
orientation

Torque
type

Edge

SET

STT

Face

SET

STT

Pilot-hole
diameter
(in)
9/64
5/32
11/64
9/64
5/32
11/64
9/64
5/32
11/64
9/64
5/32
11/64

Prediction Equation
Observed value
1
2
-------------------(lb.in)---------------(8.15) A
(8.66) A
(8.15) A
(8.46) A
(7.95) A
(8.33) A
(33.85) A
(35.15) A
(24.1) A
(24.85) A
(15.9) A
(16.92) A
(11) A
(10.47) AB
(10.26) B
(10.55) A
(10.13) A
(8.96) B
(10.4) A
(10) A
(8.33) B
(41.85) B
(42.83) B
(47.15) A
(33) B
(31.47) B
(42.75) A
(20.95) B
(19.83) B
(23.72) A
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LSD Value
0.521
0.362
0.402
2.47
1.643
1.295
0.598
0.609
0.466
1.813
2.176
1.26

4.5.4.1

Prediction equation effects
Statistical analyses results indicated that the prediction of SET and STT for face

to edge PB connection was well predicted. There was no statistical significant difference
between observed and prediction value for face to edge PB connection even though
prediction value was little higher. In the case of SET in face to face PB connection, SET
in the second prediction which was from the connection of a single block with
countersink on the surface and the block tested with aluminum plate was lower than the
first prediction and observed value. In contrary, there was no significant difference
between the observed value and the first prediction which was from the connection of a
single face block with countersink on the surface and a single block without counter sink.
In the case of STT in face to face PB connection, in general, second prediction
was higher than the observed value and first prediction. The same trend from SET
previously explained followed in this case as well. There was no significant difference
between the observed value and the first prediction. As a result of these, the prediction of
SET and STT for face to face PB connection was well predicted with the first equation.
4.6

Conclusions
This study demonstrates that the prediction of face to edge PB connection can be

predicted by the connection of a single block with countersink on the surface and the
block tested with aluminum plate. In the case of the prediction of both SET and STT in
face to face PB connection can be predicted by the connection of which was from the
connection of a single face block with countersink on the surface and a single block
without counter sink.
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CHAPTER V
PREDICTION OF SCREW DIRECT WITHDRAWAL LOADS IN
PARTICLEBOARDS

5.1

Abstract
This study discussed selected properties of particleboards and predicted screw

direct withdrawal strength from shear strength in particleboards. Properties covered were
screw-holding, internal bond, and shear stress. The main factor used for experiments was
particleboard types which were named as particleboard I, II, and III. For shear and
internal bond strength, particleboard thickness level added as secondary factor. Results
demonstrated that there was an obvious trend that the shear and IB strength was higher in
the surface of the particleboards than the other levels. In the case of screw direct
withdrawal (SDW), results illustrated that the SDW values of particleboard types did not
differ from each other when the pilot-hole diameters of 1/8 and 9/64 in used to drive the
screw into the material.
Keyword: screw withdrawal, shear strength, internal bond, density profile,
particleboard
5.2

Introduction
Many studies have been published on the screw withdrawal resistance in wood

and wood based composites, especially particleboard, plywood, MDF, and OSB panels
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(Fairchild 1927; Cockrell 1933; Carroll 1970 and 1988; Eckelman 1974; Doganay 1991;
Gates 2009). These studies concluded that the screw withdrawal resistance depended on
screw diameter, pilot-hole diameter, depth of screw penetration depth along with density
and shear strength parallel to the grain in solid woods and internal bond (IB) is a decisive
factor in MDF and particleboard.
Carroll (1988) reported that friction at screw-wood connections is a crucial for a
screw withdrawal to resist the tendency of the screw to rotate to ease the withdrawal load.
Lag screw will fail in tension due to the associated excessive shear, compression or
bearing. Fairchild (1926) concluded that holding strength of lag or wood screws in wood
was closely related to specific gravity, screw direct withdrawal and shear strength which
are correlated. Predicting withdrawal strength from shear strength gave better results than
specific gravity (Cockrell, 1933).
Fairchild (1926) concluded that withdrawal load capacity decreases about 10% to
25% in wood with slight pre-existing when driving the screw in. Doganay (1991)
reported that screw withdrawal load capacity in particleboard was lower than the Fagus
orientalis wood, Werzalit, and MDF in both parallel and perpendicular directions.
5.2.1

Pilot-hole Diameter
Eckelman (1990) suggested that there was 4% decrease in screw direct

withdrawal load when pilot-hole diameter used compared with the use of no diameter
because the particleboard panel becomes densified around the screw and creates a slightly
higher screw direct withdrawal capacity. Screw direct withdrawal strength in
particleboard also observed that it is important to note that use of pilot-holes in the face
of a block may increase withdrawal strength by only 10% to 15% Eckelman (1990).
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Fairchild (1926) indicated, when a pilot-hole was applied, withdrawal load
capacity decreased in wood of low density. Fairchild recommended a pilot-hole size of
50% of the root diameter at the threaded portion to be drilled along the threaded portion,
for medium dense wood, a pilot-hole diameter of 70% was recommended, and for wood
with high density, the pilot-hole size was recommended to be 90% (Carroll, 1988).
Using a stronger and/or larger-hole diameter, fastener may avoid tensile failure.
Withdrawal load capacity failure be decreased by the use of washers or a thicker and/or
stronger side member (NFPA, 1986; McLain, 1997).
Ithnin, Rajak and Eckelman (1993) determined the holding strength of large
diameter sheet metal screws in the face and edge surfaces of medium density fiberboard
and particleboard. Results indicated that the use of pilot-holes of the proper diameter
significantly increases the holding strength of the screws in the material. In general, pilotholes should be equal to about 80 to 85% of the root diameter of the screw.
5.2.2

Shear Strength and Internal Bond (IB)
Shear strength, which is also known as compression strength parallel to surface, is

the maximum stress obtained by a specimen from a test with compression forces applied
parallel to the surface. Shear strength is tested to determine the resistance of material to
crushing in each of the primary panel directions (Cai and Ross, 2010).
Eckelman (1990) reported that screw direct withdrawal strength is strongly related
to the internal bond (IB) strength of the particleboard. Density of the particleboard is an
indicator of IB strength of the particleboard. Hence, screw direct withdrawal strength
may be improved through the use of particleboards which have higher density or IB.
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Rajak and Eckelman (1993) low-density core can be easily damaged by the
insertion of screws into pilot-holes of an inappropriate size, further contributing to low
screw holding ability.
Fujimoto and Mori (1983) suggested, internal bond (IB) and face and edge SWR
(SWRf&e) are highly correlated with bond quality of boards. Didriksson et al. (1974)
have reported on the edge-splitting tendency of wood-based materials, including
particleboard. Their technique consisted of measuring the internal bond both before and
after placing a screw into the sample edge. In general, the IB was approximately 10
percent lower with the screw inserted at the thickness midpoint in the board edge.
Didriksson (1974) used the IB test to evaluate edge splitting tendency of fiberboard (hardboard and MDF), particleboard, and spruce plywood. They found that the
edge-splitting tendency decreased as the pilot-hole diameter increased from 60 to 85
percent of the outer diameter of the screw threads. However, the edge screw withdrawal
load capacity decreased. The edge splitting tendency of fiberboard was considerably
greater than that of particleboard or plywood.
The internal bond strength of wood composites can be defined as the ultimate
failure stress of a wood composite under tensile force perpendicular to the board panel.
Enayati et al. (2013) reported that the board density is the main variable affecting shear
strength. Barboutis and Philippou (2007) demonstrated that IB of all PB increased with
board density and wood intensity. Dai et al. (2008) indicated that IB was increased by
increase in product density, resin content, and particle thickness.
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5.2.3

Screw penetration depth
Eckelman (1990) studied on the effects of seven types of #8 screws (type “A”

sheet metal screw, wood screw, and five types of particleboard screws) in a 1/2 in. thick
particleboard with a density of 49 lb/ft3. All screws were driven with a pilot-hole, to the
depth of 3/32 in. The screw withdrawal load capacity decreased 32% from an average of
175 lb. with 5/8 in. screw penetration depth to 118 lb. with 1/2 in. screw penetration
depth.
Eckelman (1975) found that screws driven completely through the main member
had about 16% greater withdrawal load capacity than screws of the same size that were
driven their full length into a deeper member. As a consequence, screw withdrawal load
capacity does not seem to be affected by screw tip so that they should not be considered
in the length of the effective threaded portion embedded into the main member (McLain,
1997).
Board density and internal bond are two of the most crucial factors affecting the
properties of the PB. Dias et al. (2005) indicated that when there is increase in board
density, it would result in improvement in board density. Wood with low density
provides a high-density compression ratio. Thus, a higher contact surface between
particles than high-density wood would lead to a more uniform product with a greater
capacity to transmit loads between particles, resulting in higher flexural and internal bond
properties.
Rajak and Eckelman (1993) low-density core can be easily damaged by the
insertion of screws into pilot-holes of an inappropriate size, further contributing to low
screw holding ability. Ithnin, Rajak and Eckelman (1993) determined the holding
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strength of large diameter sheet metal screws in the face and edge surfaces of medium
density fiberboard and particleboard. Results indicated that the use of pilot-holes of the
proper diameter significantly increases the holding strength of the screws in the material.
Cook and Chiu (1997) indicated that the prediction of properties of wood-based
composites using models provides valuable information to improve process control and
reduce quality issues and production cost.
Kjucukov and Encev (1977) concluded that there is linear relationship between
screw diameter from 1.5 to 6 in. and screw withdrawal load capacity on Fagus orientalis.
Ithnin, Rajak and Eckelman (1993) found that increments in nail and screw diameters
yielded increases in the resultant withdrawal strengths. In addition, it was also found that
there was no relationship between screw length and withdrawal strength while the
diameter of screw had a linear relationship. Broker and Krause (1991) resulted that the
screw withdrawal load capacity is correlated to screw length and screw diameter.
5.2.4

Prediction Equation
There are some equations to predict the screw withdrawal resistance. Eckelman

(1973, 1975) developed equations for reasonable estimates of the screw withdrawal
resistance for furniture and cabinet designers. Average screw withdrawal resistance from
the face (Eq. 5.1) and edge (eq. 5.2) of particleboards is predicted by:
𝐹 = 2655 × 𝐷 1⁄2 (𝐿 − 𝐷⁄3)5⁄4 × 𝐺 2

(5.1)

𝐹 = 2055 × 𝐷 1⁄2 (𝐿 − 𝐷⁄3)5⁄4 × 𝐺 2

(5.2)

where:
F = ultimate withdrawal resistance (lb., at 65%RH)
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D= shank diameter of the screw (in.) (D = 0.06 + 0.013N, where N is the screw
gauge or number)
L= depth of embedment of the threaded portion of the screw
G= specific gravity of the material based on oven dry weight and volume at test
These two equations yield and edge withdrawal resistance that is 77% of the face
withdrawal resistance for particleboard. In the same study, it was also mentioned that
there was no effect on screw withdrawal resistance when pilot-hole diameter range
between 50 and 90 % of screw root diameter. Face withdrawal resistance was reduced
while edge withdrawal was increased when the pilot-hole diameter was 100% of screw
root diameter. This reflects the tendency of panels to split when screws are inserted into
edge of a panel.
Kennedy et. al. (2014) studied on the design equation for withdrawal resistance of
threaded fasteners in Canadian timber design code. They used two different design
equations for wood screws and lag screws to evaluate the withdrawal resistance in
advancement of engineered wood products such as glue-laminated timber (glulam) and
cross-laminated timber (CLT). The specimens were originally sawn Douglas-fir timber,
Black spruce glulam, Spruce-pine-fir glulam, and lastly Douglas-fir glulam.
McLain (1997) modelled an equation of average withdrawal resistance equation
for wood screws..
𝑃𝑟𝑤,𝑎𝑣𝑔 = average withdrawal resistance (N);
𝑃𝑟𝑤 = specific withdrawal resistance (N);
𝑑𝐹 = fastener nominal diameter (mm);
𝐺0 = measured relative density based on oven-dry mass and volume of wood;
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𝐺 = mean relative density for the species or species group based on oven-dry mass and
volume;
𝐿𝑡 = length of penetration in wood specimen (mm);
McLain reported that there is good relationship between experimental data and the
predicted data with the equation below in glulam products and sawn timber. The
prediction equation above was remodeled after adjustment to standard load duration
(Kennedy, 2014):
𝑃𝑟𝑤,𝑎𝑣𝑔 = 112 × 𝑑𝐹0.82 × 𝐺01.77 𝐿𝑡

(5.3)

𝑃𝑟𝑤 = 59 × 𝑑𝐹0.82 × 𝐺01.77 𝐿𝑡

(5.4)

Fairchild (1926) determined the equations of wood screws for average and
specific withdrawal resistance as follows, respectively: Based on these equations reported
that the withdrawal resistance prediction tends to be less accurate with predictions often
too high for large diameter fasteners, especially in sawn timber products.

5.3

𝑃𝑟𝑤,𝑎𝑣𝑔 = 98 𝑑𝐹 𝐺02 𝐿𝑡

(5.5)

𝑃𝑟𝑤 = 40 𝑑𝐹 𝐺02 𝐿𝑡

(5.6)

Materials and Methods

5.3.1

Specimen Configurations and Materials
Testing blocks were cut from full-size sheets of 0.75, -thick PB panels (4 by 8ft)

from Particleboard I (CI), 0.7 and 0.71 -thick PB panels (2 by 4 ft) from particleboard II
(CII) and III (CIII), respectively. All specimens were conditioned in an equilibrium
moisture content chamber controlled at 68 ± 6ºF and 65 ± 5% relative humidity for two
weeks.
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For shear strength and internal bond (IB) test, each testing block had nominal
dimensions of 2 by 2 in. with different thicknesses which were selected based on the
density profiles from all three particleboard materials as shown in figure 5.1 and 5.2. For
screw direct withdrawal (DSW) test, each testing block had nominal dimensions of 3 by 6
in. for face-withdrawal and 3 by 4 in. for edge-withdrawal. Screws were driven 2/3 of the
thickness of the PB materials (Table 5.1).
Table 5.1

Overall thickness of particleboards and 2/3 of overall thickness

Particleboard
CI
CII
CIII

Overall thickness 2/3 of overall thickness
--------------------------(in)-----------------------0.75
0.5
0.7
0.47
0.71
0.47

a) Middle level

Figure 5.1

b) Low level

PB blocks with low and middle levels for shear test
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a) Surface of CI

b) Second level of CI

c) Third level of CI

d) Surface of CII

e) Second level of CII

f) Third level of CII

g) Surface of CIII

h) Second level of
CIII

i) Third level of CIII

Figure 5.2

PB testing blocks with different density levels for IB test for different
companies

company I (CI), company II (CII), company III (CIII)
The physical and mechanical properties were evaluated in accordance with the
procedure described in ASTM D 4442-92 and D 1037-06 (2010a, 2010b), respectively.
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. 0.75 in-deep pilot-hole was drilled at the center of each edge and end testing blocks,
while for the face testing blocks, 12.7 in-deep pilot-hole was drilled through its surface
(ASTM 2010a).
Objective of the SWR test was to determine the holding strength of one kind of
screw when pilot-holes were drilled in the edge, end and face orientation of OSB and PB.
All torque measurements were performed immediately after pilot-holes were drilled into
the testing blocks, following SWR test was performed. Two different setups were
prepared to test torque and SWR, respectively. In the first test setup, the aim was to
obtain the driving torque values, and then decide on the torque levels. Secondly, the SWR
test was performed to each specimen torqued at certain levels. Each testing block had
nominal dimensions of 152.4-in long by 76.2-in wide by in thick. 10-gage, 1-1/2-in long
flathead low carbon steel wood screws were used for this study. Therefore, a total of 180
SDW tests were performed on PB blocks.
5.3.2

Experimental design
A complete two-factorial experiment with 15 replications per combination was

conducted to evaluate effects of density levels and particleboard types on shear strength.
The factors were density levels and three different particleboards as shown in table 5.1.
Therefore, a total of 90 shear strength tests were performed.
A complete two-factorial experiment with 15 replications per combination was
conducted to evaluate effects of density levels on IB in particleboards. The factors were
density levels and three different particleboards as shown in table 5.2. Thus, a total of 145
IB tests were performed.
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A complete three-factorial experiment with 10 replications per combination was
conducted to evaluate effects of embedded screw orientation, pilot-hole diameter and
particleboard types on screw direct withdrawal strength. The factors were pilot-hole
diameter (7/64, 1/8, and 9/64), embedded screw orientation (face and edge), and three
different particleboards. Tor et al (2015) reported that the face of a specimen was the
panel surface whereas the edge of a specimen was the side parallel to the panel machine
direction. Therefore, a total of 180 DSW tests were performed on 180 blocks.
5.3.3

Specimen Preparations and Test Procedures

5.3.3.1

Shear Strength Test
The shear strength test was performed on a Tinus Olsen testing machine and all

specimens were prepared according to ASTM D1037 -06a. A 2 by 2 testing blocks were
prepared based on two different thicknesses, one of which was called “surface level” as
the blocks were cut closer to the face of the PB material and other one was called “core
level” since the blocks were cut at the core of PB material . Table 5.2 demonstrates
thickness levels of shear strength test in PB material.
Table 5.2

Thicknesses of particleboards for shear strength test

Particleboard type
1
2
3

Overall thickness
0.75
0.7
0.71

Thickness (in)
Surface level
Core level
0.188
0.375
0.175
0.35
0.178
0.356
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5.3.3.1.2

Shear stress equation

The maximum shear stress was calculated for each PB-edge testing block in
accordance with following equation (ASTM D1037 -06a):
𝑃𝑚𝑎𝑥

τ=

𝑏𝑑

where:
b =width of the shear area measured in dry condition (in.)
d = depth of the shear area measured in dry condition (in.)
Pmax =maximum load (lb.)

τ =maximum shear stress (lb/ft2)
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(5.7)

a) Shear specimen with low thickness

Figure 5.3

5.3.3.2

b) Shear specimen with middle thickness

Shear strength test for parallel and perpendicular direction

Tensile Strength
Tensile strength perpendicular to the surface (IB) is to determine the maximum

stress sustained by a specimen from a test with tension forces applied the panel in the
perpendicular direction to the panel surface. The tensile strength test was performed on a
table top testing machine and all specimens were prepared according to ASTM D1037 06a.
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The internal bond of each testing block was calculated in accordance with
following equation
IB =

𝑃𝑚𝑎𝑥
𝑎𝑏

where;
a = width of the shear area measured in dry condition (in.)
b = depth of the shear area measured in dry condition (in.)
Pmax = maximum load (lb.)
IB = internal bond strength (psi.)
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(5.8)

a) IB setup

Figure 5.4

5.3.3.3

b) Closer view for specimen at 0 - 0.15
in.-thick

Setup for internal bond test.

Screw Direct Withdrawal (SDW)
SDW is the maximum resistance to disconnect or withdraw a screw in a plane to

the surface of the testing material. (Cai and Ross, 2010). Objective of the SWR test was
to determine the holding strength of one kind of screw when pilot-holes were drilled into
PB materials and predict the SDW from shear strength data.
The SDWR test setup included two different setups used for edge and face
withdrawals from PB specimens as shown in Figure 5.6b and 5.5c, respectively. All of
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the SWR tests were carried out on a Tinus Olsen operated at a constant head speed of 0.6
in. per minute in accordance with ASTM standards D1037-72 (2003a) and D1761
(ASTM 2003b). The ultimate withdrawal load was recorded and the test was ended in
about 25 seconds in side-withdrawal, and 40 seconds in face-withdrawal in each material
type. The displacement of the cross-head was also measured and was assumed to
represent the withdrawal displacement of wood screw. All SDW tests were performed
immediately after screws had been driven into pilot-holes in the testing blocks.
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a)

b)

Figure 5.5

c)

Test setup for preparing edge (b) and face (c) specimens for SDW test.
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a)

a)

Figure 5.6

b)

Test setup for face (b) and edge (c) for SDW test.
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5.4

Results and Discussion
Table 5.3 summarizes mean values of physical and mechanical properties of PB

materials used in this study. Figure 5.7 shows the density profile of PB materials used in
this chapter. The physical and mechanical properties were evaluated in accordance with
the procedure described in ASTM D 4442-92 and D 1037-06 (2010a, 2010b),
respectively.
Table 5.3

Physical and mechanical properties of tested PB.

Density (lb/ft3)
Mositure content
(%)
Particleboard
Overall
Core
Surface
a
I
42 (2)
32 (3)
56 (5)
8.0 (3)
II
36 (2)a
26 5)
55 (3)
7.9 (1)
a
III
39 (4)
30 (8)
50 (5)
7.0 (2)
a
Values in parentheses are coefficient of variation (%).

Thickness

Figure 5.7

(in) evaluated in this study
Density profile of PB materials

Particleboard I (CI), particleboard II (CII), particleboard III, (CIII).
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5.4.1

Density curves for thickness selection

5.4.1.1

Shear strength
Different thicknesses of particleboards were selected to test shear strength. Each

particleboard type was cut into two different thicknesses to evaluate the effects of the
different density level on shear strength in particleboard and predict screw direct
withdrawal using those shear strength values. Figure 5.8 shows the density profile of
three different particleboards. Two different density levels were determined based on
their density profile and called as surface level and subsurface level. Red lines in the
figure 5.8 represent the division of thickness levels tested for CI.

Figure 5.8

Density profile for particleboards

Particleboard I, II, and III.
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5.4.1.2

Tensile Perpendicular to Surface (IB)
Different density levels and particleboards were selected to test IB. In order to

determine the density levels, each particleboard type were cut into five zones as shown in
figure 5.7. First three zones were selected to be tested since it was assumed that Zone IV
and Zone V were similar to Zone 2 and Zone 1, respectively. Three different density
levels were determined based on their density profile and called as surface level for zone
I, subsurface level for zone II, core level for zone III. Red lines in figure 5.9 represents
the division of zones for CI and blue lines represents the division of zones for CII and
CIII.

Zone I

Zone II

Zone III

Thickness

Figure 5.9

(in)
I (CI)
Density profile of particleboard
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Zone IV

Zone V

Table 5.4

Thicknesses of particleboards for test

Particleboard type
I
II
III

5.4.2

Thickness
Overall thickness Surface
Subsurface
Core
------------------------------------(in)----------------------------0.75
0 - 0.15 0.16 - 0.31 0.32 - 0.47
0.7
0 - 0.14 0.15 - 0.30 0.31 - 0.46
0.71
0 - 0.14 0.15 - 0.30 0.31 - 0.46

Mean Comparison for Shear Strength
General linear model procedure (GLM) for a two-factor ANOVA was performed

to analyze main effect (particleboard thickness level) and particleboard type on means of
shear strength, followed by mean comparisons using the protected least significant
difference (LSD) multiple comparison procedure if any significant interaction was
identified, otherwise main effects were concluded. Table 5.5 summarizes mean shear
strength in thickness levels within all three particleboard types. In general, it was
obvious that the surface thickness level had higher means than the core thickness level
(Table 5.6). All ANOVA and mean comparison analyses on shear data were performed at
the 5 percent significance level.
Table 5.5

Mean values of shear strength data for each of thickness levels within
particleboards

Particleboard

Thickness level

N

I

Surface
Core
Surface
Core
Surface
Core

14
15
12
14
13
14

II
II

Shear
-----(psi)--350 (14)
261 (19)
379 (9)
244 (12)
340 (15)
171 (17)
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ANOVA results indicated that two-way interaction between thickness level and
particleboard type was statistically significant with a p-value of 0.0026. Therefore, twoway classification of 6 treatment combinations was created for shear data set to evaluate
mean differences among those combinations using LSD value of 13.59 psi (Table 5.6
and 5.7).
Table 5.6

Mean comparison of shear strength in PB types.

Thickness level
Surface
Core

Table 5.7

Mean comparison of shear strength in thickness levels.

Particleboard type
I
II
II

5.4.2.1

Particleboard type
I
II
III
---------------------(psi)-----------------(349.9) AB (379.14) A (339.7) B
(260.9) A
(244.1) A
(170.9) B

Thickness level
Surface
Core
-------------(psi)---------(349.9) A
(260.9) B
(379.14) A (244.1) B
(339.7) A
(170.9) B

Particleboard type effect
Statistical mean comparison results indicated that in general, the particleboard

type II had higher shear than the other two particleboards in surface thickness level which
was the surface part of the particleboard tested. Statistically, there was no significant
difference between particleboard I and II whereas particleboard II had significantly
higher shear than particleboard III (Table 5.6). This could be explained by density profile
of the particleboards. Since the particleboard type III had lower surface density than the
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others, the shear strength was lower. The same trend followed for core thickness level
where the lowest shear obtained with particleboard type III.
5.4.2.2

Thickness level effect
Statistical analysis results show that the thickness levels significantly differ from

each other. The surface thickness was much higher than the middle thickness (Table 5.7).
This could be explained by the density profile of the particleboard types. Since the
surface thickness was denser than the core level, the mean shear was higher in the surface
level.
5.4.3

Mean Comparisons for Tensile strength (Internal bond (IB))
General linear model procedure (GLM) for a two-factor ANOVA was performed

to analyze main effect (particleboard thickness level and particleboard type) on means of
IB strength, followed by mean comparisons using the protected least significant
difference (LSD) multiple comparison procedure if any significant interaction was
identified, otherwise main effects were concluded. Table 5.8 summarizes mean IB
strength in thickness levels within all three particleboard types. All ANOVA and mean
comparison analyses on shear data were performed at the 5 percent significance level.
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Table 5.8

Mean values of IB strength data for each of thickness levels within
particleboards

Particleboard

Thickness level

N

I

Surface
Subsurface
Core
Surface
Subsurface
Core
Surface
Subsurface
Core

19
18
19
20
19
20
19
19
19

II

II

IB
-----(psi)--208.3 (16)
115.2 (18)
90.3 (20)
216.9 (19)
124.8 (13)
104.1 (10)
230.3 (22)
96.6 (25)
54.8 (21)

ANOVA results indicated that two-way interaction between thickness level and
particleboard type was statistically significant with a p-value of <.0001. Therefore, twoway classification of 9 treatment combinations was created for IB data set to evaluate
mean differences among those combinations using LSD value of 19.094 psi (Table 5.9
and 5.10).
Table 5.9

Mean comparison of IB strength in thickness levels.

Thickness level
Surface
Subsurface
Core

Particleboard type
I
II
III
-------------------(lb)---------------(208.3) A (216.9) AB (230.3) A
(115.2) A
(124.8) A
(96.6) B
(90.3) A
(104.1) A
(54.8) B
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Table 5.10

Mean comparison of IB strength in PB types.

Particleboard type
I
II
III

5.4.3.1

Thickness level
Surface Subsurface
Core
-------------------(lb)---------------(208.3) A (115.2) B (90.3) C
(216.9) A (124.8) B (104.1) C
(230.3) A (96.6) B
(54.8) C

Particleboard type effect
Based on the mean comparisons, in general, the particleboard II tended to have

higher IB strength than the others. However, there was no statistically significant
difference between the particleboard I and II whereas the particleboard had the lowest IB
values.
5.4.3.2

Thickness level effect
Comparing the thickness levels, there was a clear trend that the IB strength was

highest in the surface of the particleboard types and lowest in the core of the
particleboard types. This could be explained by the density profile of the particleboard
types in which the surface density of the particleboards was denser than the subsurface
and the core.
5.4.4

Mean Comparison for Screw Direct Withdrawal Load
General linear model procedure (GLM) for a three-factor ANOVA was performed

to analyze main effect (screw orientation, pilot-hole diameter, and particleboard type) on
means of SDW load, followed by mean comparisons using the protected least significant
difference (LSD) multiple comparison procedure if any significant interaction was
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identified, otherwise main effects were concluded. Table 5.11 summarizes mean screw
withdrawal load in each of particleboard types for pilot-hole diameters within screw
orientations. In general, it was obvious that the face orientation had higher SDW means
than the edge orientation (Table 5.11). All ANOVA and mean comparison analyses on
SDW data were performed at the 5 percent significance level.
Table 5.11

Mean values of screw withdrawal values for particleboard types in each of
pilot-hole diameters within screw orientation.

Screw orientation
Face

Edge

Pilot-hole diameter
(in)
7/94
1/8
9/64
7/94
1/8
9/64

Particleboard type
I
II
III
-------------------------(lb)----------------------271.42 (6)
226.49 (6)
218.04 (10)
266.50 (11)
249.07 (11)
200.4 (10)
249.73 (11)
247.84 (12)
202.24 (16)
197.49 (9)
192.59 (12)
187.69 (10)
194.46 (4)
185.73 (17)
166.56 (14)
161.17 (9)
187.59 (11)
157.0 (12)

ANOVA results indicated that three way interaction among particleboard type,
pilot-hole diameter and screw orientation was not statistically significant with a p-value
of 0.6091. Further checking the wo-way interactions, the interaction between pilot-hole
diameter and particleboard type was further analyzed along with main effect of screw
orientation due to their significance with a p-value of 0.001 and <.0001, respectively.
Therefore, two-way classification of 9 treatment combinations was created for SDW data
set to evaluate mean differences among those combinations using LSD value of 23.508
lb. (Table 5.12 and 5.13). In addition, one-way of 2 treatment combinations was created
for the main effect of screw orientation. LSD value was 6.765 lb.
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Table 5.12

Mean comparison of screw direct withdrawal strength for pilot-hole
diameter within particleboard types.

Particleboard type
I
II
III

Table 5.13

Mean comparison of screw direct withdrawal strength for particleboard
types within pilot-hole diameter.

Pilot-hole diameter
(in)
7/94
1/8
9/64

5.4.4.1

Pilot-hole diameter (in)
7/64
1/8
9/64
---------------------(in)-------------------(234.5) A (209.5) A
(202.9) A
(230.5) A (217.4) A (183.48) B
(205.5) A (217.7) A
(179.7) B

Particleboard type
I
II
III
-------------------(lb.in)-----------------(234.5) A
(230.5) A
(205.5) B
(209.5) A
(217.4) A
(217.7) A
(202.9) A (183.48) A (179.7) A

Pilot-hole diameter effect
Statistical analysis results indicated that the SDW values of particleboard types

did not differ from each other when the pilot-hole diameters of 1/8 and 9/64 in used. In
the case of pilot-hole diameter of 7/64 in, the particleboard type III had the lowest SDW
values than the other two between which there was no significant difference (Table 5.9).
5.4.4.2

Particleboard type effect
Statistical analysis results indicated that the SDW values of pilot-hole diameters

did not differ from each other in particleboard type I. In the case of pilot-hole diameters
of 1/8 and 9/64 in used, particleboard type I and II had higher SDW values than the one
in III (Table 5.10).
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5.4.4.3

Embedded screw orientation effect
Statistical analysis results indicated that the SDW values was higher in face

orientation (236.9 lb) than the edge orintation (181.2 lb.). This could possibly explained
by the density profile of the particleboard. The SDW strength was lower in the edge
orientation because the screws were driven into the core of the particleboards which was
less denser than the ones in the surface.
5.4.5

Prediction models of screw direct withdrawal
Relationship between the various properties such as shear strength and IB were

developed through equation below. Research has been done in this field by McNatt and
reported that several linear relationships to exist among various engineering properties of
conventional particleboard panels. Table 5.14 summarizes mean comparison between
observed and predicted value for SDW.
5.4.5.1

Prediction of SDW from shear stress strength
Screw direct withdrawal load for face of PB material can be predicted from shear

strength of PB material as shown in Eq. 6.

(5.9)
Where;
Ws = Prediction of withdrawal load form shear strength,
SA = Shear value in Zone A
Pt = Total number of pitch driven into face of PB material (8)
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TA = Thickness in Zone A
Pl = Length of the pitch
SB = Shear value in Zone B
TB= Thickness in Zone B
SC= Shear value in Zone B
TC = Thickness in Zone C

Table 5.14

Mean comparison between observed and predicted value for SDW.

Observed mean
Pilot hole diameter (in)
Particleboard type
7/64
1/8
9/64
Prediction value
I
271 (2)* 267 (1) 250 (6)
265
II
227 (8) 249 (1) 248 (1)
246
III
218 (3) 200 (5) 202 (4)
211
* Percentage error [(observed mean - prediction)/prediction)x100]
Based on the model above, the prediction of SDW from shear strength for
particleboard types 265, 246, and 211 lb. The SDW was predicted with less than 10%
error in all combination of pilot-hole diameter and particleboard type.
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Dimensions of 1-1/2 in-thick screws

Thread shank
Thread
Length Diameter Head length Head width Shank diameter diameter
projection
Pitch
Root depth Tip depth
Screw type
(L)
(D)
(Hl)
(Hw)
(Sd)
(Std)
(d)
(p)
(r)
(t)
----------------------------------------------------------------------------------in---------------------------------------------------------------------------------------1-1/2 in-thick 1.447 (1) 0.183 (1) 0.160 (1)
0.37 (2)
0.148 (3)
0.135 (1)
0.015 (2)
0.079 (1) 0.025 (2) 0.012 (4)

Table 5.15
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5.5

Conclusions
This study investigated mechanical properties of particleboard, such as screw-

holding, internal bond, and shear stress and predicted screw direct withdrawal strength
from shear strength in particleboards. The main factor used for experiments was
particleboard types which were named as particleboard I, II, and III. For shear and
internal bond strength, particleboard thickness level added as secondary factor. Results
demonstrated that there was an obvious trend that the shear and IB strength was higher in
the surface of the particleboards than the other levels. In the case of screw direct
withdrawal (SDW), results illustrated that the SDW values of particleboard types did not
differ from each other when the pilot-hole diameters of 1/8 and 9/64 in used to drive the
screw into the material.
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CHAPTER VI
SCREW CLAMPING PRESSURE IN PARTICLEBOARD

6.1

Abstract
In this study, screw clamping pressure between two particleboard blocks was

investigated. Factors evaluated were torque levels, including screw driving torques which
were seating and stripping torques, and pilot-hole diameter. Statistical analysis results for
mean clamping force showed that there was significant difference among the torque
levels It was obvious that the stripping torque level had lower clamping force than the
other levels
Keyword: clamping force, pilot-hole diameter, seating and stripping torques
6.2

Introduction
Joinery is mainly connecting and securing the separate members of the frame and

panel construction to one another as in design structures in many sectors such as
automobile, aircraft, appliances, infrastructure and forest products industries. This study
mainly focused on particleboard to particleboard connections. Properly glued or fastened
connection may be as strong as or stronger than a single piece of wood or wood-based
composites. Wood screw were used in this study has an aggressive thread for clamping
and holding the wooden material together. There are many differences in the varieties of
wood screw, based on the gauge, length, head type and drive type of the screw. There is
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no research has been done in measuring clamping pressure between particleboard to
particleboard connection. For strength design of this type of connections will help
manufacturers to understand what the joint property means to their performance.
Higher or lower torque may result in unnecessary failure of fasteners or materials
as the parts are being clamped together. When applied pressure is not sufficient, uneven
loads are transmitted along the assembly which can result in excessive wear or premature
failure due to fatigue.
6.3
6.3.1

Materials and Methods
Specimen Configurations and Materials
Testing blocks were cut from full-size sheets of 3/4-thick PB panels (4 by 8ft),

and conditioned in an equilibrium moisture content chamber controlled at 68 ± 6ºC and
65 ± 5% relative humidity for two weeks. No. 10-gage, 1-1/2 in. long flathead and zinc
plated phillips low carbon sheet metal screws were used. In this study, four load cells
(PT Global LPX-250 button load cells with 555 lb. loading capacity) were used as shown
in Figure 6.1c to measure and record vertical forces during driving screw into the blocks.
The load cells’ outputs were used to determine forces while driving screws into the
material was recorded using a National Instrument SCXI-1000, with two 1102B modules.
The 1102B modules each used a 1303 interface.
6.3.2

Experimental design
A complete two-factorial experiment with 10 replications per combination was

conducted to evaluate effects of factors on pressure between two PB materials, driving
screws into PB materials. Two factors evaluated were pilot-hole diameter (9/64 and 5/32
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in. which were 102 and 113% of the pitch shank diameter, respectively) and torque
levels (seating torque between 12 and15 lb.in), 20 lb.in, 25 lb.in, and stripping torque at
30 lb.in. Therefore, a total of 80 pressure test were performed on 160 specimens.
6.3.3

Specimen Preparation and Pressure Test
There were two testing blocks one of which was called as upper block and another

one was called as lower block. The dimension of the lower block was 3 by 3 in. that was
attached to 10 by 20 in PB panel by at least six staples in order to prevent the lower block
from rising up while driving screws in as shown in figure 6.1. Additionally, the upper
block was 8 by 8 in. The pilot-holes were drilled at the center of lower and upper testing
blocks with screw penetration depth of 1.3 in which was almost 90% of the screw length.
The magnitude of a vertical force was the sum of four loading forces ( ∑𝐹 )
recorded through four load cells S9, S10, S11, and S12 (Figure 6.1c) during driving screws
into the PB block.
∑𝐹 = 𝑅9 + 𝑅10 + 𝑅11 + 𝑅12

(6.1)

where
∑𝐹 = the sum of load at four load cells (lb.)
R9, R10, R11, and R12 are the vertical forces recorded by load cells S9, S10, S11,
and S12 which were located at the four supporting sides of the lower-testing block. After
calculation the sum of the vertical forces, the pressure at the load cells (P) was calculated
based on the area of the top PB block (𝐴).
𝐴 = 𝐴1 x 𝐴2
where A1 is the length of the PB top block and the A2 is the width of the top block.
124

(6.2)

∑𝐹

𝑃=

(6.3)

𝐴

where
P = pressure at four load cells (psi.)
∑𝐹 = sum of four loading forces (lb.)
A = area of the top block (in2)

(a) Single lower block

(b) Single lower block with 6 staples

S2
S1
S3

S4

(c) Single lower block with 6 staples surrounded with load cells

Figure 6.1

Setup for lower block.
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Figure 6.2 shows the first setup for process of driving the screws into testing
blocks by adjustable micrometer hand torque wrench at specified torque levels. This prograde torque wrench is preset to the correct torque and click tactilely and audibly when it
reaches the correct torque set. The wrench operating torque range was from 5 to 50lb.in..
The torque wrench was not returned to zero after every use not to damage its repeatability
and accuracy.
At the beginning of the screw tightening process, the screws were driven about 1
in-deep into the upper testing block by screw driver connected to torque transducer in
order to increase the drivability of the screw into materials (Figure 6.2a). Once the screw
touched the lower testing block, screw driving torque process with torque transducer
stopped to set the specified torque level by torque wrench. First torque level were set as
seating torque level as the application of the torque increased 1 lb.in by 1lb.in in order to
reach the seating torque level (Figure 6.2b). As soon as the seating torque level had been
set, the screw was driven by the screw driver connected with torque transducer. At this
point, all screw driving torque data was also recorded to determine a range between
seating and stripping torques.
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(a) Usage of torque transducer to
drive the screw about 1 in. into PB
materials

(b) Setting specified torque levels

(c) Closer view of torque wrench at
the torque level of 25 lb.in

Figure 6.2

Test setup for setting the torque levels in a PB specimen
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The pilot-holes were drilled at the center of the edge and testing blocks with
penetration of 0.75 in. with 0.75 in. aluminum plate and 0.5 in. with 1 in. aluminum plate.
In face testing blocks, two pilot-holes were drilled in the single block to be tested. The
pilot-holes were 1.5 in. away from the ends of the block and 1.5 in. away from the edges,
and 3 in. away from each other. (ASTM D1716 and D1037-06, 2010). The physical and
mechanical properties were evaluated in accordance with the procedure described in
ASTM D 4442-92 and D 1037-06 (2010a, 2010b), respectively.
6.4

Results and Discussion

6.5

Typical curves
Two typical force- time curves were obtained in this study. These two curves can

be separated from each other when a screw sits into the material at high or low torque
level. The low torque level tended to have the upper block no touching load cell around
the bottom block (Table 6.4 a). Application of high torque may lead to clamp the upper
and bottom blocks together (Table 6.4 b)
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Figure 6.3

Typical load-time curves for pressure between two PB materials driven
screws in using pilot-hole diameter and torque level.
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6.5.1

Mean Comparisons of Clamping Force
General linear model procedure (GLM) for a two-factor ANOVA was performed

to analyze main effects (torque level and pilot-hole diameter) and their interaction on
means of clamping force. This procedure was followed by mean comparisons using the
protected least significant difference (LSD) multiple comparison procedure if any
significant interaction was identified, otherwise main effects were concluded.
Table 6.1 summarizes mean clamping force in total when driving screws into face of PB
material. All ANOVA and mean comparison analyses on total clamping force data were
performed at the 5 percent significance level. Table 6.2 summarizes p-values from
ANOVA analyses of mean clamping force for each of treatment combinations for pilothole diameters.
Table 6.1

Mean values of clamping force for each combination of torque level and
pilot-hole diameter.

Pilot-hole diameter
---(in)-9/64
5/32

Table 6.2

Torque level (lb.in)
12
20
25
30
------------------------------(lb)---------------------------238.2 (10) 247.4 (12)
258.4 (6)
227.3 (2)
227.6 (16) 221.6 (13) 225.6 (13) 186.7 (21)

Summary of p-values for interactions and main effects from ANOVA
analysis of mean clamping force in total.

Source
Clamping force
Torque level
<.0001a
Pilot-hole diameter
<.0001
Torque level x pilot-hole diameter
<.0001
* Values of R2: 0.94 and 0.95 for SET and STT, respectively.
a
p-value
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ANOVA results indicated that two-way interaction between torque level and
pilot-hole diameter was significant with a p-value of <.0001. Therefore, two-way
classification of 8 treatment combinations was created for mean clamping data set to
evaluate mean differences among those combinations using LSD value of 26.03 lb. and
(Table 6.3 and 6.4).
Table 6.3

Mean comparison of clamping force for torque levels within each of pilothole diameters.

Pilot-hole diameter (in)
9/64
5/32

Table 6.4

Mean comparison of clamping force for pilot-hole diameter within each of
torque level.

Torque level
(lb.in)
12
20
25
30

6.5.2

Torque level (lb.in)
12
20
25
30
------------------------------(lb)---------------------------(238.2) AB (247.4) AB (258.4) A (227.3) B
(227.6) A
(221.6) A
(225.6) A (186.7) B

Pilot-hole diameter (in)
9/64
5/32
-----------(lb)----------(238.2) A
(227.6) A
(247.4) A
(221.6) A
(258.4) A
(225.6) B
(227.3) A
(186.7) B

Torque level effects
Statistical analysis results indicated that significant differences were observed

between torque level and pilot hole diameter. The first three torque levels, including
seating torque level had higher clamping force than the one in stripping torque level It
can be seen from the Table 6.3 that there was no significant difference among the first
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three levels when the pilot-hole diameter of 5/32 used. In contrary, there was not much
difference between the seating torque and stripping torque levels where the torque level
of 25 lb.in had the highest clamping force.
6.5.3

Pilot-hole diameter effects
Based on the LSD mean comparison results, there was no significant difference

observed in the clamping force in the first two torque levels. Dissimilarly, the clamping
force in the torque level of 25 and 30 lb.in was higher than the ones in the pilot-hole
diameter of 5/32 in.
6.6

Conclusions
This study investigated the clamping force for face to face PB connection. The

factors evaluated were pilot-hole diameters and torque levels. Statistical analysis
indicated that the stripping torque level had lower clamping force than the other torque
levels in both pilot-hole diameter used. This result can be explained by torque which was
not enough for screws to hold blocks together so that the connection had already reached
the highest force before stripping torque.
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