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Abstract
This thesis investigates the withdrawal capacity of self-tapping screws (STS) inserted
parallel-to-grain. An experimental study was conducted with 100 screws tested in total.
The experimental program includes two main test series. First, withdrawal testing was
conducted on screws with a diameter of 10 mm with varying embedment depths, timber
density and moisture content. Strains in the screws were monitored to detect if yielding
was occurring. The withdrawal resistance increase as the embedment depth increased until
the screws began yielding and eventually reaching their ultimate tension capacity. The
ultimate tensile capacity was consistently reached at an embedment depth of 240 mm in
dry Douglas Fir, 280 mm in wet Douglas Fir and 320 mm in dry Eastern White Pine.
Second, withdrawal tests were conducted on screws with a diameter of 12mm and a
constant embedment depth of 280 mm with varying timber density and moisture content.
Increases in moisture decreased the withdrawal resistance. The average withdrawal
resistance of screws in Douglas Fir showed to more susceptible to changes in moisture
content when compared to Eastern White Pine. For both screw diameters, control
specimens were tested to determine the tensile capacity of the screws on their own. The
data from all the withdrawal tests was compared to three withdrawal equations: the CSA
O86 equation for lag screws, the CCMC 13677-R Report equation for STSs, and the ETA11/0196 equation for STS. In its un-factored form, the CSA O86 equation for lag screws
was the best at predicting withdrawal resistance of the STSs inserted parallel-to-grain.
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CHAPTER 1
INTRODUCTION
STATE OF THE CANADIAN TIMBER INDUSTRY
Innovations in engineered wood products, timber connection systems and timber fasteners
have brought rapid changes in the way timber is being used in structures. Most importantly,
the emergence of cross-laminated-timber (CLT) and the continuing evolution of products
such as glulam are allowing the timber industry to push the boundaries for what was once
possible from a structural perspective. Cross-laminated-timber uses solid timber boards
laminated together and layered in alternating directions. This creates dimensionally stable
solid timber panels that can be used as a prefabricated wall, roof, or floor system. The use
of these panels provides a lightweight, sustainable and environmentally friendly alternative
to reinforced concrete and steel for multistory low and medium rise buildings [1].

Spurred by this innovation, mass timber buildings are experiencing a renaissance in the
industry. The Brock Commons building (Figure 1), at the University of British Columbia,
is currently the tallest predominantly timber building of the modern era, at 18 stories tall.
The main structure was constructed with CLT floor panels and glulam columns. The
erection of the timber structure was completed at an unprecedented rate of two floors per
week by a crew of 9 people with minimal onsite assembly required [2]. This included the
installation of the pre-fabricated façade. The total volume of wood used in the project was
estimated to be about 2233 cubic metres [2].
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Figure 1: Erection of the Brock Commons Builing (18 Stories), University of British Columbia (Courtesy
of MyTiCon Timber Connnectors Inc.)

One of the most important developments in timber design has been the availability of highstrength, long length, self-tapping screws. These screws are manufactured by rolling or
forging a thread around the shank, and then subsequently hardening the thread for increased
bending and torsional resistance [3]. There are two main types available, fully-threaded or
partially-threaded, with diameters up to 14 mm and lengths up to 2000 mm [4]. The selftapping tip eliminates the need to pre-drill a hole and reduces drive-in torques. Fully
threaded self-tapping screws are characterized by their high withdrawal capabilities. This
opens up the possibility of using them as a fastener for a connection system or as timber
reinforcement [3], [5], [6]. There are currently no design previsions in CSA O86 for
withdrawal resistance which specifically address the unique characteristics of self-tapping
screws.
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Wood to wood or steel to wood connections using self-tapping screws are typically
designed one of two ways. The screws are either loaded laterally or axially. Laterally
loaded screws achieve relatively lower capacities but fail in a ductile manner (Figure 2(b))
[7], [8]. Screws loaded axially depend predominantly on the withdrawal resistance of the
screw; therefore, they resist higher loads and perform with a higher stiffness [8]–[11].
Practically, this is achieved by placing the screws at an angle (usually no less than 30°) to
the direction of the force (Figure 2(a)). The main component of the force engages the screw
axially and relies on the withdrawal capacity. This also generates a normal force drawing
the members tightly together which in turn creates a beneficial friction force, similar to
slip-critical connections in bolted steel connections. Blass and Bejtka [8] found that
connections with a 60° angle between the axis of the screw and the direction of the load
had a 53% higher resistance than screws loaded perpendicular to their axis.

Figure 2: Axially loaded screw connection (a) and laterally loaded screw connection (b)
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Another, growing trend in the timber industry are pre-engineered connection systems, such
as the Ricon® manufactured by KNAPP (Figure 3). These types of systems offer an
efficient method of connecting timber members. Some of the main advantages of these
proprietary systems are that they allow for pre-installation leading to quiet assembly onsite,
they have standardized load ratings for quick design, and they have a higher degree of
quality control. They can be recessed into the wood creating a fully concealed, aesthetically
pleasing connection that benefits from a protective charring layer in the case of a fire. They
were used to connect the beams to the main girders on the Rocky Ridge Recreation Centre
in Calgary, Alberta (Figure 4). This timber roof system is the largest of its kind in North
America.

Figure 3: Pre-engineered connectors being installed with screws in the end of beams for the Rocky Ridge
Recreation Centre (Courtesy of MyTiCon Timber Connnectors Inc.)

4

Figure 4: Timber roof system, Rocky Ridge Recreation Centre, Calgary, AB

The Ricon® system is designed with self-tapping screws inserted parallel-to-grain. The
primary load direction for this system results in the screws being loaded laterally and relies
on their shear, bending and embedment strength. However, some loading cases rely entirely
on the withdrawal capacity of the screws.

STATEMENT OF PROBLEM
Inserting screws parallel-to-grain is typically avoided as the withdrawal resistance is
somewhat erratic when wood splitting occurs [12], [13]. However, the long length of selftapping screw may mitigate this by developing the resistance deeper into timber. This
would engage wood not effected by splitting at the end of timber. This study has been
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motivated by the limited research which has been conducted on the withdrawal resistance
of self-tapping screws inserted in the end-grain.

OBJECTIVES
This thesis will examine the static withdrawal resistance of self-tapping screws inserted
parallel-to-grain (i.e. into the end grain). This will be conducted on two commonly used
Canadian timber species. Previous research has examined the withdrawal resistance of selftapping screws at an angle relative to the grain in Canadian species [14]–[17]. However,
no research investigating the withdrawal resistance parallel-to-grain (or a 0° angle) in
Canadian timber species has been published in literature.

The main objectives of this experimental study are:


To determine the withdrawal resistance of fully threaded self-tapping screws
inserted parallel-to-grain with changes in diameter of screw, embedment depth, as
well as density and moisture content of the timber;



To verify the tensile capacity of the self-tapping screws;



To observe the types of failure modes;



To compare the experimental data with current design equations for withdrawal
resistance and evaluate their reliability.

6

SCOPE
This thesis includes experimental investigations and analysis which compares the
experimental data to current equations proposed in the scientific literature. The
experimental program includes two main test series. First, withdrawal testing on screws
with a diameter of 10mm with varying embedment depths, timber density and moisture
content is conducted. Second, withdrawal testing on screws with a diameter of 12mm and
a constant embedment depth but varying timber density and moisture content is conducted.
For both screw diameters, control specimens were tested to failure to determine the tensile
capacity of the screws alone.

THESIS OUTLINE
The following is a brief overview of the different sections within this thesis:
Chapter 2: includes a literature review of the previous studies and material which is
relevant to this thesis. Also, three equations for predicting fastener withdrawal strength
from timber are introduced for the analysis in Chapter 5
Chapter 3: presents the experimental methods used to perform the testing. Details on the
materials, the test setup, the testing procedure and the experimental program are presented
Chapter 4: presents the results for the experimental program presented in Chapter 3. The
failure modes, the load-displacement curves, and load-strain curves are summarized
Chapter 5: discusses the results presented in Chapter 4. The results are compared to the
values predicted by the three equations presented in Chapter 2
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Chapter 6: summarizes keys findings conclusions from Chapter 4 and Chapter 5.
Recommendations for future work are presented.
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CHAPTER 2
BACKGROUND
The purpose of this chapter is to review previous studies from literature which investigated
the withdrawal resistance of self-tapping screws. Some background is provided on the
various parameters known to influence withdrawal resistance. Finally, three design
equations used for the analysis of the data in Chapter 5 are presented.

WITHDRAWAL RESISTANCE
The withdrawal resistance of a screw refers to its ability to remain embedded in wood by
transferring stresses to the wood surrounding the threads along its axis. A number studies
have been conducted on the withdrawal resistance of self-tapping screws in Canadian
timber species. However, none of these studies studied the parallel-to-grain withdrawal
resistance.

Gehloff [15] performed perpendicular-to-grain withdrawal tests with self-tapping screws
in three Canadian timber species: Douglas Fir Glulam, Spruce-Pine-Fir Glulam and solid
sawn Hemlock. The screws tested in this study were Würth ASSY VG fully threaded
screws with diameters (d) of 6, 8, and 10 mm. Withdrawal tests were conducted at angles
of 90°, 45°, and 30° relative to the direction of the grain at four embedment depths (4d,
10d, 12d, and 16d). The experimental results were compared to several withdrawal
resistance equations including those for lag screws from CSA O86-09 and NDS 2005. The
9

study concluded that none of the current North American calculation methods for
mechanical fasteners can accurately predict the withdrawal capacity of self-tapping wood
screws. Not only were the North American equations far too conservative, but they also
failed to consider the angle of the grain relative to the screw axis.

Hashim [17] investigated the withdrawal resistance of self-tapping screws in Canadian
Glulam. Screws from three different manufacturers were tested, including the Würth ASSY
VG screws tested in the current thesis. Four screw diameters (d) were tested (6, 8, 10, and
12 mm) at two embedment depths; 6d and 12d. Three different types of glulam were used
to consider the effects of density. Some tests investigated how pre-drilling lead holes
affected withdrawal resistance. The results were compared to design equations from around
the world including CSA O86 (Canada), NDS (USA) and Eurocode 5 (Europe). A modified
version of McLain’s withdrawal equation for lag screws was adjusted and proposed as a
viable model for self-tapping screws.

Kennedy et al. [16] conducted a statistical analysis on a bank of data collected from 2590
withdrawal tests conducted on lag screws and self-tapping screws across Canada by
different authors. This did not include any tests with screws inserted parallel-to-grain. The
results were compared to five existing North American equations with the purpose of
proposing a harmonized withdrawal equation suitable for all threaded fasteners. The wood
screw withdrawal equation in CSA O86-09 was proposed as the design equation to predict
the withdrawal strength of any threaded fastener in the next edition of the Canadian timber
design code [14], [16].
10

The following sections offer background information about the parameters which affect
withdrawal resistance.

2.1.1 GRAIN DIRECTION AND MOISTURE EFFECTS
The term “grain” refers to the direction in which the wood fibre runs along a length of
wood. Wood is considered an anisotropic material; meaning that it has unique mechanical
properties relative to the direction of the grain. For example, some of the key mechanical
weaknesses in wood are tension perpendicular-to-grain, shear parallel-to-grain and
compression perpendicular-to-grain. Ellingsbø and Malo [18] state that the use of selftapping screws parallel-to-grain has been avoided because of the inherent risk from
moisture induced splitting and splitting initiated while driving in the screws. As previously
mentioned in Chapter 1, the long length of self-tapping screw may mitigate this by
developing the resistance deeper into the member, engaging wood which has not been
affected by splitting common to the ends of timber.

Change in moisture content is an important consideration for connection design because of
the effect it has on the mechanical properties and the potential for moisture induced
splitting. Figure 5 demonstrates how changes in moisture content affects the amount of
shrinkage. Notice that the shrinkage in the lengthwise direction is very low; therefore,
stresses in the axial direction of the screws inserted parallel-to-grain would be minimal.
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Figure 5: Wood shrinkage (Courtesy of The Canadian Wood Council) [19]

Table 5.2 from the Introduction to Wood Design (2011 Edition) can be used to calculate
the expected shrinkage in the radial and tangential direction for common Canadian
softwood species [13]. The radial direction refers to the timber face with edge-grain. The
tangential direction refers to the timber face with flat-grain. Knowing the average
equilibrium moisture content of the wood for end use condition, the percent change in
dimensions can be predicted. For example, consider a specimen of Coastal Douglas Fir or
Eastern White Pine having an initial moisture content greater than 28% (i.e. green wood),
which is then dried to a moisture content of 6%. The dimensions of the Douglas Fir
specimen will decrease 3.8% in the radial direction and 6.1% in the tangential direction.
The dimension of the Eastern White Pine specimen will decrease 1.7% in the radial
direction and 4.9% in the tangential direction. From this, it can be concluded that the
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Douglas Fir is more likely to be affected by shrinkage than Eastern White Pine which more
dimensionally stable.

Figure 6 demonstrates how some of the mechanical properties of wood change with
variations in moisture content. These changes level off once the fibre saturation point is
reached. To account for this, CSA O86 includes a service condition factor which adjusts
the resistance based on the expected moisture content at service.

Figure 6: Strength variation relative to moisture content (Courtesy of The Canadian Wood Council) [19]

2.1.2 WOOD DENSITY
The density of wood varies among species and has a direct impact on the withdrawal
resistance. Hashim [17] presented a number of studies indicating that there is a linear
13

correlation between connection strength and stiffness and wood density. Canadian timber
densities are expressed in CSA 086 as mass oven-dry relative densities (relative to water
at 1000 kg/m3). Oven-dry density refers to the density when the moisture content is taken
as 0%. However, the density values used in European design (such as the Eurocode 5) refer
to characteristic (5th percentile values) densities of wood at a service condition of 12%
moisture content. To convert to the European characteristic density, the Canadian values
for mass oven dry density can be multiplied by a 0.84 [20] based on a conversion method
proposed in The Wood Handbook [12].

2.1.3 LOAD DURATION
There is limited data available for the effect of load duration on wood connections [13].
Typical static tests conducted on wood are done at a loading rate or deformation rate in
order reach maximum load in about 5 minutes[12]. Higher values of strengths are attained
when wood is loaded very quickly. It is approximated that the required load to reach failure
in one second is about 10% higher than for standard static tests in timber [12]. Ringhofer
and Schickhofer [21] state that according to European Standard EN 1382, a loading rate at
constant velocity should be set such that failure appears within 90±30 seconds.

“Wood has the ability to carry short-term loads at a higher magnitude than those it will
support for a long time [13].” CSA O86 incorporates a service factor for load duration
(KD). Design provisions in CSA O86 are calibrated such that they represent “standard
term” loading conditions when the load duration factor is equal to 1.00. In most cases, the
14

strength of wood decreases about 20% after three months of constant loading (Figure
7)[13]. Therefore, the specified strengths from test data have been adjusted by a factor of
0.8 to represent the resistance expected at “standard term”.

Figure 7: Load duration effect on dimension lumber (Courtesy of The Canadian Wood Council) [19]

2.1.4 TEST CONFIGURATION
Ringhofer and Schickhofer [21] discuss how the boundary conditions can affect the
withdrawal resistance while testing. They compared different test configurations; i.e. ways
of supporting the timber specimens while the screw is being loaded in tension. None of
these tests configurations included screws being tested parallel-to-grain. However, Jensen
et al. [22] compared two loading conditions for screws inserted parallel-to-grain: pull-push
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and pull-pull (Figure 7). These loading conditions effect how the shear stress is distributed
along the axis of the screw. “For the pull-pull loading condition, the maximum shear load
may occur at either end of the embedded screw [23].” “For the pull-push loading condition,
the maximum shear stress will always occur at the entrance [23].” This is an important
parameter to consider when developing analytical models for withdrawal. The test setup
used in this study can be characterised as being of the “pull-pull” configuration. This
configuration was deemed a better representation of how pre-engineered connection
systems (such as the KNAPP RICON®) would load the screws in a real application.

Figure 8: Loading Conditions [23]

2.1.5 PRE-DRILLLING
Predrilling is required to avoid splitting for large diameter fasteners as well timber species
susceptible to splitting. Splitting is caused by excessive tensile stresses generated
perpendicular-to-grain (known as wedge effect) such as when larger diameter fasteners are
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inserted into wood. Self-tapping screws are design with a “self-tapping” or “self-drilling”
tip. The tip cuts or “loosens” the wood fibre without removing it. This loose fibre is
compressed along the outside of the side screw, locally densifying the wood. Compared to
lag screws, self-tapping screws have deeper, sharper threads and a more slender core
diameter. These features drastically reduce “wedging effects”, eliminating the requirement
for predrilling in softwoods. Note that the perpendicular-to-grain stresses still exist.
Therefore edge distances, end distances and spacing requirements need careful
consideration. Also, for self-tapping screws, pre-drilling is recommended for timber
species with densities greater than 500 kg/m3 [4]. Hashim [17] stated that “the use of lead
holes was shown for both the 8mm and 10mm not to influence the withdrawal strength.
However the lead holes improved the ease of installation for the larger screws, especially
in the dense glulam.” Ringhofer and Sckickhofer [24] showed that predrilling created a
negligible difference in the withdrawal capacity of screws inserted at a 90 degree angle to
the grain, while for screws inserted parallel-to-grain (0 degrees) they observed significantly
higher withdrawal strength after predrilling. They recommended that the positive effect of
pre-drilling in end-grain applications be the focus of further studies, especially for longterm loading. Pre-drilling was not a parameter considered in this thesis.

CURRENT DESIGN EQUATIONS
2.2.1 CSA O86-14
There are currently no Canadian design provisions available for structural self-tapping
screws in CSA O86-14. However, there are currently design provisions for both wood
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screws and lag screws. Hashim [17] refers to self-tapping screws as a hybrid of the two
types of screws as they combine the high lateral load carrying capacity of lag screws with
the withdrawal capacity and relative ease of installation of wood screws.

Wood screws are slender fasteners used in general wood construction in similar
applications as nails, albeit with a higher withdrawal resistance. These fasteners have a
thread that covers about two-thirds of screw’s length. These screws do not require predrilled holes for cases where the wood has a relative density less than 0.5; otherwise, a lead
hole of at least the length of the shank is required according to CSA O86-14 Table 12.11.2.1
[25]. Design provisions for wood screws are limited to 6,8,10 and 12 gauge (3.5 mm, 4.2
mm, 4.8 mm, and 5.5 mm) screws which meet the requirements of ASME B18.6.1 Wood
Screws. In 2009, CSA O86 adopted Mclain’s equation [26] for wood screws. The
withdrawal resistance design equation (Clause 12.11.5.2) applies only for short-term wind
or earthquake loading [13]. The standard states in notes to Table 12.11.1 that screws larger
than 12 gauge (5.48 mm) shall be designed according to the provisions for lag screws.

Lag screws are typically available in lengths ranging from 75 mm to 300mm in length and
from 6 mm to 25 mm in diameter. To properly install a lag screw, a lead hole is needed for
the threaded portion of the screw and a counter bore for the unthreaded portion (Figure 9).
This is necessary as the shank diameter and the outside diameter of the threads are equal.
If the depth of the counter bore is not carefully controlled, the withdrawal capacity could
be decreased if the threads are not properly engaged into the wood. This is a time
consuming process susceptible to errors in quality control. This illustrates another reason
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why self-tapping screws are a novel technology which contribute to a faster and more
reliable installation.

Figure 9: Installation of a lag screw (Courtesy of The Canadian Wood Council) [19]

CSA O86 includes withdrawal resistance design provisions for lag screws conforming to
the requirements of ANSI/ASME Standard B18.2.1.

The factored withdrawal resistance equation for lag screws, 𝑃𝑟𝑤 , is:

𝑃𝑟𝑤 = 𝜙𝑌𝑤 𝐿𝑡 𝑛𝐹 𝐽𝐸

(1)

19

𝑤ℎ𝑒𝑟𝑒;
𝜙 = resistance factor, 0.6
𝑌𝑤 = 𝑦𝑤 (𝐾𝐷 𝐾𝑆𝐹 𝐾𝑇 )
KD = service load duration factor
KSF = service condition factor
K T = service treatment factor
𝑦𝑤 = basic withdrawal resistance per millimetre of threaded shank penetration
= 59𝑑𝐹0.82 𝐺 1.77
𝑑𝐹 = nominal lag screw diameter (mm)
𝐺 = 𝑚ean relative density of main member
𝑛𝐹 = number of fasteners in the connection
𝐿𝑡 = length of threaded shank penetration into main member (mm)
𝐽𝐸 = end grain factor for lag screws
= 0.75 in end grain
= 1.0 in all other cases

The commentary for CSA O86 in the Wood Design Manual states that the withdrawal
equation for lag screws was developed empirically using proprietary unpublished data from
“tests on five species (redwood, white pine, Douglas fir, southern yellow pine and white
oak) with seven sizes of lag screws and six replications for each combination[27]. The
commentary also references an anonymous source from 1982 stating that the withdrawal
resistance was directly proportional to the length of the threaded portion of the lag screw
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and to d0.75 and G1.5 (where d is the shank diameter and G is the relative density of the
wood) [27]. Loading lag screws in the end grain of wood should be avoided where possible
as the withdrawal resistance is variable and especially sensitive to change in the moisture
content [13]. When inserted in the end grain (i.e. parallel-to-grain), the 𝐽𝐸 factor is
incorporated to reduce the capacity of the lag screw withdrawal resistance by 25 percent.

2.2.2 SELF-TAPPING SCREW EQUATION FROM CCMC 13677-R
The SWG ASSY® VG Plus (fully threaded) and SWG ASSY® 3.0 (partially threaded)
self-tapping wood screws have received technical approval from the Canadian
Construction Materials Centre (CCMC). The report (CCMC 13677-R [28]) states that these
screws can be used as a structural timber fastener and that they comply with the intent of
the provisions of the National Building Code (NBC 2010). The screws were approved for
three insertion angles, 30°,45°, and 90° relative to the grain and intended for use in “dry
service conditions” in accordance with Article 9.3.2.5 of Division B of the NBC 2010.

The testing conducted to attain this report was done by an independent testing agency in
laboratories recognized by CCMC. The report presents a withdrawal equation which is
calibrated by the test results. A total of 5880 tests were conducted; 28 screws for each
parameter. The following parameters were considered: 4 screw diameters (d = 6 mm, 8
mm, 10 mm, and 12mm), 4 embedment depths (4d, 8d, 12d, and 16d), 5 wood species
(Douglas Fir (DFir-L), Spruce Glulam (SPF), Western Red Cedar(WRC), Southern Yellow
Pine(SYP), and Parallam (PSL), and 3 angles relative to the grain (90°, 45° and 30°). The
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data is proprietary and therefore not published. It was compared to two existing equations
from Europe: the Eurocode 5 and the German Code DIN 1052:2008-12. The DIN equation
was the more accurate equation of the two with only 0.3% non-conformance. Some
modifications were made to the equation to account for the effects of load duration. The
equation for the factored withdrawal resistance, 𝑃𝑟𝑤,𝛼 , loaded at an angle (α) relative to the
grain direction, is presented below:

𝑃𝑟𝑤,𝛼 = 𝜙

0.8 ∙ 𝛿(𝑏 ∙ 0.84𝜌)2 ∙ 𝑑 ∙ 𝑙𝑒𝑓 ∙ 10−6
∙ 𝐾𝐷 ∙ 𝐾𝑆𝐹
4
2
2
sin 𝛼 + 3 cos 𝛼

where;
ϕ = resistance factor, 0.9,
0.8 = adjustment for standard term loading ,
δ = material adjustment factor :82 for ρ≥440kg/m3 ;85 for ρ<440kg/m3 ,
b = 1 for DFir-L, SPF, SYP, WRC, Hem-Fir,
or
b = 0.75 for Parallam (PSL),
ρ = mean oven-dry relative density (CSA O86-14, Table A12.1) x103 (kg/m3 ),
0.84 = adjustment factor to convert mean oven-dry density to fifth percentile value,
d = outside screw diameter (mm),
lef = effective embedment depth into member (subtracting length of the tip)(mm),
α = screw angle relative to grain direction ,
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(2)

KD = load duration factor,
and
KSF = service condition factor.

The factored withdrawal strength shall not exceed the tensile capacity of the screws. The
factored tension capacities are listed in Table 1. They were derived by taking the
manufacturer’s tension values and multiplying them by the resistance factor for steel (𝜙 =
0.8) according to CSA S16.

Table 1: Factored tensile resistance for ASSY Screws [28]

Screw Diameter
(mm)

Factored Tensile Resistance
(kN)

6

9.04

8
10
12

15.12
19.20
24.00

2.2.3 SELF-TAPPING SCREW EQUATION FROM ETA-11/0196
The SWG ASSY VG screws studied within this thesis also have attained European
Technical Approval (ETA-11/0190) “Wurth self-tapping screws” [4]. This document
indicates the methods with which to design connections between wood-based members.
Included within this document are design provisions for laterally loaded screws, axially
loaded screws, head pull-through capacity, compressive capacity and a calculation
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procedure for reinforcing timber members with the screws. For the purposes of this study,
the axial withdrawal capacity (Equation 3) is presented. This equation includes a factor
(𝑘𝑎𝑥 ) for screws inserted at an angle, 𝛼, relative to grain.

𝜌𝑘 0.8
)
350

𝐹𝑎𝑥,𝛼,𝑅𝑘 = 𝑛𝑒𝑓 ∙ 𝑘𝑎𝑥 ∙ 𝑓𝑎𝑥,𝑘 ∙ 𝑑 ∙ 𝑙𝑒𝑓 ∙ (

(3)

where;`
Fax,α,Rk = characteristic withdrawal capacity of a screw group at an angle, α, to the grain (N),
nef = effective number of screws according to Eurocode (EN 1995-1-1 Cl.8.7.2(8)),
=1
kax = factor taking into account the angle α between screw axis and grain direction,
kax = 1.0
kax = 0.3+

for 45°≤α≤90°,
0.7∙α
45°

for 0°≤α≤45°,

and
fax,k = characteristic withdrawal parameter based on characteristic density of wood-based
member of 350kg/m3 ,
fax,k = 10N/mm2 for screws with d≥10mm.

The standard requires a minimum of two screws be used for load bearing connections. Only
one screw may be used when it is loaded axially and the embedment is a minimum of 20
times the diameter of the screw (20d). Also, the load resistance is reduced by 50% unless
the screw is being used as perpendicular-to-grain timber reinforcement.
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CHAPTER 3
EXPERIMENTAL METHODS AND MATERIALS
The purpose of this chapter is to discuss the experimental program conducted in the
Queen’s University Civil Engineering Laboratory. Details about the materials, the testing
apparatus and the methods used to conduct the experimental testing are presented in this
chapter.
MATERIALS
Screws
The screws used in this study are ASSY Plus VG screws manufactured in Germany by
SWG (Figure 10). The ‘VG’ in the name indicates that the screws are fully threaded. They
were supplied by MyTiCon Timber Connectors Inc. of Surrey, British Columbia. The head
of the screws are countersunk compatible with the proprietary CSK drill bits. As implied
in the name, the screws have a self-tapping (or self-drilling) tip. Two diameters were tested,
10 mm and 12 mm (Figure 11).

Figure 10: SWG ASSY CSK VG Fully-Threaded Screw
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Figure 11: View of the self-tapping tip (top 12 mm, bottom 10 mm)

The ASSY Plus VG screws have three code approvals worldwide. In Canada, they have
received technical approval from the Canadian Construction Material Centre “CCMC
13677-R” [28]. In the United States, they have received an ICC Evaluation Report “ESR3178” [29]. In Europe, they have a European Technical Approval “ETA-11/0190” [4].

Timber Specimens
The timber specimens were supplied by ‘The Wood Source Inc.’ in Ottawa, ON. The wood
samples were cut to 813mm (32”) in length and dressed to 89mm X 89mm (3.5” X 3.5”)
with a four-sided thickness planer ensuring that the samples were square (see Figure 12).
Also, all cuts were made using a miter saw to ensure they were cut at 90 degrees. Two
species of timber were tested in this study: Douglas Fir and Eastern White Pine.
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Figure 12: Douglas Fir samples dressed with a four sided planer

Douglas Fir
Douglas Fir (pseudotsuga menziesii) was selected as it is a commonly used Canadian timber

species in structural applications. It has the highest density of the typically used softwoods.
The relative density listed in CSA O86-14 based on volume air-dry and mass oven-dry
measurements is 0.49 [25]. The Douglas Fir specimens used in this research were graded
as “select structural”.

Eastern White Pine
Eastern White Pine (Pinus strobus) was selected as a commonly used Canadian timber
species with a lower density than Douglas Fir. The listed relative density based on volume
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air-dry and mass oven-dry is 0.42 [25]. CSA O86 classifies this species as part of the
Spruce-Pine-Fir (S-P-F) group. The specimens used in this study were ungraded. However,
specimens were cut such that any large knots or other defects were avoided.

WITHDRAWAL TEST SPECIMENS
The dimensions of the timber specimens are detailed in Figure 13. The timber specimens
were prepared by first drilling two 29mm (1-1/8”) holes in order to fit the two 25mm (1”)
bolts fastening the timber specimens to the bottom assembly of the test setup. This was
done on a press drill to ensure proper alignment of the holes (see Figure 14).

Figure 13: Timber specimen geometry (all dimensions are in millimeters)
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Figure 14: Holes drilled with spade bit on a drill press

After holes were drilled, the specimen was cut to an appropriate length depending on the
embedment depth at the opposite end to the location of the holes. This was done on a miter
saw to ensure the cut was square. A 25mm length sample was cut for moisture and density
calculations. The dimensions were measured using calipers to a precision of 0.1mm and
the mass was measured on a calibrated digital scale to a precision of 0.1g. These
measurements were taken within two hours of cutting the samples.

The desired embedment depth was measured using a measuring tape hooked on the end of
the screw and wrapping a piece of masking tape around the threads.
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The centre of the timber cross-section was marked out. A small pilot hole (approximately
10mm deep) of equal diameter to the core of the screws was drilled to ensure that the screws
was positioned at the centre of the cross-section. This was done in an effort to reduce
eccentricities ensuring that bending was not imposed on the screw during testing. A drill
guide (Figure 15) was constructed to control the drive-in angle, ensuring that the screws
were driven parallel-to-grain. The drill guide was adjustable allowing for it to be used with
different screw lengths. It was also designed to hold the steel top plate in place while the
screws were driven.

Figure 15: Drill guide designed to insert screws at a 0° angle relative to grain direction
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The screws were driven into the timber specimen with a ½-inch electric drill without
percussion. The drill was mounted to the drill guide. The screws were driven at a constant
rate until the desired embedment depth was reached as indicated by the masking tape. Once
the screw was inserted, the specimen was installed in the test apparatus and tested within
an hour of inserting the screws. However, the specimens conditioned through a dry-wetdry moisture cycle were placed in the moisture tank.

TEST EQUIPMENT AND TIMBER CONDITIONS
3.3.1 MOISTURE CONDITIONING
The dry samples were prepared by placing the timber in a ventilated oven at 76°C for at
least 48 hours. They were removed once the moisture content measured with a digital
moisture meter was below 12%.

The wet samples were prepared by fully submerging the specimens in a water tank in the
laboratory at room temperature. Concrete masonry blocks were used to prevent the wood
from floating above the water surface. The samples were kept in the tank for at least seven
days in order raise the moisture content above 19%.

Some of the samples were conditioned through a moisture cycle of dry-wet-dry conditions.
First, the samples were dried below 12% moisture content. Then the screws were inserted
and the specimens were submerged in the water tank. After seven days, the specimens were
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removed from the water tank and placed in the oven for five days at 76°C. After each
moisture phase, a 25mm sample was cut from the wood specimen to measure the moisture
content and the relative density.

3.3.2 TESTING EQUIPMENT
The test setup for the withdrawal testing is shown in Figure 16. It is comprised of a bottom
assembly which holds the timber specimen with two bolts (25mm diameter) which were
tightened using a pneumatic impact wrench. The top plate was fabricated with a 19mm
thick steel plate. The centre of the plate had a hole with 45° chamfered edges for the head
of the screw to bear upon. The chamfer matched the profile of the head of the screw to
evenly distribute the stress. The washer plate was held to the top assembly with four 5/8”
A325 bolts. Both the top and the bottom assemblies were held in the testing machine’s
hydraulic grips with a 1/2” steel plate.

A linear potentiometer (LP) was installed to detect any slip between the bottom assembly
and the timber specimen. Another LP was mounted on the top grip of the testing machine
to measure the relative displacement at the top of the timber specimen. Since it was not
possible to reach the top of the specimen with an LP, a small aluminum angle was screwed
into the wood about 15mm below the top of the specimen.

An extensometer was mounted between the threads onto the core of the screw. Custom
blades for the extensometer were fabricated using the material from a steel blade of a utility
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knife. This was required as the blades on the extensometer were too short; therefore, there
was not sufficient clearance to properly mount the extensometer onto the core of the screw.
MTS, the manufacture of the extensometer, did not provide longer blades. The
extensometer was mounted by scratching the blades into the coating of the screw and
holding it in place with small elastic bands.

33

Figure 16: Withdrawal test setup
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EXPERIMENTAL PROGRAM
3.4.1 GENERAL OVERVIEW

This study included three main experimental testing programs. The first testing program,
Table 2, investigated the variation of withdrawal strength with changes in embedment
depth. All tests were conducted using 10mm diameter fully-threaded screws inserted
parallel-to-grain. Tests were conducted using dry Douglas Fir, wet Douglas Fir, and dry
Eastern White Pine. The embedment depths were selected such that the specimens initially
failed in withdrawal than increased by 20 mm increments until the screws consistently
failed in tension. Two or three replicates were performed for each embedment depth.

The second testing program, Table 3, investigated the effect of different service conditions
on withdrawal strength. All tests were conducted using 12mm diameter fully-threaded
screws inserted parallel-to-grain with an embedment depth of 280mm. Three service
conditions were investigated. First, dry service conditions (moisture content below 12%);
second, wet service conditions (moisture content greater than 19%); and finally, a moisture
cycle of dry-wet-dry with the screws inserted in the wood. This moisture cycle represents
a situation where a connection is prefabricated into dry timber, then exposed to moisture
during transportation or onsite storage, and finally installed for service in a dry
environment. The wood cross-section was reinforced perpendicular-to-grain with fullythreaded screws in the radial direction to avoid splitting failure. Five test repetitions were
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completed for each service condition. Tests were conducted in both Douglas Fir and
Eastern White Pine.

Finally, tension tests of the screws were conducted (Table 4). Three repetitions were
completed for both the 10mm and 12mm diameter screws. These tests were conducted on
screws which had not been inserted into wood.

Table 2: Test matrix: Effect of embedment length on withdrawal strength

Timber
Species

Screw
Diameter
(mm)

Douglas Fir

10

Douglas Fir

10

Eastern
White Pine

10

Service
Condition

Embedment
Test
Depth
Repetitions
(mm)

120
180
Dry (<12%)
200
220
240
120
220
240
Wet
(>19%)
260
280
300
120
180
200
220
240
Dry (<12%)
260
280
300
320
340
Total Number of Tests=
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2
3
3
3
3
2
3
3
3
3
3
2
3
3
3
3
3
3
3
3
3
60

Table 3: Test matrix: Effect of service conditions on withdrawal strength

Timber
Species

Douglas Fir

Eastern
White Pine

Screw
Diameter
(mm)

12

12

Service
Condition

Reinforced

Dry
Dry
Wet
Dry-WetDry
Dry
Dry
Wet
Dry-WetDry

No
Yes
Yes
Yes
No
Yes
Yes

12
10

280

5
5
5

280

5
5
5
5

Yes
Total Number of Tests=

Table 4: Test matrix: Tension tests of the screws.

Screw
Diameter
(mm)

Embedment
Test
Depth
Repetitions
(mm)

Screw Treatment

Test
Repetitions

Unused
Unused
Total Number of Tests=

3
3
6
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3.4.2 WITHDRAWAL TESTS
The methodology used for performing the withdrawal tests is as follows. The withdrawal
specimens were placed into the bottom assembly and bolted with a pneumatic impact
wrench. Then the bottom assembly was positioned into the bottom grip of the testing
machine. Next, the top plate was bolted to the top assembly using four bolts with stacks of
two washers between the two parts. This created a space to ensure that the screw was not
loaded before the test was started. The two LP’s and the extensometer were then mounted
on the specimen. Figure 17 shows a typical withdrawal test being performed in the Instron
8802 testing machine with a 250 kN capacity.

Figure 17: Withdrawal test being performed in testing machine
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The samples were initially loaded at a rate of 0.2mm/minute. If the sample failed due to
withdrawal of the screws, as indicated by a gradual decrease in load, the loading rate was
increased to 2.0mm/minute. Data was collected using a Visahy Precision Group (VPG)
System 5000 data analyzer. The test was stopped if one of the following conditions were
met: either the screw failed in tension or the screws withdrew 25mm from the timber
specimen.

3.4.3 SCREW TENSION TESTS
Tension tests were perform to investigate the tensile capacity of the screws. To protect the
integrity of the screws, the ends were cast into a copper sleeve with epoxy. The copper
sleeves measured 100mm in length. One was cast on each end of the samples. The screws
used for this testing were 400mm in length. The head of the screw was removed in order
to fit inside the copper sleeves. The alignment was ensured by placing the specimens into
a wooden molds as shown in Figure 18.

Figure 18: Wooden molds used to ensure the alignment of the copper sleeves
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Figure 19 shows the test set-up used to perform the screw tension tests.

Figure 19: Screw tension test setup

The machine used to perform the static tension tests was the Instron 8802. Data was
collected using a Visahy Precision Group (VPG) System 5000 data analyzer. The samples
were held in the hydraulic grips. The copper sleeves protected the screws from damage
caused by the grips (Figure 20). The specimens were loaded in tension at 0.1mm/min. Each
test lasted about 45 minutes before the ultimate load was reached. An extensometer with a
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gauge length of 98.6mm for the 10mm screws and 25.4 mm for the 12mm screws was used
to measure the strain.

Figure 20: Screw tension tests being performed in testing machine

3.4.4 MOISTURE CONTENT AND RELATIVE DENSITY MEASUREMENTS
To determine the moisture content and relative density of the samples the procedures and
guidelines of ASTM D2395-14 [30] were followed. Moisture content and density have a
direct correlation to withdrawal strength; therefore, it was an important parameter to
measure. The ASTM standard states that for wood-based materials used in structural
applications, a sample must be tested with a length of 25 millimeters parallel to the grain
and dimensions equivalent to the full cross-section of the member being tested. A 25mm
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sample was cut directly above the location where the screws were installed into the timber.
The mass and dimension of the samples were recorded within two hours of being cut.
The samples were dried using a drying oven in the Queen’s University Civil Engineering
Laboratory. The oven used was only capable of reaching a drying temperature of 76°C.
Method B requires an oven that can maintain 103 ±2°C. Note 5 in the document states that
samples measuring 25mm usually attain “constant mass” within 24 hours when dried in a
forced convection oven. However, the oven was not a forced convection oven and it only
reached a temperature of 76°C. In an effort to mitigate this discrepancy, the samples were
left in the oven for a minimum of 48 hours or until a constant mass was recorded.
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CHAPTER 4
RESULTS

This chapter presents the experimental results and observations from the research program
described in Chapter 3. Section 4.1 describes the three primary failure modes observed
when testing fully-threaded self-tapping screws in tension. Section 4.2 presents the
experimental results for 10 millimetre diameter screws inserted into dry Douglas Fir, dry
Eastern White Pine, and wet Douglas Fir. Three tests replicates were conducted for a range
of embedment lengths until the tensile limit of the screws was reached. Sections 4.3
presents the experimental results for 12 millimetre diameter screws embedded 280
millimetres into Douglas Fir and Eastern White Pine. Tests were conducted on dry samples,
wet samples and samples which were conditioned through a cycle of dry-wet-dry moisture
conditions. Finally, section 4.4 presents the results for the screw tension tests.

FAILURE MODES
Three failure modes were observed through all the test series. They were: failure due to
withdrawal of the screws from the wood; splitting perpendicular-to-grain in the wood; and,
ultimate tensile failure of the screw.

Failure Mode 1: The predominant failure mode observed (Figure 21) was withdrawal of
the screws from the wood. When a self-tapping screw is driven into wood, the sharp threads
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cut a passage and are form fitted to the wood. The remaining wood between the threads
fails in shear parallel-to-grain when the withdrawal capacity is reached. This can be
observed from the “plug of wood” removed as the threads pull out from the wood.

Failure Mode 2: A second failure mode observed in some specimens with 12 mm diameter
screws was splitting of the timber specimen perpendicular-to-grain (Figure 22). This is a
brittle failure caused by the wedging effect of the screw. This failure mode can be initiated
by shrinkage cracks in the end of the specimen.

Failure Mode 3: The third failure mode observed was ultimate tension failure of the
screws (Figure 23). This failure mode occurred when the timber specimen had sufficient
capacity to avoid splitting failure and when the screws had sufficient embedment depth to
resist withdrawal failure.
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Figure 21: Typical withdrawal of screw failure mode

Figure 22: Typical splitting perpendicular-to-grain failure mode

Figure 23: Typical ultimate tension failure of the screw
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WITHDRAWAL TEST OF 10MM SCREWS

Section 4.2 presents the experimental data for the withdrawal tests of 10 mm screws in
specimens with varying embedment depths. The experimental data is presented in figures
with a load-displacement curve (left) and a load-strain curve (right).

4.2.1 DRY DOUGLAS FIR
The experimental results for the withdrawal tests in dry Douglas Fir are presented in
Figures 24 to 28. The average moisture content for the samples was 7±0.4% with an
average mass oven-dry relative density of 0.48. Dry service conditions are assumed when
the average equilibrium moisture content over a year is 15% or less and does not exceed
19% [13].

Specimens with embedment lengths of 120 mm (Figure 24), or 180 mm (Figure 25),
exhibited linear-elastic behaviour up to failure. Strains in the screw at failure were low
(less than 0.5%) and the failure modes were clearly of the “withdrawal” type. The increase
in embedment length from 120 mm to 180 mm has significantly increased the withdrawal
strength from an average of 14.8 kN to 32.1 kN. This is a nonlinear load increase. The
behaviour at lower embedment depths is not known since no data was collected below 120
mm. However, the author speculates that shear resistance of the wood fibre itself is reduced
as the wood fibre near the ends of the specimen are not confined in all directions.
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Once the withdrawal capacity was reached, there was a significant drop in load and the
threads began to pull out of the wood. The screw-wood connection exhibits residual
strength at increasing displacement after the withdrawal limit is reached. This is likely due
to friction as a “plug of wood” is pulled out following the shear failure. This behaviour is
consistently observed in the load-displacement plots. The shape changes from climbing
linearly to descending in a wave-like manner. Interestingly, the distance between the local
minimums of these ‘waves’ on the load-displacement curve coincides with thread spacing
(or the pitch) of the screws.

At an embedment length of 200 mm (Figure 26), a non-linear load-displacement and stressstrain response is exhibited at loads above about 37 kN. Some yielding is apparent in the
screw, with failure strains close to 1%. Although there was an increase in strains from the
embedment of 180mm (Figure 25), the failure mode was again the “withdrawal” type.

At an embedment length of 220 mm (Figure 27), a non-linear load-displacement and stressstrain response is exhibited at loads above about 37kN for the first two specimens
(10DFIR-DRY-07-220mm and 10DFIR-DRY-08-220mm). These two specimens reached
loads above 40 kN where the failure modes observed were clearly the “ultimate tension
failure of the screw”. The extensometer was removed for loads exceeding 35 kN to avoid
damage to the instrument. Therefore, it is difficult to give a quantitative estimate of the
extent to which the screw was yielding; however, some yielding is indicated by the nonlinear response exhibited on the load-displacement curve. The third sample at this
embedment length exhibited linear-elastic behaviour up to failure. The failure mode was
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different for this specimen; the “withdrawal” type was observed. Strain in the screw at
failure was low (maximum 0.5%).

Finally, at an embedment length of 240 mm (Figure 28), a non-liner load-displacement and
stress-strain response is consistently exhibited at loads above about 37kN for all specimens.
The specimens all reached loads above 40 kN where the failure mode observed was clearly
the “ultimate tension failure of the screw”. Yielding is apparent in the screw, with strains
at failure going beyond 2.5%.

The maximum loads, standard deviations, and coefficients of variation (COV) are
summarized in Table 5. The average withdrawal strength increases with embedment length,
although there is little increase for embedment lengths greater than 200 mm. In addition,
much lower values of COV (1.5% to 7.5%) were observed for embedment lengths of 200
mm and larger compared to those for the 120 mm and 180 mm embedment lengths (10.6%
to 12.8%). This may be related to the observed failure modes. At low embedment lengths,
failure occurred by withdrawal, which is governed by the shear strength of the wood and
which tends to have variability in strength properties being a natural material. At higher
embedment lengths, tensile failure of the screws occurred. Steel has much lower material
variability than the timber.

Note that the withdrawal resistance at 120 mm embedment parallel-to-grain is
approximately 50% the capacity recorded perpendicular-to-grain by Gehloff [15] identical
screws at the same embedment depth in dry Canadian Douglas Fir. For example at 120 mm
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embedment, the lowest withdrawal resistance perpendicular-to-grain that Gehloff [15]
reported was about 25 kN where in this study it was only 12.9 kN.

Figure 24: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 120mm into dry Douglas Fir
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Figure 25: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 180mm into dry Douglas Fir

Figure 26: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 200mm into dry Douglas Fir
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Figure 27: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 220mm into dry Douglas Fir

Figure 28: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 240mm into dry Douglas Fir
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Table 5: Withdrawal Test Results for 10mm Screws in Dry Douglas Fir

Depth
12D
12D
18D
18D
18D
20D
20D
20D
22D
22D
22D
24D
24D
24D

Sample
10DFIR-DRY-13-120mm
10DFIR-DRY-14-120mm
10DFIR-DRY-01-180mm
10DFIR-DRY-02-180mm
10DFIR-DRY-03-180mm
10DFIR-DRY-04-200mm
10DFIR-DRY-05-200mm
10DFIR-DRY-06-200mm
10DFIR-DRY-07-220mm
10DFIR-DRY-08-220mm
10DFIR-DRY-09-220mm
10DFIR-DRY-10-240mm
10DFIR-DRY-11-240mm
10DFIR-DRY-12-240mm

Max Load Failure
(kN)
Mode
12.9
1
16.8
1
27.6
1
35.8
1
33.0
1
38.0
1
39.6
1
37.4
1
40.9
3
42.3
3
35.4
1
40.9
3
40.5
3
42.0
3
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Mean
(kN)

STD
(kN)

COV

14.8

1.9

12.8%

32.1

3.4

10.6%

38.3

0.9

2.4%

39.5

3.0

7.5%

41.1

0.6

1.5%

4.2.2 WET DOUGLAS FIR
The experimental results are present in Figures 31 to 36 for the withdrawal tests of 10
millimetre screws inserted into wet Douglas fir. The average moisture content was
measured to be 28±7%. Wet service conditions are defined as an average yearly
equilibrium moisture content exceeding 19% [13]. The fibre saturation point is estimated
to be 28% moisture therefore some of the samples were beginning store water in the cell
cavity [13]. Beyond the fibre saturation point the impacts on the structural properties of
timber are insignificant.

Specimens with embedment lengths of 120 mm (Figure 31), 220 mm (Figure 32), or 240
mm (Figure 33), exhibited linear-elastic behaviour up to failure. Strains in the screw at
failure were low (less than 0.5%) and the failure modes were clearly of the “withdrawal”
type. However, the increase in embedment length from 120 mm to 220 mm has
significantly increased the withdrawal strength from an average of 18.2kN to 33.2 kN.

At an embedment length of 260 mm (Figure 34), the changes in the behaviour can be
observed. The first two specimens (10DFIR-WET-04-260mm and 10DFIR-WET-05260mm) exhibited very similar behaviour to the specimens with embedment lengths of
240mm. The behaviours changes slightly for the third specimen (10DFIR-WET-06260mm). A non-linear load-displacement and stress-strain response is exhibited as the load
exceeds 37 kN. Some yielding is apparent in the screw, with the failure strain surpassing
0.5%. Although there was an increase in strains for the third specimen (green line), the
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failure mode was again the “withdrawal” type for all the specimens at this embedment
length.
At an embedment length of 280 mm (Figure 35), a non-linear load-displacement and stressstrain response is consistently exhibited at loads above about 34kN for all specimens. This
non-linear response appeared at loads approximately 3 kN lower than for previous tests in
dry specimens showing this behaviour (Figure 27). The specimens all reached loads above
37 kN where the failure mode observed was clearly the “ultimate tension failure of the
screw”. The extensometer was unintentionally left on the first specimen (10DFIR-WET07-280mm) during the entire length of the test. The abrupt tension failure of the screws
caused damage to the blades of the extensometer requiring them to be replaced for
subsequent tests. However, this allowed for the strain data to be collected right until failure.
Yielding is apparent in the screw, with strains at failure reaching approximatively 1.5%.
Recall that the screw inserted into the dry Douglas Fir (Figure 28) yielded, reaching strains
beyond 2.5% before ultimate failure.

Finally, at an embedment length of 300 mm (Figure 36), a non-linear load-displacement
and stress-strain response is exhibited at loads above approximatively 34kN for all
specimens. The two first specimens reached loads of close to 37 kN before failure. The
failure mode observed for these specimens was clearly the “ultimate tension failure of the
screw”. The extensometer was removed at approximatively 35 kN when the strains were
quite low (slightly above 0.5%). However, yielding is apparent from the non-linear
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response on the stress-strain plot. The final specimen only reached a load of 34.9 kN with
the failure mode being the typical “withdrawal” type.

In the wet Douglas Fir, specimens with the “ultimate tension failure of the screw” failure
modes reached loads noticeably lower than for the screws embedded in dry Douglas Fir
and for the plain screws- on average 4.1kN and 3.6kN lower, respectively. It also required
about 14% more embedment depth to reach failure in the wet compared to the dry
specimens. There was no indication that the failure was prompted by any misalignment or
eccentricities causing stress concentrations or bending stresses.

Another, important observation for the specimens failing due to the “ultimate tension
failure of the screw” is the location where failure occurred. As displayed in Figure 29 and
Figure 30, failure consistently occurred at approximatively 25 to 30 mm from the head of
the screws. This trend was not observed in the dry Douglas fir specimens. This suggests
that there may be secondary effects related to deeper embedment depths required to counter
the higher moisture content. This could perhaps be associated with higher torques applied
to the head of the screw when driving in longer screws.

The maximum loads, standard deviations, and coefficients of variation (COV) are
summarized in Table 6. Average withdrawal strength increases with embedment length,
although there is little increase for embedment lengths greater than 260 mm. Low values
of COV (0.2% to 3.2%) were observed for all embedment lengths apart from 120 mm. At
the 120 mm embedment depth, the COV was 6.9% with only two tests replicates. The
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lowest COV (0.2%) was observed at 280 mm embedment where ultimate tension failure of
the screw governed for all the specimens. Overall, less scatter was observed in the results
for the tests conducted in wet Douglas Fir compared to dry Douglas Fir (Table 4).

Figure 29: Typical tension failure of the screws inserted in wet Douglas Fir

Figure 30: Tension failure consistently occur near the head of the screw
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Figure 31: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 120mm into wet Douglas Fir

Figure 32: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 220mm into wet Douglas Fir
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Figure 33: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 240mm into wet Douglas Fir

Figure 34: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 260mm into wet Douglas Fir
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Figure 35: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 280mm into wet Douglas Fir

Figure 36: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 300mm into wet Douglas Fir
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Table 6: Withdrawal Test Results for 10mm Screws in Wet Douglas Fir

Depth
12D
12D
22D
22D
22D
24D
24D
24D
26D
26D
26D
28D
28D
28D
30D
30D
30D

Sample
10DFIR-WET-16-120mm
10DFIR-WET-17-120mm
10DFIR-WET-13-220mm
10DFIR-WET-14-220mm
10DFIR-WET-15-220mm
10DFIR-WET-01-240mm
10DFIR-WET-02-240mm
10DFIR-WET-03-240mm
10DFIR-WET-04-260mm
10DFIR-WET-05-260mm
10DFIR-WET-06-260mm
10DFIR-WET-07-280mm
10DFIR-WET-08-280mm
10DFIR-WET-09-280mm
10DFIR-WET-10-300mm
10DFIR-WET-11-300mm
10DFIR-WET-12-300mm

Max Load Failure
(kN)
Mode
16.9
1
19.4
1
34.5
1
31.9
1
33.8
1
32.2
1
32.4
1
31.8
1
35.7
1
37.7
1
38.3
1
37.6
3
37.4
3
37.6
3
37.2
3
37.2
3
34.9
1

Mean
(kN)

STD

COV

18.2

1.3

6.9%

33.4

1.1

3.2%

32.2

0.2

0.7%

37.2

1.1

3.0%

37.5

0.1

0.2%

36.4

1.1

2.9%

4.2.3 EASTERN WHITE PINE

The experimental results for the withdrawal tests conducted in dry Eastern White Pine are
presented in Figures 39 to 48. The average moisture content for the samples in this series
was 6±1% with an average mass oven-dry relative density of 0.35±0.04, representing dry
service conditions.

Specimens with embedment lengths of 120 mm (Figure 39), or 180 mm (Figure 40),
exhibited linear-elastic behaviour up to failure. Strains in the screw at failure were low
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(less than 0.5%) and the failure modes w++9/ere clearly of the “withdrawal” type.
However, the increase in embedment length from 120 mm to 180 mm significantly
increased the withdrawal strength from an average of 11.2 kN to 23.9 kN.

Increasing the embedment depths to 200mm (Figure 41) or 220 mm (Figure 42), the
specimens continued to exhibited linear-elastic behaviour up to failure. Again, strains in
the screw at failure were low (less than 0.5%) and the failure modes were clearly of the
“withdrawal” type. One of the specimens reached a considerably higher load at failure (33
kN); however, the linear-elastic behaviour and the failure mode was consistent with other
specimens in this embedment range.

At an embedment length of 240 mm (Figure 43), the two first specimens (10PINE-DRY10-240mm and 10PINE-DRY-11-240mm) preformed in a very similar manner to the
specimens with the 220mm embedment depth. However, the final specimen (10PINEDRY-12-240mm) exhibited a non-linear load-displacement and stress-strain response at
loads beyond 34 kN. Some yielding is apparent in the screw once the strain surpasses 0.5%,
with failure strain being well above 1%. Although there was an increase in strain compared
the other specimens, the failure mode was again the “withdrawal” type. A radial crack
appeared at 25 kN (Figure 32); however, this is not reflected in the load-displacement data
and it did not result in a different failure mode.

At an embedment length of 260 mm (Figure 44), a mix of failure modes are observed. The
first and third specimen (10PINE-DRY-13-260mm and 10PINE-DRY-15-260mm)
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exhibited linear-elastic behaviour up until reaching the typical “withdrawal” failure mode.
The second specimen (10PINE-DRY-14-260mm) exhibited a non-linear loaddisplacement and stress-strain response at loads above about 34kN. The extensometer was
unwittingly left on the specimen for the entire duration of the test. The abrupt tension
failure of the screws caused damage to the blades of the extensometer requiring them to be
replaced for subsequent tests. However, this allowed for the strain data to be collected right
until failure. Yielding is apparent in the screw, with strains at failure reaching
approximatively 1.5%. Recall that the screws inserted into the dry Douglas Fir (Figure 28)
and wet Douglas Fir (Figure 35) reached strains around 2.5% and 1.5% respectively before
reaching ultimate tension failure. Just as with the specimens in wet Douglas Fir, the strain
value indicates that the screw failed prematurely when compared to the results from the
dry Douglas Fir or the plain screw (Section 4.4).

A small radial crack (< 20 mm long) was observed at the end of the “10PINE-DRY-15260mm” specimen around the 22 kN mark similar in size and appearance to that which is
shown in Figure 32. Withdrawal remained the governing failure mode.

The specimens at 280 mm (Figure 45) and 300 mm (Figure 46) showed very similar
behaviour. All of the specimens failed due to withdrawal. The specimens exhibited linearelastic behaviour up to failure. Strains in the screw at failure were low (less than 0.5%).
However, the behaviour was slightly different for two of the specimens (10PINE-DRY-16280mm and 10PINE-DRY-19-300mm). These specimens exhibited a non-linear load62

displacement and stress-strain response at loads above about 34kN. Indication that some
yielding of the screw occurred is observed, with strains exceeding 0.5%.

Finally at embedment depths of 320 mm (Figure 47) and 340 mm (Figure 48), specimens
exhibited a non-linear load-displacement and stress-strain response at loads beyond 34kN.
All specimens clearly failed in “withdrawal” with the exception of two specimens
(10PINE-DRY-22-320mm and 10PINE-DRY-25-340mm) where the failure mode
observed was clearly the “ultimate tension failure of the screw”. Some yielding is apparent
in the screw before withdrawal occurred, with failure strains between 0.5% and 1.0%.
However, the strain data for the two specimens reaching ultimate tension failure of the
screw is inconclusive due slippage of the extensometer (10PINE-DRY-25-340mm) and
premature removal (10PINE-DRY-22-320mm). Ultimate tension failure of the screw
occurred near the head of the screw (Figure 37 and 38). This was initiated just below the
top plate. There was no indication that the failure was prompted by any misalignment or
eccentricities in the set up causing stress concentrations or bending stresses.

The maximum loads, standard deviations, and coefficients of variation (COV) are
summarized in Table 7. The average withdrawal strength increases with embedment length,
although there is little increase for embedment lengths between 240 mm to 300 mm. Values
of COV fluctuated considerably for embedment lengths between 180 mm to 300 mm. The
COV is as low as 5% and as high as 17% in this range of embedment depths. This may be
related to the observed failure modes. At embedment depths of 320 mm and 340mm, the
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COV was lower (4% and 2%) even though the failure mode varied among the samples.
Overall, the Eastern White Pine data had larger scatter compared to the Douglas Fir tests.

Figure 37: Radial checking appearing around the screw (10PINE-DRY-12-240mm)

Figure 38: Tensile failure occurring near the head of the screw
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Figure 39: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 120mm into dry Pine

Figure 40: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 180mm into dry Pine
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Figure 41: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 200mm into dry Pine

Figure 42: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 220mm into dry Pine
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Figure 43: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 240mm into dry Pine

Figure 44: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 260mm into dry Pine
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Figure 45: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 280mm into dry Pine

Figure 46: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 300mm into dry Pine
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Figure 47: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 320mm into dry Pine

Figure 48: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 10mm
screws inserted 340mm into dry Pine
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Table 7: Summary of results for 10mm in dry Eastern White Pine

Depth
12D
12D
18D
18D
18D
20D
20D
20D
22D
22D
22D
24D
24D
24D
26D
26D
26D
28D
28D
28D
30D
30D
30D
32D
32D
32D
34D
34D
34D

Sample
10PINE-DRY-28-120mm
10PINE-DRY-29-120mm
10PINE-DRY-01-180mm
10PINE-DRY-02-180mm
10PINE-DRY-03-180mm
10PINE-DRY-04-200mm
10PINE-DRY-05-200mm
10PINE-DRY-06-200mm
10PINE-DRY-07-220mm
10PINE-DRY-08-220mm
10PINE-DRY-09-220mm
10PINE-DRY-10-240mm
10PINE-DRY-11-240mm
10PINE-DRY-12-240mm
10PINE-DRY-13-260mm
10PINE-DRY-14-260mm
10PINE-DRY-15-260mm
10PINE-DRY-16-280mm
10PINE-DRY-17-280mm
10PINE-DRY-18-280mm
10PINE-DRY-19-300mm
10PINE-DRY-20-300mm
10PINE-DRY-21-300mm
10PINE-DRY-22-320mm
10PINE-DRY-23-320mm
10PINE-DRY-24-320mm
10PINE-DRY-25-340mm
10PINE-DRY-26-340mm
10PINE-DRY-27-340mm

Max Load Failure
(kN)
Mode
11.0
1
11.4
1
27.0
1
24.1
1
20.5
1
23.9
1
33.0
1
23.3
1
24.3
1
21.8
1
23.5
1
28.3
1
30.2
1
37.2
1
33.5
1
38.2
3
32.4
1
36.0
1
32.2
1
25.8
1
30.7
1
36.9
1
27.0
1
38.6
3
38.1
1
35.0
1
37.2
3
36.6
1
35.8
1
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Mean
(kN)

STD

COV

11.2

0.1755

2%

23.9

2.647

11%

26.7

4.457

17%

23.2

1.055

5%

31.9

3.828

12%

34.7

2.507

7%

31.3

4.214

13%

31.5

4.089

13%

37.2

1.596

4%

36.5

0.561

2%

WITHDRAWAL TEST OF 12 MILLIMETRE FULLY-THREADED SCREWS

Section 4.3 presents the experimental data for the withdrawal tests conducted on 12 mm
screws inserted parallel-to-grain. All of the screws were embedded at a constant
embedment depth of 280 millimetres. A total of five replicates were conducted for each
parameter investigated in this series. Tests were conducted in both Douglas Fir and Eastern
White Pine. The specimens were conditioned to represent three different service
conditions; dry and wet service conditions as well as specimens having been through a drywet-dry moisture cycle. Reinforcing screws were inserted in the radial grain direction to
prevent tangential splitting observed during some of the tests in dry specimens.

4.3.1 UN-REINFORCED DRY DOUGLAS FIR

Figure 49 shows the results for the withdrawal tests in un-reinforced dry Douglas Fir
specimens. The average moisture content for the samples was 8±6% with an average mass
oven-dry relative density of 0.44±0.04, representing dry service conditions.

When the screws were initially inserted into the end grain, splitting did not occur.
However, splitting perpendicular-to-grain was the governing failure mode for four out of
the five samples.
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Figure 49: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into dry Douglas fir

Three of the specimens (12DFIR-D-01-280mm, 12DFIR-D-03-280mm & 12DFIR-D-05280mm), exhibited linear-elastic behavior up to failure. Strains in the screw at failure were
low (less than 0.5%) and the failure modes were clearly of the “splitting of the timber
perpendicular-to-grain” type.

The second specimen (12DFIR-D-02-280mm), exhibited a non-linear load-displacement
and stress-strain response at loads above about 44 kN. Some yielding is apparent in the
screw, with the failure strain being about 0.5%. A small crack appeared at the end of the
specimen at about 20 kN and remained unchanged in length until about 30 kN. However,
the ultimate failure mode was the “splitting of the timber perpendicular-to-grain” type.
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The fourth specimen (12DFIR-D-04-280mm), exhibited a non-linear load-displacement
and stress-strain response at loads above about 44 kN. Some yielding is apparent in the
screw, with the failure strain being about 0.5%. The ultimate failure mode was the
“withdrawal” type.

A summary of the maximum loads is presented in Table 8. The average maximum load
resistance for the unreinforced samples was 39.2±5.0kN.

4.3.2 REINFORCED DRY DOUGLAS FIR

The average moisture content for the samples in this series was 7±0% with an average mass
oven-dry relative density of 0.46±0.01, representing dry service conditions. Two fullythreaded reinforcing screws (8 mm diameter) were installed perpendicular-to-grain at a
distance of 80 mm from the loaded end and 25 mm from the edge of the timber specimens
(Figure 50). The reinforcing screws were inserted in the radial direction to prevent
tangential splitting.

The average maximum load resistance for the unreinforced samples was 44.5±5.5kN. Refer
to Table 8 for all the results. Although the splitting failure was eliminated, a COV of 12%
in withdrawal resistance was still observed.
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Figure 50: Dry Douglas Fir specimen with 8mm reinforcing screws

Figure 51 shows the results for the withdrawal tests in reinforced dry Douglas Fir
specimens. A range of different behaviours are observed in this figure.

Two specimens (12DFIR-D-R-03-280mm and 12DFIR-D-R-04-280mm), exhibited linearelastic behaviour up to failure. Strains in the screw at failure were low (less than 0.5%) and
the failure modes were clearly of the “withdrawal” type. The strain data is difficult to
decipher on the figure as it is overlapped by the specimens which reached higher loads.
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Figure 51: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into dry Douglas Fir. Timber was reinforced to prevent splitting perpendicular-tograin

The first specimen (12DFIR-D-R-01-280mm), exhibited a non-linear load-displacement
and stress-strain response at loads above about 44 kN. Some yielding is apparent in the
screw, with the failure strain being about 0.5%. However, the ultimate failure mode was
the “withdrawal” type with no signs of splitting.

Finally, the second and the fifth specimen (12DFIR-D-R-02-280mm and 12DFIR-D-R-05280mm), also exhibited non-liner load-displacement and stress-strain response at loads
above about 44kN. The specimens all reached loads above 50 kN and the failure mode
observed was clearly the “ultimate tension failure of the screw”. Yielding is apparent in the
screw, with strains at failure going beyond 2.5%.
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4.3.3 REINFORCED WET DOUGLAS FIR
The average moisture content for the samples in this series was 28±4% with an average
mass oven-dry relative density of 0.48±0.02, representing wet service conditions. All of
the samples failed in withdrawal for this series (Figure 51).

Figure 52: 12mm screw pulling out of wet Douglas Fir

All of the samples in this series (Figure 53) exhibited linear-elastic behaviour up to failure.
Strains in the screw at failure were low (around 0.5%) and the failure modes were clearly
of the “withdrawal” type.
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Figure 53: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into wet Douglas Fir. Timber was reinforced to prevent splitting perpendicular-tograin

Refer to Table 8 for the maximum loads, standard deviations, and coefficients of variation
(COV). The average maximum load for the five tests was 38.7±4.0kN. The wet specimens
demonstrated the lowest COV at 10%.

4.3.4 DRY-WET-DRY MOISTURE CYCLE DOUGLAS FIR
Figure 54 shows the results of the withdrawal tests in reinforced Douglas Fir specimens
having been moisture conditioned through a dry-wet-dry cycle. This simulates screws
being pre-installed in dry timber, exposed to a high moisture environment (for example, on
the construction site), and then loaded in dry service conditions. The screws were inserted
into specimens at an average initial moisture content of 5%. The moisture was increased
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above the fibre saturation point and was measured to be 66% on average. Note, this may
not be representative of the entire specimen as the sample was taken at the end, an area in
direct contact with water. Finally, after drying the samples in the oven, the specimens were
tested at an average moisture content of 4%. Note that the reinforcing screws were inserted
just prior to testing.

Refer to Table 8 for the maximum loads, standard deviations, and coefficients of variation
(COV). The average maximum load for the five tests was 29.8±10.2kN. These specimens
demonstrated the largest scatter in the date with a COV of 34%. The withdrawal resistance
ranged from 21.5 kN to 46.2 kN.

Figure 54: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into Douglas Fir after a dry-wet-dry moisture cycle. Timber was reinforced to prevent
splitting perpendicular-to-grain
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The following observations are made from Figure 54:

The first sample (12DFIR-CYC-R-01-280mm) failed in typical “withdrawal” at a load of
only 21.5kN. It exhibits linear-elastic behaviour up to failure with low strains in the screw
(less than 0.5%).

The second specimen (12DFIR-CYC-R-02-280mm) failed due to splitting at a load of 37.5
kN. Though the timber was reinforced, splitting was initiated at the location of a radial
shrinkage crack running parallel to the direction of the reinforcing screws (Figure 55). The
reinforcing was only inserted in one direction and it did not intersect the crack; hence,
splitting occurred. It exhibits a linear-elastic behaviour up to failure with low strains in the
screw (less than 0.5%).

The third specimen (12DFIR-CYC-R-03-280mm) exhibited non-linear load-displacement
and stress-strain response at loads above about 44 kN. Some yielding is apparent in the
screw, with failure strains approaching 1%. Although there was an increase in strains
compared to other specimens, the failure mode was clearly the “withdrawal” type at a load
of 46.2 kN.

The last two samples (12DFIR-CYC-R-04-280mm and 12DFIR-CYC-R-05-280mm) also
failed due to splitting at 21.9kN and 22.9kN. Linear-elastic behaviour was exhibited up to
failure with low strains in the screw (less than 0.5%).
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Figure 55: Splitting parallel to the direction of the reinforcing

The maximum loads, standard deviations, and coefficients of variation (COV) for the
Douglas Fir specimens are summarized in Table 8. Adding the reinforcing screws
eliminated the splitting failure in the dry specimens and consequently there was an increase
in average load from 39.2 kN to 44.5 kN. A small decrease in average load is observed for
the specimens tested in the wet conditions. Exposing the screws to a dry-wet-dry moisture
cycles caused a significant drop in average load and increased the COV considerably. The
average load drop 14.7 kN compared to the dry reinforced specimens. Overall, the COV
values were quite high (above 10%). The moisture cycle caused the COV to reach 34%.
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Table 8: Summary of result for withdrawal test of 12mm screws Douglas Fir

Sample
12DFIR-D-01-280mm
12DFIR-D-02-280mm
12DFIR-D-03-280mm
12DFIR-D-04-280mm
12DFIR-D-05-280mm
12DFIR-D-R-01-280mm
12DFIR-D-R-02-280mm
12DFIR-D-R-03-280mm
12DFIR-D-R-04-280mm
12DFIR-D-R-05-280mm
12DFIR-WET-R-01-280mm
12DFIR-WET-R-02-280mm
12DFIR-WET-R-03-280mm
12DFIR-WET-R-04-280mm
12DFIR-WET-R-05-280mm
12DFIR-CYC-R-01-280mm
12DFIR-CYC-R-02-280mm
12DFIR-CYC-R-03-280mm
12DFIR-CYC-R-04-280mm
12DFIR-CYC-R-05-280mm

Max Load Failure
(kN)
Mode
36.6
2
45.8
2
36.8
2
44.3
1
32.7
2
45.5
1
50.3
3
39.8
1
36.7
1
50.3
3
43.9
1
40.5
1
31.5
1
38.9
1
38.6
1
21.5
1
37.5
2
46.2
1
20.9
2
22.9
2

Mean
(kN)

STD
(kN)

COV

39.2

5.0

13%

44.5

5.5

12%

38.7

4.0

10%

29.8

10.2

34%

4.3.5 UN-REINFORCED DRY EASTERN WHITE PINE
Figure 56 shows the results for the withdrawal tests in un-reinforced dry Eastern White
Pine specimens. The average moisture content for the samples in this series was 7±1% with
an average mass oven-dry relative density of 0.33±0.02, representing dry service
conditions. The average maximum load for the five tests was 32.7±6.7kN.
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All of the samples failed in withdrawal. Linear-elastic behaviour was exhibited up to failure
with low strains in the screw (less than 0.5%) for all specimens.

Figure 56: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into dry pine.

4.3.6 REINFORCED DRY EASTERN WHITE PINE
Figure 57 shows the results for the withdrawal tests in reinforced dry Eastern White Pine
specimens. The average moisture content for the samples in this series was 6±0% with an
average mass oven-dry relative density of 0.35±0.03, representing dry service conditions.
The average maximum load for the five tests was 30.3±5.7kN. Reinforcing screws were
inserted using the method described previously.
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All of the samples failed in withdrawal with none of the samples showing any signs of
splitting. Linear-elastic behaviour was exhibited up to failure with low strains in the screw
(less than 0.5%) for all specimens.

Figure 57: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into dry pine. Timber was reinforced to prevent splitting perpendicular-to-grain

4.3.7 REINFORCED WET EASTERN WHITE PINE
Figure 58 shows the results for the withdrawal tests in reinforced wet Eastern White Pine
specimens. The average moisture content for the samples in this series was 33±3% with an
average mass oven-dry relative density of 0.33±0.02, representing wet service conditions.
The average maximum load for the five tests was 29.8±1.3kN.
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All of the samples failed in withdrawal with relatively low variance in maximum load
amongst tests. Linear-elastic behaviour was exhibited up to failure with low strains in the
screw (less than 0.5%) for all specimens.

Figure 58: Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into wet pine. Timber was reinforced to prevent splitting perpendicular-to-grain

4.3.8 DRY-WET-DRY MOISTURE CYCLE EASTERN WHITE PINE

Figure 59 shows the results for the withdrawal tests in reinforced Eastern White Pine
specimens having been moisture conditioned through a cycle of dry-wet-dry. The average
initial moisture content for the samples was 6%. The moisture was increased above the
fibre saturation point and was measured to be 100% on average. This may not be
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representative of the entire specimen as the sample was taken at the end which is in direct
contact with the water. Finally, the samples were dried to an average moisture content of
4%. The average maximum load for the five tests was 28.0±3.7kN. All of the samples
failed in withdrawal. Linear-elastic behaviour was exhibited up to failure with low strains
in the screw (less than 0.5%) for all specimens.

A diagonal crack of approximately 50 mm in length appeared on the top of the fifth
specimen (12PINE-CYC-R-05-280mm). The splitting appeared to terminate at the location
of the reinforcing screws (see Figure 60). This indicates that the reinforcing screws may
have been instrumental in avoiding the full splitting of the specimen.

Figure 59: : Load-displacement curves (left) and load-strain curves (right) from withdrawal tests for 12mm
screws inserted 280mm into Eastern White Pine after a dry-wet-dry moisture cycle. Timber was reinforced
to prevent splitting perpendicular-to-grain
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Figure 60: Diagonal crack appearing to terminate at the location of the screws

The maximum loads, standard deviations, and coefficients of variation (COV) for the
Eastern White Pine specimens are summarized in Table 9. The main observation which
can be made is how little the average load changed with varying moisture conditions. The
reinforcing screws did not appear to improve the average load between un-reinforced and
reinforced specimens. None of the Eastern White Pine specimens failed due to splitting.
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Table 9: Summary of results for withdrawal tests of 12mm screws inserted in Eastern White Pine

Sample
12PINE-DRY-01-280mm
12PINE-DRY-02-280mm
12PINE-DRY-03-280mm
12PINE-DRY-04-280mm
12PINE-DRY-05-280mm
12PINE-DRY-R-01-280mm
12PINE-DRY-R-02-280mm
12PINE-DRY-R-03-280mm
12PINE-DRY-R-04-280mm
12PINE-DRY-R-05-280mm
12PINE-WET-01-280mm
12PINE-WET-02-280mm
12PINE-WET-03-280mm
12PINE-WET-04-280mm
12PINE-WET-05-280mm
12PINE-CYC-R-01-280mm
12PINE-CYC-R-02-280mm
12PINE-CYC-R-03-280mm
12PINE-CYC-R-04-280mm
12PINE-CYC-R-05-280mm

Max Load Failure
(kN)
Mode
40.5
1
22.4
1
29.3
1
32.3
1
39.5
1
20.9
1
38.4
1
32.5
1
30.0
1
30.0
1
30.1
1
30.3
1
30.6
1
30.8
1
27.3
1
28.4
1
22.7
1
34.2
1
27.7
1
27.1
1
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Mean
(kN)

STD
(kN)

COV

32.8

6.7

20%

30.3

5.7

19%

29.8

1.3

4%

28.0

3.7

13%

TENSION TESTS

The results for the tension tests of the 10mm and 12mm diameter SWG ASSY VG selftapping screws are displayed in Figure 61 and Figure 62 respectively. The figures include
the load-displacement curves (left) with the corresponding load-strain curves (right).

For the 10mm diameter screws, the average ultimate tensile capacity was 41.6kN with a
COV of 1%. The average ultimate tensile capacity was 45.7kN with a coefficient of
variance of 1% for the 12mm diameter screws. Both screw diameters showed high stiffness
but limited ductility. However, the 10 millimeter screws appeared to fail in a slightly more
ductile manner reaching strains of around 2%. For the 12 millimetre screws the
extensometer was removed at the first indication of yielding; therefore, it is not possible to
compare the strains at failure. However, it is apparent on the load-displacement curves that
there was very limited ductility. The 10mm and 12mm diameter screws appeared to reach
the plastic limit at approximately 37kN and 44kN respectively.

The epoxy filled copper sleeve proved to be an effective method of protecting the screws
from damage from the gripping pressure of the testing machine. No slip was observed in
the data. All of the samples failed within the gage section (Figure 63) except one of the
six samples (10mm-Screw Test-03) which failed at the interface with the copper pipe
(Figure 64). However, this did not appear to affect the maximum load resistance, and
therefore it was included in the results.
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Figure 61: Load-displacement curves (left) and load-strain curves (right) for the 10mm diameter screws
tension tests

Figure 62: Load-displacement curves (left) and load-strain curves (right) for the 12mm diameter
screws tension tests
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Figure 63: Typical tensile failure occurring outside the grips

Figure 64: Specimen failing at the grip interface (10mm-Screw Test-03)
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CHAPTER 5
DISCUSSION
This chapter will compare the experimental data presented in Chapter 4 to the three design
equations presented in Chapter 2 for predicting the withdrawal strength of timber fasteners.
Equation (1) is the withdrawal equation proposed in the CCMC Report 13677-R for SWG
ASSY Self-Tapping Screws [28]. Equation (2), from CSA O86-14 [25] Clause 12.6.5.1, is
the Canadian design equation for the withdrawal capacity for lag screws. This equation
includes an end grain factor for lag screws (JE) of 0.75 for screws inserted parallel-to-grain.
Equation (3) is the equation for withdrawal resistance proposed in the European Technical
Approval ETA-11/0190 for Würth self-tapping screws. This equation includes a factor
(𝑘𝑎𝑥 ) for screws inserted at an angle, 𝛼, relative to grain.

COMPARISON OF 10MM SCREW RESULTS WITH DESIGN EQUATIONS

To compare the equations to the test data some modifications are require. First, Equation
(1) and Equation (2) give a factored resistance. Equation 3 is a European equation and does
not include a resistance factor in the form it is presented. Therefore, all the equations were
converted to their un-factored form by setting the value of 𝜙 equal to 1.0. Secondly,
Equation (1) and Equation (2) have been adjusted to represent ‘standard term load duration’
as explained in Chapter 2. In order to compare with strengths from short term tests, the
equations were multiplied by 1/0.8 (or 1.25). It was assumed that Equation 3 did not factor
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down specified strengths from testing; therefore, the equation was left unchanged. Thirdly,
Equation 3 is based on timber density at 12% moisture content (MC). To convert Canadian
oven dry densities (based on 6% MC), they were multiplied by 0.84 as discussed in Chapter
2. Finally, for fair comparison, the service load duration factor (KD) and the service
condition factor for connections or fasteners (KS) proposed in CSA O86-14 were applied
to all equations. Note, this may over penalize Equation 3 as this equation was developed
based on European design philosophies.

Applying these changes, Equation 1 (CSA O86) becomes:

𝑃𝑟𝑤 = 1.25 ∗ 𝑌𝑤 𝐿𝑡 𝑛𝐹 𝐽𝐸

(4)

Equation 2 (CCMC) becomes:

𝑃𝑟𝑤,𝛼 =

𝛿(𝑏 ∙ 0.84𝜌)2 ∙ 𝑑 ∙ 𝑙𝑒𝑓 ∙ 10−6
∙ 𝐾𝐷 ∙ 𝐾𝑆𝐹
4
2
2
sin 𝛼 + 3 cos 𝛼

(5)

Equation 3 (ETA) becomes:

𝐹𝑎𝑥,𝛼,𝑅𝑘

0.84 ∙ 𝜌 0.8
= 𝑛𝑒𝑓 ∙ 𝑘𝑎𝑥 ∙ 𝑓𝑎𝑥,𝑘 ∙ 𝑑 ∙ 𝑙𝑒𝑓 ∙ (
)
350

(6)

Typically nominal design strengths (e.g. yw the withdrawal resistance) are 5th percentile
values [13]. The predicted design values will be compared to the informal “lower bound”
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of the experimental data to ensure a less biased comparison. This will be achieved by
making comparisons based on the lowest tested values.

5.1.1 DRY DOUGLAS FIR
The experimental data for 10 mm screws in dry Douglas Fir is compared to Equation (4),
(5) and (6). The oven dry density and relative density was taken as 480 kg/m 3 and 4.8
respectively. This was based on what was measured in the laboratory on specimens in this
series and not based on the 95th percentile values listed in CSA O86 for Douglas Fir. Since
the wood was dry (7±0.4% MC), the service condition factor (KSF) was set equal 1.0. The
load duration factor (KD) was set to 1.0 as the loading rate was slow enough to represent
“standard term loading”. The end grain factor for lag screws (JE) in Equation (4) was set
to 0.75 given that the tests were performed in the end-grain. For Equation (5), the material
adjustment factor (δ) was set to 82 (since ρ≥440kg/m3). For Equation (6), the characteristic
withdrawal parameter (fax,k ) was set to 10 N/mm2 as indicated in the ETA report for screws
with a nominal diameter greater or equal to 10 mm. All equation were populated with all
other variables associated with 10 mm diameter ASSY screws, as applicable. The results
of this analysis are shown in Figure 65. The black line was manually fitted to represent the
lower bound values from the data.
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Figure 65: Comparison of experimental data to design equations in dry Douglas Fir

In general, Equation (4) and (5) provide the closest predictions of withdrawal resistance.
However, at the larger embedment depths (>180 mm) the predicted values are
conservative. When loading screws in withdrawal, the governing load is the lower value
between the withdrawal resistance or the tensile capacity of the screw. For 10 mm ASSY
Screws, the un-factored tensile capacity listed by the manufacturer is 24 kN [28]. This
explains why Equation (4) flattens out at 24 kN at an embedment depth of approximately
210 mm. The tensile limit is reached at 240 mm for Equation (5). Co-incidentally, the
governing failure mode at 240 mm embedment was the “ultimate tensile capacity of the
screw”. However, in testing this occurred at loads above 40 kN. Equation (6) is not
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effective at predicted the withdrawal resistance parallel-to-grain in dry Douglas fir. This
could be because some more adjustments need to be made to convert the equation from
European design principals. However, in its current state this equation is overly
conservative for all the embedment depths tested.

Table 10 compares the predicted withdrawal values for the three equation to the lowest
recorded load in testing.

Table 10: Lower bound test values compared with predicted design value in dry Douglas Fir

Lowest
Embedment Experimental
Depth
Load
Equation 4 Equation 5 Equation 6
(mm)
(kN)
(kN)
(kN)
(kN)
120
12.9
13.5
12.0
4.0
180
27.6
20.3
18.0
6.0
200
37.6
22.5
20.0
6.7
220
35.4
24.0
22.0
7.4
240
40.5
24.0
24.0
8.1

At the 120 mm embedment depth, Equation (5) provides a very close design prediction.
Equation (4) over-estimates the resistance whereas Equation (6) under-estimates the
resistance by about 3 times.

At 180 mm and 200 mm embedment depths, Equation (4) provides the closest prediction.
However, the resistance is under-estimated by about 26% and 40% respectively.
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At 220 mm and 240 mm embedment depths, Equation (4) and (5) provide the closest
prediction. As noted above, the screws were yielding significantly and in some cases failing
in ultimate tension. Both equations reached the manufacturer’s tension limit at 240 mm
embedment. Here the load is under-estimated by about 41%. Although the manufacturer’s
limit much lower than what was observed in testing, tension failure is a violent, abrupt, and
brittle failure mode. This is very undesirable failure mode for any connection.

5.1.2 WET DOUGLAS FIR

Now, the experimental data for 10 mm screws in wet Douglas Fir is compared to Equation
(4), (5) and (6). The oven dry density and relative density was taken as 490 kg/m 3 and 4.9
respectively. This was based on what was measured in the laboratory on specimens in this
series and not based on the 95th percentile values listed in CSA O86 for Douglas Fir. Since
the wood was wet (28±7% MC), the service condition factor (KSF) was set equal 0.67
according to CSA O86 Table 12.2.1.5. All the other variables in the equation remain the
same as for the dry Douglas Fir. The results of this analysis are shown in Figure 66. The
black line was manually fitted to represent the lower bound values from the data.

In general, all of the equations provided an estimate that was well off the lower bound trend
line of the experimental data. Equation (4) and (5) provide the closest values; however,
they drastically under-estimate the resistance for all of the embedment depths. Note that
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the service condition factor reduce the predicted values of the equations by 33% (i.e. Ksf =
0.67).

Figure 66: Comparison of experimental data to design equations in wet Douglas Fir

Table 11 compares the predicted withdrawal values for the three equation to the lowest
recorded load in testing. At 240 mm embedment, the minimum experimental load recorded
dropped about 22% (from 40.5 kN to 31.8 kN) from dry to wet conditions. This indicates
that the service condition factor is conservative but within a reasonable range for this
particular data point.
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Table 11: Lower bound test values compared with predicted design value in wet Douglas Fir

Lowest
Embedment Experimental
Depth
Load
Equation 4 Equation 5 Equation 6
(mm)
(kN)
(kN)
(kN)
(kN)
120
16.9
9.4
8.4
2.7
220
31.9
17.2
15.4
5.0
240
31.8
18.8
16.8
5.5
260
35.7
20.4
18.1
5.9
280
37.4
21.9
19.5
6.4
300
34.9
23.5
20.9
6.9

Equation (4) and (5) provide the best estimate of the withdrawal resistance in wet Douglas
fir, usually within about 2 to 3 kN of each other. However, they still both drastically underestimate the actual capacity measuring the laboratory. They under estimate the capacity
from about 1.5 to 2.0 times.

5.1.3 EASTERN WHITE PINE
Finally, experimental data for 10 mm screws in dry Eastern White Pine is compared to
Equation (4), (5) and (6). The oven dry density and relative density was taken as 350 kg/m3
and 0.35 respectively. This was based on what was measured in the laboratory on
specimens in this series and not based on the 95th percentile values listed in CSA O86 for
Douglas Fir. Since the wood was dry (6±1% MC), the service condition factor (KSF) was
set equal 1.0. The load duration factor (KD) was set to 1.0 as the loading rate was slow
enough to represent “standard term loading”. The end grain factor for lag screws (J E) in
Equation (4) was set to 0.75 given that the tests were performed in the end-grain. For
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Equation (5), the material adjustment factor (δ) was set to 85 (since ρ<440kg/m3). For
Equation (6), the characteristic withdrawal parameter (fax,k ) was set to 10 N/mm2 as
indicated in the ETA report for screws with a nominal diameter greater or equal to 10 mm.
All equations were populated with all other variables associated with 10 mm diameter
ASSY screws as applicable. The results of this analysis are shown in Figure 67. The black
line was manually fitted to represent the lower bound values from the data.

Figure 67: Comparison of experimental data to design equations in dry Douglas Fir

Equation (6) continues to output values which are far off the mark. It can be dismissed as
a poor model for predicting withdrawal resistance.
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Again, Equation (4) and (5) provide the closest predictions of withdrawal resistance.
However, at the larger embedment depths (>180 mm) the predicted values are quite
conservative. Equation (4) reaches the tensile limit (24 kN) at an embedment depth of 320
mm. The first specimen to reach the tensile limit was at an embedment depth of 320 mm.
However, in testing this occurred at loads above 37 kN.

Table 12 compares the predicted withdrawal values for the three equation to the lowest
recorded load in testing.

Table 12: Lower bound test values compared with predicted design value in dry Eastern White Pine

Lowest
Embedment Experimental
Depth
Load
Equation 4 Equation 5 Equation 6
(mm)
(kN)
(kN)
(kN)
(kN)
120
11.0
8.9
7.8
3.3
180
20.5
13.4
11.7
5.0
200
23.3
14.9
13.0
5.6
220
21.8
16.4
14.3
6.1
240
28.3
17.9
15.6
6.7
260
32.4
19.4
16.9
7.2
280
25.8
20.9
18.2
7.8
300
27.0
22.3
19.5
8.4
320
35.0
23.8
20.8
8.9
340
35.8
24.0
22.1
9.5

At 120 mm of embedment, Equation (4) under-estimates the withdrawal resistance by
approximatively 1.2 times the minimum tested value.
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From embedment depths of 180 mm to 300 mm, Equation (4) under-estimates the
withdrawal resistance by about 1.2 to 1.7 times.

At an embedment depth 320 mm and 340 mm, yielding of the screw and tension failure
were observed at failure. The minimum values listed in the table did not fail in tension but
in withdrawal with significant yielding. Equation (4) reaches the manufacturer’s unfactored tension limit at approximately 320 mm. This coincides with what was observed in
the laboratory. However, as mentioned previously, the tension limit has a high degree of
conservatism.

COMPARISON OF 12MM SCREW RESULTS WITH DESIGN EQUATIONS
A similar approach was used to compare the performance of ASSY Screws with a diameter
of 12 mm as for the 10 mm screws. Equation (4), (5), and (6) were used to compare
predicted values to the minimum experimental values. This series focused on the effects of
service conditions on the withdrawal resistance of screw embedded 280 mm. For the dry
specimens, the service condition factor (KSF) was set to 1.0. For the wet specimens, the
service condition factor (KSF) was set to 0.67. For the specimens going through the drywet-dry cycle, the service condition factor (KSF) was set to 0.40. These were set according
to the provisions given in Table 12.2.1.5 of CSA O86-14.
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The oven dry density and relative density for Douglas Fir was taken as 460 kg/m3 and 0.46
respectively. For Eastern White Pine they were taken as 340 kg/m3 and 0.34 respectively.
This was based on what was measured in the laboratory on specimens in this series and not
based on the 95th percentile values listed in CSA O86. The densities both measured lower
than what is listed in the CSA O86. This could be associated with methods used to select
the specimens or human error in measuring the volume with the calipers. The scale use to
measure mass was calibrated and precise to 0.1grams.
The appropriate values for the variables in the equation were selected based on the species
of wood and 12 mm screws. Refer to Chapter 2 for details on the parameters.

5.2.1 DOUGLAS FIR
The minimum withdrawal resistance in Douglas Fir at each service condition is compared
to the predicted values using Equation (4) in Figure 67.

Figure 68: Minimum withdrawal resistance in Douglas Fir compared to Equation (4)

102

The withdrawal resistance for the un-reinforced dry timber specimens is lower than the
predicted value given by Equation (4) with KSF set to 1.00. However, it provides a good
estimate (within 7%) when the reinforcing is added and the splitting mode was eliminated.

For the wet condition, Equation (4) with KSF set to 0.67 under-estimates the resistance by
about 30%.

For the dry-wet-dry cycle, Equation (4) with KSF set to 0.40 under-estimates the resistance
by about 41%.

The minimum withdrawal resistance in Douglas Fir at each service condition is compared
to the predicted values using Equation (5) in Figure 68.

Figure 69: Minimum withdrawal resistance in Douglas Fir compared to Equation (5)
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For the dry un-reinforced specimen, Equation (5) with KSF set to 1.00 under-estimates the
resistance by about 5%. For the dry reinforced specimen, it under-estimates the resistance
by about 16%.

For the wet condition, Equation (5) with KSF set to 0.67 under-estimates the resistance by
about 34%.

For the dry-wet-dry cycle, Equation (5) with KSF set to 0.40 under-estimates the resistance
by about 46%.

The minimum withdrawal resistance in Douglas Fir at each service condition is compared
to the predicted values using Equation (6) in Figure 70.

Figure 70: Minimum withdrawal resistance in Douglas Fir compared to Equation (6)

104

Again, Equation (6) fails to provide a good prediction of withdrawal resistance of screws
inserted parallel-to-grain. For example, with KSF set to 1.00, it under-estimates the
resistance for the reinforced dry specimens by about 3 times.

5.2.2 EASTERN WHITE PINE
The minimum withdrawal resistance in Eastern White Pine at each service condition are
compared to the predicted values using Equation (4) in Figure 71.

Figure 71: Minimum withdrawal resistance in Eastern White Pine compared to Equation (4)

In the dry service conditions, Equation (4) with KSF set to 1.00 provides a good estimate of
the withdrawal resistance of the lower bound resistance for both the un-reinforced and
reinforced specimens.
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In the wet service condition, Equation (4) with KSF set to 0.67 under-estimates the lower
bound resistance by over 50%.

For the dry-wet-dry cycle, Equation (4) with KSF set to 0.40 under-estimates the lower
bound resistance by about 60%.

The minimum withdrawal resistance in Eastern White Pine at each service condition are
compared to the predicted values using Equation (5) in Figure 72.

Figure 72: Minimum withdrawal resistance in Eastern White Pine compared to Equation (5)

In the dry service conditions, Equation (5) with KSF set to 1.00 under-estimates the lower
bound resistance in the un-reinforced and reinforced sample by 22% and 16% respectively.
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In the wet service condition, Equation (5) with KSF set to 0.67 under-estimates the lower
bound resistance by over 58%.

For the dry-wet-dry cycle, Equation (5) with KSF set to 0.40 under-estimates the lower
bound resistance by about 69%.
The minimum withdrawal resistance in Eastern White Pine at each service condition are
compared to the predicted values using Equation (6) in Figure 73.

Figure 73: Minimum withdrawal resistance in Eastern White Pine compared to Equation (6)

Again, Equation (6) fails to provide a good prediction of withdrawal resistance of screws
inserted into Eastern White Pine. For example, with KSF set to 1.00 it under-estimates the
resistance for the un-reinforced dry specimens by about 2.6 times.
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In general, Equation (4) proved to be the best a predicting the withdrawal resistance in this
analysis. However, this was the case for its “un-factored form”. Note that the resistance
factor (ϕ) for the CSA O86-14 lag screw equation is 0.6 and only 0.9 for the CCMC
equation. The CSA O86 equation drastically penalizes the self-tapping screws which
literature proves to be more reliable than lag screws. With current resistance factors
applied, the CCMC equation would be the better equation for predicting withdrawal
resistance parallel-to-grain.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
CONCLUSION
Withdrawal tests were conducted parallel-to-grain on SWG ASSY VG self-tapping in
Canadian Douglas Fir and Eastern White Pine timber species. Two series of withdrawal
tests were conducted. First, 60 tests with 10 mm diameter screws were conducted at varying
embedment depths in dry Douglas Fir, wet Douglas Fir and dry Eastern White Pine.
Second, 40 tests with 12 mm diameter screws were conducted at a constant embedment
depth of 280 mm in Douglas Fir and Eastern White Pine at varying moisture conditions.
The results were compared to three existing design equations: the CSA O86-14 withdrawal
equation for lag screws, the CCMC 13677-R withdrawal equation for SWG ASSY selftapping screws, and the ETA-11/0190 withdrawal equation for Würth self-tapping screws.
Strains in the screw were measured to detect yielding of the steel.

6.1.1 EMBEDMENT DEPTH
The following conclusions can be made about the effects of embedment depth on the
withdrawal resistance parallel-to-grain:

1. Deeper embedment increased the withdrawal resistance. With only 2 to 3 tests
repetitions, it is not possible to comment if this trend was linear. However, it was
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observed that the average resistance peaked when the screws started to yield in
tension.
2. The ultimate tensile limit was consistently reached at an embedment depth of 240
mm in dry Douglas Fir, 280 mm in wet Douglas Fir and 320mm in dry Eastern
White Pine.
3. The tensile capacity of the screw was reduced by approximately 10%, when
comparing dry and wet Douglas Fir Specimens at 240mm and 280mm embedment
respectively.
4. Screws failing in tension at larger embedment depths (such as in wet Douglas Fir
and dry Eastern White Pine) all failed near the head of the screw. This is
presumably due to secondary effects caused by the increase in torsional stresses
while the screws were driven deeper into the wood.
5. Significantly larger scatter is observed for sample failing in withdrawal, especially
for the pine specimens. The anisotropic properties and nonhomogeneous nature of
wood is the likely reason for this scatter.
6. The withdrawal resistance parallel-to-grain is approximately 50% the capacity
recorded perpendicular-to-grain by Gehloff [15] with identical screws at the same
embedment depth (120 mm) in dry Canadian Douglas Fir.
6.1.2 SERVICE CONDITIONS
The following conclusions can be made about the effects of the service conditions on the
withdrawal capacity of 12 mm diameter self-tapping screws:
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1. The average withdrawal resistance of Douglas Fir is more susceptible to changes
in moisture content compared to Eastern White Pine. The dry-wet-dry cycle
reduced the average withdrawal resistance about 33% in Douglas Fir and only about
7% in the Eastern White Pine.
2. The timber specimen’s dimensions were too small for the 12 mm screws; therefore,
splitting was observed as a failure mode. Reinforcement effectively prevented
splitting in the radial direction; however, some splitting occurred in the tangential
grain direction.
3. It is recommended that screws loaded in withdrawal parallel-to-grain be limited to
service conditions not exceeding 19% moisture content, ideally below 15%.

6.1.3 WITHDRAWAL RESISTANCE DESIGN EQUATIONS
By comparing the data to three design equations, the following conclusions can be made:

1. Equation (6) (based on ETA-11/0190) drastically under estimated the withdrawal
resistance parallel-to-grain. The kax factor may need further calibration for angles
(𝛼) below 45°.
2. Equation (5) (based on CCMC 13677-R) provided reasonable, but very
conservative, predictions of the withdrawal resistance parallel-to-grain.
3. Equation (6) (based on CSA O86-14) consistently provided the best prediction of
the withdrawal resistance parallel-to-grain. It incorporates an end-grain factor (JE)
which reduces the allowable resistance by 25%. However, as self-tapping screws
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are commonly used at angles other than 90° or 0° relative-to-grain, the JE should be
modified to address other applications.
4. The resistance factor (𝜙) for the CSA O86-14 lag screw equation is 0.6 and only
0.9 for the CCMC equation. The CSA O86 equation drastically penalizes the selftapping screws which literature proves to be more reliable than lag screws. With
current resistance factors applied, the CCMC equation would be the better equation
for predicting withdrawal resistance parallel-to-grain.

RECOMMENDATIONS FOR FUTURE RESEARCH
Further research into the withdrawal resistance of self-tapping screws is needed in order to
calibrate a design equation which accurately predicts the resistance in end-grain
applications. Before an equation is included in Canadian design codes further parameters
need to be verified and understood. As connections form a critical element in the stability
and strength of a timber structure, an analysis of risk needs to be considered before setting
the resistance factors. The following are recommendations for future research:

1. Study the long-term effects in a moisture chamber to understand the effects which
seasonal drying cycles or other wetting and drying cycles may have on the
withdrawal resistance. The moisture cycles were done quite rapidly in this study
with the use of drying ovens and full submersion into a water tank to recreate the
cycle.
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2. Increase the size for the timber specimens when testing 12 mm screws to avoid the
splitting failure mode observed. Alternatively, place reinforcing screws in both the
tangential and radial grain direction.
3. Conduct tests on embedment depths below 120mm. Some of trends observed in the
data for the deeper embedment depths did not apply to the 120mm test results. It is
recommended that a minimum embedment depth be established.
4. Conducting a more comprehensive research program with a larger bank of results
for the withdrawal capacity parallel-to-grain. Sampling and statistical analysis of
the data should be conducted as per the recommendations of ASTM Standard
D2915−10 [31].
5. Study the effects of thread geometry on the withdrawal resistance. This has been
previously investigated; however, the methods used for the experimental testing
yielded inconclusive results [32]. This would help establish an equation that can
predict the resistance of screws made by different manufacturers. Alternatively, a
Canadian manufacturing standard for structural self-tapping screws should be
established to ensure quality control measures are in place and that the minimum
strength characteristics are regulated.
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