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ABSTRACT

The ultimate objective of this thesis report was to develop a new type of lumber-like
wood products made of OSB sheets, i.e. laminated OSB (LOSB). The specific objective
of this thesis report was to investigate the optimized surface treatment parameters on the
bond quality of LOSB, including sanding and grooving. This project used 6 surface
treatment methods and 2 adhesives [phenol formaldehyde (PF) and isocyanate] to
fabricate 2-layer LOSB specimens by considering 2 panel directions (major and minor). 3
types of tests were conducted, center-point short-span bending test, block shear test and
percentage wood failure (PWF). A total of 768 specimens were fabricated. It was found
that: (1) The best bond quality of LOSB specimens was, in terms of horizontal shear
strength, block shear strength and PWF, obtained at combined surface treatment, i.e.
sanding and tooth-plate indenting, which was bonded using PF. (2) The specimens had a
10-30% and 5-40% higher bond horizontal shear strength and block shear strength in the
major direction than in the minor direction, respectively. (3) The average horizontal shear
strength and block shear strength of the specimens from the central positions were about
4-8% and 3-10% larger than those from the edges, respectively. (4) The surface
treatment, panel direction, and adhesive type had a statistically significant impact on the
horizontal shear strength and block shear strength at a 95% confidence level. (5) The
average values tested for horizontal shear strength and block shear strength were
2.25MPa and 4.4MPa, respectively. (6) The combination of sanding and tooth-plate
indenting could be a good surface treatment to increase the bond strength.

Key words: OSB, Laminated OSB, bond quality, block shear strength, horizontal shear

strength, percentage wood failure, surface treatment, sanding, tooth-plate indenting.
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1 Introduction

1.1 Project background

As a renewable natural material, wood has been widely used in various industries.
However, due to the anisotropic nature and various growth characteristics of wood, more
stable and stronger wood products should be invented. Engineered Wood Products
(EWP) could be a good choice for replacing some metal or concrete structural elements
because of its good mechanical properties. Oriented Strand Board is also a member of the
EWP family and it is widely used for sheathing and flooring. It is necessary to test its
quality and then apply it to various fields. Evidently, of wood for structural timber, the
detection of wood quality and its quality grading are key technical tasks to achieve the

best use of wood.

Oriented strand board (OSB) is an engineered structural-use panel manufactured from
thin wood strands bonded together with water-resistant resin, typically Phenol
formaldehyde (PF) or Polymeric diphenylmethane diisocyanate (pMDI) (Ross,2010).
OSB is a structural panel that competes directly with softwood plywood in many
construction applications, particularly among exterior wall and roof sheathing and nearly

half of all floor decking (McKeever, 1997).

Wood recovery would decrease with the increasing of log diameters. Wood recovery
from the making of plywood from logs is as low as 50%, meanwhile that from the

making of OSB could raise to more than 90% due to the small size of chips used to
1



manufacture OSB panels (Matt, 2006). Today, a wide range of high quality and
innovative wood building materials are manufactured. Their performance and relative
economic advantage signify that wood products are unrivalled as principle structural
materials for residential construction. Wood products are also extensively used in the
construction of commercial, industrial and institutional buildings. In North America,
wood products dominate the structural framing and sheathing of the residential
construction market. There are also many examples of public, commercial, and industrial
buildings that have been constructed using wood products as the principle structural
material (CWC, 2019). It is estimated that panel products (e.g. plywood, OSB, particle
board and medium density fiber board) account for 15 percent of the energy used by the
wood product sector. Also, OSB accounts for a large share of the market for sheathing
and sub-floor underlay, becoming more popular than plywood, commanding 66% of the
structural panel market (Marotte and Bertrand,2016). However, because of its lower
dimensional stability when exposed to moisture, it has not completely replaced plywood

(Semple et al., 2009).

1.2 Manufacturing and Applications of OSB
OSB is widely used for door, floor, and other construction elements. High-density
species, such as beech and birch, are often mixed with low-density species, such as aspen,

to design and produce panel properties (Bowyer et al., 2007).



Figure 1.1 provides an example illustrating the manufacturing of OSB. The logs are
debarked after being soaked in a heated pond. Strands are cut from the debarked logs in
dimensions up to 150 mm (6 in.) long. The strands are put into bins and dried until the
appropriate moisture content is reached. After they are dry, the strands are blended with
resin binders and wax, which improves the efficiency of the resin binder and enhances
the panel’s resistance to moisture absorption. Strands go through a forming line where
cross-directional layers are formed. The layers are pressed together under intense heat
and pressure to form a rigid, dense structural panel. The OSB panels are cooled, cut to
size, graded, and edge-coated (Meil et al, 2009). This process of manufacturing OSB is
different from other commonly seen engineered wood products. Wood strands typically
have an aspect ratio (strand length divided by width) of at least 3. Meanwhile, OSB
panels are usually made up of three layers of strands, with the outer faces having longer
strands aligned in the long direction of the panel and a core layer that is counter aligned
or laid randomly using the smaller strands or fines (Ross, 2010). Some protector will also

be sprayed on the surface to counteract the swelling ability of wood.



Figure 1.1 Part of Arbec OSB production line (Sourse: https://www.arbec.ca/en/products/manufacturing-

process)

The most commonly available sizes of an OSB panel are between 4’ (1.22m) wide, 8’
(2.44m) long, and 1/4-23/32” (6.35-18.3mm) thick. Due to its smaller size, OSB is more
widely used as sheathing materials in building construction and is never used as beams

and columns, where glue laminated timber, laminated veneer lumber, laminated strand



lumber, parallel strand timber, cross laminated timber and other engineered wood
products are employed. In contrast, Plywood, the competing product of OSB, has
appeared in another form, i.e. laminated plywood products, which have been used for
making beams and columns. If OSB can be laminated to produce a thicker product, its

applications can be expanded.

1.3 Laminating of OSB

1.3.1 Surface activation of OSB

Surface activation of a material is a critical factor governing adhesion properties and
furthermore bond quality. Activation is represented as surface adhesion properties, which
can be achieved by increasing the surface energy of the material, making it more
hydrophilic. This increases the surface wettability and renders the surface adhesive
(Plasma technology Inc., 2007). Wettability is the ability of a liquid to maintain contact
with a solid surface, and it is controlled by the balance between the intermolecular
interactions of adhesive type (liquid to surface) and cohesive type (liquid to liquid)
(Moldoveanu, 2016). Chen (1970) examined the relationship between surface wettability
and glue-bond shear strength of various tropical woods glued with a urea formaldehyde
resin, discovering that the percentage adhesion failure increased with increasing level of

wettability in determination of the bond-line strength.

OSB panels are usually made up of three layers of strands, the outer faces having longer

strands aligned in the long-direction of the panel (Ross, 2010). Thus, larger sizes of
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strands are on the OSB panel surface and hot-pressed if adhesive is needed. The sanding
process may also be used before storing, not only among OSB products, but also with
EWP products. The mechanical properties of the OSB surface will change after
manufacturing with changing MC, application of chemical materials, and shape changes
of wood strands, etc. The surface moisture content and wettability can also be changed by
these processes. The penetration of adhesive will also be affected by manufacturing if

more OSB panels are bonded after these procedures.

There is a report for plywood bonding situations based on different moisture content
(MC). The best bonding results were obtained in plywood panels with veneers having 4—
6% moisture content. Lowest mechanical properties were found for plywood panels
manufactured from veneers conditioned to 16—18% moisture content (Aydin, 2006). OSB
strands should be managed into a range of 2-5% in order to avoid the effect of changing

MC, from which OSB panels have a range of MC of 8-12%.

The contact angle is defined as a substrate plane and the free surface of liquid droplet at
the line on contact with the substrate, which can be used to evaluate the surface activation
of a material (Forest Products Laboratory, 2010). Hse (1971) reported a correlation
between penetration and contact angle for PF and southern pine plywood. The author
evaluated 36 formulations in regard to contact angle, cure time, heat of reaction, plywood
shear strength, percent wood failure, bond-line thickness, and cure shrinkage. There was

no significant evidence demonstrating penetration is related to the adhesive solid contents



or formaldehyde-phenol mole ratio. PF adhesive is the most common wood adhesive that

is also inexpensive in market.

Adhesive penetration can also be varied according to open assembly time, pressing time,
temperature, and consolidation pressure involved in wood-based composite manufacture.
Process-induced damage to the wood surface may also influence penetration (Kamke,
2007). The tooth-plates are applied to break the initial panel surfaces and change the

adhesive penetration in order to achieve a higher bonding quality.

Adhesive may change the molecular weight distribution, viscosity, solids content, and
surface tension of the liquid phase of the adhesive, which can all influence the
penetration of wood (Kamke & Lee, 2007). Powdered adhesives, such as powdered PF
used in OSB manufacture, must undergo a melt to achieve penetration. Johnson and
Kamke (1992), in regard to steam-injection pressing, noted that powdered PF resin
remained on the surface of wood strands during the blending process, and was only able
to flow and penetrate after heating during hot-pressing. Thus, PF should be used with the
hot-pressing method in order to penetrate, even taking into consideration the wood
strands on the panel surface that are manufactured by the factory. The hot-pressing during
the manufacturing of OSB panels could cause the surface materials carbonized due to the

high pressing temperature.

Adhesive penetration influences toughness and ultimate strength of bonded assemblies

(White 1977; White et al. 1977) while also contributing to a stiffness in compression and
7



shear (Gindl et al. 2005). Many studies, using a variety of analytical techniques, have
examined adhesive penetration in wood (Kamke & Lee, 2007). The effect of resin
penetration on bond performance and microscopic detection of adhesive penetration in
wood were discussed by Kamke (2007). Hare and Kutscha (1974) examined adhesive
penetration and shear strength of spruce plywood bonded with PF. Drying technique and
the influence of aging were parameters in the study. They noted a deeper penetration into
the veneer that had more severe surface damage (cell-wall fractures). This condition was
associated with low shear strength, but high percent wood failure. However, Sernek
determined that hydrodynamic (sometimes called bulk) flow was the dominant factor for
the penetration of UF resin into beech (2007). The application of a clamping force of 1.6
MPa to the bond-line produced a penetration that was approximately 10 times greater
than the penetration that was achieved when no force was applied (Kamke & Lee, 2007).
Applying a force or pressure might increase the shear strength which is affected by the
drying technique and aging. The pre-lab is using the hot-pressing technique and the
pressure is around 100psi (0.7MPa). The surface activation of OSB panels should be
improved prior to bonding laminated products. There are several methods that could be
chosen for activating the surface of OSB with an aim at increasing the bond strength,

these could be sanding tooth-plate indenting and using two different types of adhesives.

In a brief summary, OSB surface activation can be affected by the type of adhesive, and
wettability and moisture content of OSB. To ensure a good bond quality of adhesively
laminated OSB products, surface treatments should be applied to the surface of OSB

prior to spreading of an adhesive.



1.3.2 Evaluation of the bond quality of laminated OSB

Nowadays, the preparation of wood surfaces has been studied, and optimum conditions
have been determined (Minford, 1991). Because adhesives work by surface attachment,
the adherend’s surface qualities are extremely important to the laminated OSB product
(Ross, 2010). Good penetration into the wood is a very important aspect of wood
bonding. Standards such as ASTM D2559 require a bond formation within the minimum
and maximum of the recommended open and closed assembly times (Frihart, 2005). The
bondability of wood products like plywood, particleboard, fiberboard, flakeboard, and
hardboard is hard to classify categorically. These materials often have polished surfaces
from hot-pressing which are different to bond (Ross, 2010). Laminated OSB product can
be regarded as another type of laminated wood product, the main difference from other
products in the market is that the bonding surfaces are manufactured and there are some
adhesives and other materials on them. Wood surfaces should be smooth, flat, and free of
machine marks and other surface irregularities, including planer skips, and crushed, torn,
and chipped grain. The surface should be free of burnishes, exudates, oils, dirt, and other
debris (Ross, 2010). During this pre-lab, the sanding procedure is used to remove the

materials exist on the panels’ surfaces before gluing the panels together.

The bond quality of laminated wood products is widely evaluated using the block shear
specimen stipulated in ASTM D198 (ASTM 2015). For the mechanical properties tested
during the lab, the shear strength (horizontal shear strength), the shear strength in the
block shear test and the Percentage Wood Failure (PWF) will be considered as the most

important standards. Wood for these tests was obtained from local suppliers, with the
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actual test specimens selected according to the protocol in ASTM D1037. The laminated
OSB lumber needs a block-type glue-line shear test to evaluate the strength of bond-line
based on the standard ASTM D1037 and a static bending test will also be used to

calculate the horizontal shear strength of the laminated product.

The load cannot be applied uniformly to the bonded surface while using a block shear test
due to the specimens’ shape and testing procedures, and it may cause unreliable failures
after applying the load. Recently, short-span bending was applied to evaluate the bond
quality by Gong (2019), which could show the horizontal shear strength of the tested
specimens. The study reported by Gong et al (2019) was aimed at developing an
appropriate test procedure to evaluate the adhesively bond strength of cross-laminated
laminated strand lumber (CL-LSL). Three-point short-span bending tests were conducted
on two-layer asymmetric CL-LSL specimens (2LasymCL LSL). It was found that failure
happened along the bond line of an adhesively bonded specimen under short-span
bending, when the horizontal shear strength exceeded its bond line shear strength.
Meanwhile, Comparatively, the average bond line shear strength of CL-LSL PVAc is
about 15% and 10% lower than that of the LSL itself in the major and minor directions,

respectively during the block shear test. (Gong et al, 2019).

In addition to mechanical testing, the bond quality of laminated wood specimens can also
be examined by analyzing the depth of adhesive penetration in wood via fluorescence
microscopy (Modzel, 2011) and estimating the percentage wood failure. Fluorescence

microscopy has been used to analyze the penetration of various adhesive types in

10



plywood (Dougal et al. 1980; Gollob et al. 1985) and in other wood composites (Furuno
et al. 1983a; Murmanis et al. 2007; Brady and Kamke 1988; Johnson and Kamke 1992,
2007; Marcinko et al. 1995). After the bending or shear block tests, some samples will be
needed to evaluate penetration. The samples should have bonding surfaces that are
exposed outside. If the penetration cannot be determined properly due to a lack of testing
equipment, the percentage wood failure can briefly be used to evaluate the strength of
bonding. Wood failure is often considered to be as important as the strength of the bond.
Deep wood failure is easy to observe but determining where and why failure takes place
in the bond-line has been difficult (Frihart, 2005). The wood failures should not all exist
in the bonding area. When the breaks are almost in the wood, rather than in the glue-line,

the manufacturing procedures can be roughly determined through the pre-lab.

In summary, the short-span bending test and block shear test are two widely used

methods for examining the bond strength of laminated OSB. Percentage wood failure is

another important factor of evaluating the bond quality.
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1.3.3 Uses of laminated OSB

STRUCTURAL INSULATION BLOCK

0SBLOCK

BLOC STVC‘I‘UBAL 1SOLE

(a) (b)
Figure 1.2 Laminated OSB used in structure wall.
Laminated OSB has recently been created for structural uses, that is manufactured by
bonding four layers of OSB panels. Figure 1.2 is one example showing the potential uses
of lamianted OSB products, such as short beams. The two layers of polystyrene foam

make OSBLOCK a material with high insulating and acoustic properties and can be

easily constructed because of its light weight (OSBLOCK™, 2019)

To make laminated OSB products, surface activation should be considered including
wettability, moisture content, and proper treatment methods to reactivate the surface due
to the poor surface activation of OSB panels. A short-span bending test and a block shear
test should be applied to evaluate the bond quality of laminated OSB products and deliver
comprehensive and reliable results by comparing horizontal shear strength and block

shear strength.
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1.4 Objectives and Scope of Work

The ultimate objective of this project was to develop a new type of lumber-like wood
product made of OSB sheets, i.e. laminated OSB (LOSB), which could be used as load-
bearing components such as short beams. The specific objective of this project was to
explore the proper methods for re-activating the surface and increasing the strength of a
bond line in a laminated OSB specimen. To reach this objective, two commonly used
mechanical approaches, sanding and indenting, were applied. A design of experiment
(DOE) was developed by considering pressing temperature, pressure and time, types of
sanding papers, metal tooth-plate, and types of adhesive. The bond quality of 2-layer
LOSB specimens were examined via short-span bending test, block shear test, and
percentage wood failure examination. The optimized manufacturing parameters were
therefore identified. This phase of research paved a solid route for the next step of
lumber-size LOSB specimens manufacturing, which will be conducted by another fellow

graduate student.

1.5 Thesis organization

This thesis report includes 5 major chapters. Chapter 1 focuses on the research
background with an aim to find a proper method of reactivating the surface of OSB.
Chapter 2 provides the details on the materials and methods used in this project,
including the parameters of manufacturing 2-layer laminated OSB specimens and design
of the experiments. Chapter 3 delivers the methods of evaluating their bonding quality in

terms of shear strength and percentage wood failure. Chapter 4 gives and discusses the

13



test results via statistics. Chapter 5 draws the conclusions and presents some

recommendations for future work.

2 Materials and Methods

2.1 OSB and Adhesives

The OSB panels were provided by Arbec Forestry Products Inc., Miramichi, New
Brunswick, Canada. The sizes of the panels were 12° by 24’ by 7/16” (3.65m x 7.32m x
13mm). The moisture content ranged from 9% to 12%. These panels were cut using a
table saw (Model: 350, Serial: Y 7775, GENERAL MFG. CO. LTD, Figure 2.1) into 48

boards of 12” x 127 (305mm x 305mm) to make laminated OSB specimens for testing.

‘TRAINED
BEFORE
OPERATING
EQUIPMENT

Figure 2.1 Table saw.
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Phenol formaldehyde (PF) and isocyanate (ISO) adhesives were identified and used in
this project. The PF adhesive (Resin #: 13B202) was provided by the Wood Science &
Technology Center (WSTC), University of New Brunswick, Fredericton, New
Brunswick, Canada. ISO adhesive (Brand name: ELMER’S, Westerville, Ohio, United
States) and sanding papers were purchased from a building supply store located in
Fredericton, New Brunswick, Canada. Some detailed info on these two adhesives is given
in Figures 2.2 and 2.3. The metal tooth-plates were provided by Corruven Canada Inc.,
Edmundston, New Brunswick, Canada. The distance spacing between each two teeth was

“0.1-0.4” (2.5-10mm) in width direction and 0.2 (5mm) in length direction.

ELMER's

CONTRACTOR’S GRADE
CATEGORIE ENTREPRENEUR

WHMIS

A < ;
WORK 3 = S
b \PLACE LABEL ; 00D/GLUE/COLLE ABOIS
ro / : o
Eysese 1Y Seihs ol

ol malde | Bonds stronger than wood
&hr."m,,u,nmm,_ V.2 X Sandable + paintable

Imperméable + colofable

® Lieplus fortenent que e bol
Facile a ponger + peindre
R —— — —;
: ’cr;frsnmﬁ /EXTERIOR
RIEUR/EXTERIEUR _

NON-TOXIC 473 mL’

NON TOXIQUE

Figure 2.2PF resin Figure 2.3Isocyanate resin

2.2 Surface treatment methods

The surface treatment methods used included sanding, tooth-plate indenting, and a

combination of both. Six treatment methods were used, which were (1) plain (without
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any treatment on the OSB surface), (2) sanding using 100 mesh paper (3) sanding using
600 mesh paper, (4) tooth-plate indenting, (5) tooth-plate indenting plus sanding using

100 mesh paper, and (6) tooth-plate indenting plus sanding using 600 mesh paper.

Figure 2.4 Sanding paper (Source: https://www.lowes.com/n/buying-guide/sandpaper-buying-guide)

Figure 2.5 Metal teeth on the plate

16



2.2 Fabrication of laminated OSB specimens

2.2.1 Preliminary study on pressing parameters for making 2-layer specimens
using PF

PF is the adhesive that needs to be cured via hot-pressing. To determine the hot-pressing

parameters, a pre-lab study was conducted. The press used is called CARVER (Model:

#3912), which was available in WSTC. Tables 2.1 & 2.2 show the parameters for hot-

pressing and dimensions of glue-laminated panels.

Figure 2.6 Laboratory hot press.
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Table 2.1 Hot-pressing parameter test.

Pressing temperature/
Pressing time/min

°C
Group Setting
Pressure/psi
temperature/ 130°C 150°C 200°C
(MPa)
°C
Py 18 (0.12) 200 38 20 15
P, 50 (0.34) 200 27 15 11
100°C 120°C 130°C 170°C
P; 75 (0.52) 150 6.5 10.5
Py 100 (0.69) 150 3.5 7.5 11.5 20.5
Table 2.2 Sizes of OSB panels after hot-pressing.
Number Thickness/mm Width/mm Length/mm
1 23.18 23.50 23.35 38.79 38.51 38.89
Py
I 23.28 23.09 23.12 38.60 38.39 38.55
139.7
2 21.81 21.80 21.91 38.48 38.55 38.59
P;
2’ 21.82 22.40 21.82 38.60 38.39 38.63
3 22.20 22.36 22.47 38.81 38.57 38.66
P;
3 22.53 22.29 22.30 38.65 38.57 38.80
139.7
4 21.05 21.23 21.31 38.86 38.84 38.86
P4
4 21.15 21.15 21.10 38.00 36.41 34.72

18



2.2.2 Selection of pressing parameters for making 2-layer OSB specimens

According to the preliminary study, the pressing parameters of PF and ISO used in the

core study are given in Table 2.3:

Table 2.3 Pressing parameters of PF & Isocyanate resin.

Name Pressing time/min Temperature/ °C Pressure/psi
PF 15 150 100
Isocyanate 15 ~20 100

The panels were made in the press at room temperature when using ISO and at a
temperature of 150°C when using PF. The smooth surfaces of an OSB panel were applied

with adhesive and pressed in the press.

2.2.3 Design of experiment

This project provided four options to treat the OSB surface, including: PF resin,
Isocyanate resin, sanding paper, and metal tooth-plate. Six surface treatments were given
in Chapter 2.2. Two mesh levels of sanding papers (100 mesh & 600 mesh) were used to
remove the material on each side of the panels’ surfaces. Special metal tooth-plates were
chosen to break the initial situation of each panel surface and dig a lot of small holes on
bonding surfaces (Pressing machine provided pressure for the tooth-plate. Each panel was
carved for 3 to 5 minutes in order to ensure the metal teeth were completely into the

bonding surfaces).
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Figure 2.7 Pressing with the metal tooth-plate Figure 2.8 Indented panel

Figure 2.9 Full-scale image of 12°° by 12’ (305mm by 305mm) indented panel

After the carving and sanding procedure, the preprocessing surfaces were dealt with
single gluing by an adhesive consumption of 170g/m?. Each bonding surface used 19g of

adhesive.

Based on these six methods, each method would be used on eight panels that were cut in
the size of 12” x 12” x 7/16” (305 x 305 x 13mm), the example of these panels and the

cutting pattern were shown in Figure 2.3.1. After the cutting procedure, two panels were
20



grouped as a 2-layer laminated OSB panel. Thus, each of the six method would be used
for creating eight 2-layer product and each of adhesive had 24 2-layer OSB specimens
using the six methods, respectively. Specimens should be conditioned to a constant
weight and moisture content in a conditioning chamber maintained at relative humidity of
65+5% and a temperature of 231+°C (681+6°F). The removal of materials on the surfaces
was applied to each panel and the new type of manufacturing process for Laminated OSB

lumber was determined and ready to be tested.

Table 2.2 Details of different Laminated OSB lumber.

Cutting size

Adhesive Type/Mark
Width x Length x Depth
Plain panel/ IN
Sanding (100 mesh)/ IS1
Sanding (600 mesh)/ IS6 12>’ by 12”° by 7/16”
ISO
Tooth-plate/ IT (305 x 305 x 130mm)
Tooth-plate & Sanding (100 mesh)/ ITS1
Tooth-plate & Sanding (600 mesh)/ ITS6
Plain panel/ PN
Sanding (100 mesh)/ PS1
Sanding (600 mesh)/ PS6 12>’ by 12”° by 7/16”
o Tooth-plate/ PT (305 x 305 x 130mm)

Tooth-plate & Sanding (100 mesh)/ PTS1

Tooth-plate & Sanding (600 mesh)/ PTS6
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Figure 2.10 Major processes of manufacturing laminated OSB
Table 2.4 shows the groups of laminated OSB lumber with different manufacturing ways.
Figure 2.10 illustrates the main part of the manufacturing process used in this project.
Figure 2.10 illustrates the major processes of manufacturing laminated OSB with all the

surface treatments.

22



2.3 Manufacturing of short-span bending and block shear specimens

2.3.1 Cutting pattern from 2-layer laminated OSB specimens

Figure 2.11 The location of each testing specimen in a panel (Note: E: Edge; C: Center; f: short span

I
f//E
BLE
f//E - =
)3_ k BLiE
B//C B//C
BLC f//C
= =
8 - - f//C
al B | = BLC
B//E B//E |
l -5 ”» 2 ”»
Major direction

«STTI

ORI U

bending; B: block shear; // : Parallel to the major direction; | : perpendicular to the major direction).

The cutting pattern for each 2-layer laminated OSB panel is shown in Figure 2.11, in

which there were 8 short-span bending specimens and 8 block shear specimens. For

short-span bending specimens, the length direction of a specimen was parallel to the

orientation of strands (i.e. the major direction). For block shear specimens, the height

direction of a specimen was parallel to the orientation of strands (i.e. the major direction).
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The dimensions of the panel that was cut from the full-scale one as provided by Arbec
company, as shown in Figure 2.11, would be 12”> x 12°° x 7/8** (305 x 305 x 22mm).
Each 2 -layer 12 x 12 panel used 19g PF or Isocyanate resin. According to the ASTM
D1037-12, a block shear specimen is fabricated as shown in Figure 2.3.3, the specimen
will be from 1 to 2 in. (25 to 51 mm) thick, depending on the thickness of the panel. For
the shear block test, preprocessed OSB with a 2-inch nominal height was used for the
panels in this lab. The panels investigated were built up with 2 layers. Thus, a test
specimen was 2 in. (51 mm) in length, 2 in. (51 mm) in width, and 7/8 in. (22mm) in
depth. For the short span bending test, the specimens were also cut from the panel shown
in Figure 2.12, and the specimen was 5.5 in. (140mm) in length, 1.5 in. (38mm) in width,

7/8 in. (22mm) in depth.

22mm

Figure 2.12 Sizes of specimen short-span bending test.
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Figure 2.13 Block Type Glue-line Test Specimen (Source: ASTM D1037)

22mm

50mm

Figure 2.14 Sizes of specimens’ width and depth for block shear test.

The dimensions of two types of specimens are shown in the Table 2.3.1:

Table 2.5 Dimensions of short-span bending and block shear specimens

Depth/mm Width/mm Length/mm
Short span
22 38 140
bending
Block shear 22 50 50
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3 Methods

3.1 Short-span bending test

The short-span bending test is shown in Figure 3.3. The span was 121mm. The test setup
used was center pointed. With reference to ASTM D1037 (ASTM International 2012), a
span-to-depth ratio of 5 was used to evaluate horizontal shear strength. For each test,
there was approximately 12mm (0.5 inch) of overhang beyond the end reaction supports.
The test was run in the displacement control mode at a rate of 2 mm/min via the
Mechanical Test System (NVLAP Lab code: 200301-0). The load, crosshead movement,

LVDT, and elapsed time were recorded at a rate of 0.2Hz.

Figure 3.1 MTS testing machine.
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Load

Specimen

Steel frame

S

Figure 3.2 Short span bending set-up instruction

Figure 3.3 Short span bending set-up in the lab.

According to the ASTM D198, the maximum horizontal shear strength of a short span
bending specimen can be calculated using Equation 3.1:

_ 3Pmax
T, = YR (3.1)

b1 = width of the specimen, mm,;

d; = depth of the specimen, mm;
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max = maximum load, N; and

71 = maximum horizontal shear strength, MPa.

3.2 Block shear test

The block shear test setup is shown in Figure 3.4 The test setup was block shear. As
specified in ASTM D1037 (ASTM International 2012), squares that were a size of 50 x
50 x 22mm were used in the block shear test to evaluate shear strength. The load speed
was 2 mm/min. The load, crosshead movement, LVDT, and elapsed time were recorded

at a rate of 0.2Hz.

Figure 3.4 Machine set-up for block shear test.
According to the ASTM D1037, the maximum shear strength of a block shear specimen

can be calculated in accordance with Equation 3.2:

Pmax
T, = E (32)
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where:

b2 = width of the shear area, mm;
d> = depth of the shear area, mm;
Pmax = maximum load, N; and

T> = maximum shear strength, MPa.

3.3 Wood Percentage failure

The percentage wood failure (PWF) of a block shear specimen was visually estimated by
the author according to ASTM D 1037, which is defined as the ratio of the area of wood

failure to the total area. It can be calculated using Equation 3.3:

PWF = Zwoodfaiture o 100y, (3.3)
total
Where,
PWF = the percentage wood failure of the specimens, %;

Awood failure = the area of the region where is wood failure; and

Avotal = the total area of the failure surface of the specimens.
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4 Results and Discussion

It was found that some data from the short-span bending tests and block shear tests were
not reasonable, far away from the means. This could be due to the unproper
manufacturing of specimens and operating errors during testing, in particular for block
shear specimens and testing. The specimens should be bonded within 24h after applying
surface treatments, however, the group that used isocyanate and was cut in the major
direction was stored in the laboratory for almost 2 months. The surface activation would
change during this time due to surface swelling caused by air exposure. The dusts in the
air would also attach to the surfaces and influence the adhesive penetration. The OSB
strands on the surfaces that were processed by treatments could also have been
susceptible to oxidation. Thus, a preliminary treatment on data was applied, i.e. those
data were removed when their values were beyond the boundaries of “Mean + Standard
deviation” and “Mean - Standard deviation”. This means the outliers of each group of
data at a given test condition were culled in the data analysis. The summarized results of

this data selection method were shown in Table 4.1 and Table 4.2.
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Table 4.1 Summarize of data selection in short-span bending test

Number of Number of
Adhesive Direction Treatment data " Total
data used
removed

None 6 10 16

100 Sanding 4 12 16

) 600 Sanding 6 10 16
Major

Tooth-plate 5 11 16

100 Sanding & Tooth-plate 4 12 16

PE 600 Sanding & Tooth-plate 6 10 16

None 3 13 16

100 Sanding 5 11 16

) 600 Sanding 6 10 16
Minor

Tooth-plate 7 9 16

100 Sanding & Tooth-plate 4 12 16

600 Sanding & Tooth-plate 3 13 16

None 6 10 16

100 Sanding 4 12 16

) 600 Sanding 5 11 16
Major

Tooth-plate 6 10 16

100 Sanding & Tooth-plate 4 12 16

1SO 600 Sanding & Tooth-plate 6 10 16

None 7 9 16

100 Sanding 6 10 16

) 600 Sanding 5 11 16
Minor

Tooth-plate 3 13 16

100 Sanding & Tooth-plate 5 11 16

600 Sanding & Tooth-plate 6 10 16
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Table 4.2 Summarize of data selection in block shear test

Number of Number of
Adhesive Direction Treatment data " Total
data used
removed

None 7 9 16

100 Sanding 5 11 16

) 600 Sanding 6 10 16
Major

Tooth-plate 5 11 16

100 Sanding & Tooth-plate 6 10 16

PE 600 Sanding & Tooth-plate 3 13 16

None 6 10 16

100 Sanding 4 12 16

) 600 Sanding 4 12 16
Minor

Tooth-plate 4 12 16

100 Sanding & Tooth-plate 7 9 16

600 Sanding & Tooth-plate 3 13 16

None 8 16

100 Sanding 8 16

) 600 Sanding 7 16
Major

Tooth-plate 6 10 16

100 Sanding & Tooth-plate 5 11 16

1SO 600 Sanding & Tooth-plate 7 9 16

None 5 11 16

100 Sanding 5 11 16

) 600 Sanding 6 10 16
Minor

Tooth-plate 6 10 16

100 Sanding & Tooth-plate 4 12 16

600 Sanding & Tooth-plate 5 11 16

4.1.1 Short-span bending tests

All the short-span bending specimens were divided into 24 sets in terms of three factors,
panel direction (the major direction and minor direction), surface treatment (six surface
treatments provided in Chapter 2.2), and adhesive (PF resin and Isocyanate resin). The

raw data of short-span bending test was shown in Appendix 1. The quality of some
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laminated OSB specimens seemed to be not as good as expected, resulting in unexpected
strength. For example, the group using PF and tooth-plate in the minor direction had 7
data points deleted and the group using Isocyanate and no treatment in the minor
direction also had 7 data points deleted. A Minitab ANOVA General Linear Model was
used to analyze the relation between the three factors and the horizontal shear strength.
Adhesive, surface treatment, and panel direction were chosen to be fixed effects. The
horizontal shear strength calculated from the short-span bending tests was used as the
response. The detailed results are given in Appendixes 1 and 5. Figures 4.1 and Table 4.4

provide a summary of the horizontal shear strength values in different comparisons.
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Individual standard deviations are used to calculate the intervals.

Figure 4.1 Horizontal shear strength about different surface treatment groups in major and minor direction
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Table 4.3 Results of short-span bending test run by Minitab

Source DF Adj SS Adj MS F-Value P-Value
Adhesive 1 27.060 27.0600 346.46 0.000
Surface treatment 5 2.898 0.5796 7.42 0.000
Panel direction 1 1.953 1.9525 25.00 0.000

Error 253 19.760 0.0781
Lack-of-Fit 16 9.937 0.6211 14.99 0.000
Pure Error 237 9.823 0.0414

Total 260 51.182

Based on the results that were run by Minitab in Appendix 9 and Table 4.3, the p-value of
all three factors were much smaller than 0.05, at a 95% confidence interval. This suggests
that the horizontal shear strength was significantly affected by the panel direction, surface
treatment, and type of adhesive. “Lack of fit” can occur if several, unusually large
residuals result from fitting the model. The sum of squares for pure error is the sum of the
squared deviations of the responses from the mean response in each set of replicates. Pure
error was not be used for the data analysis in this project. According to the Figure 4.1, the
average shear strength of those that used PF was larger than those that used isocyanate in
the major direction during manufacturing. The average shear strength values of all sets of
specimens tested in the major direction were about 10-30% larger than those in the minor
direction because the wood had unique and independent properties in different direction,
while OSB was also made in orientation. The largest horizontal shear strength was
3.16MPa, which appeared in the group that used PF, 600 mesh sanding, and metal tooth-

plate in the major direction. The average horizontal shear strength value was 2.25MPa.
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The surface treatment type could have a clear influence among different groups when the

adhesive options remained the same.

Figure 4.1 shows that PF acted as a stronger adhesive than Isocyanate in a short span

bending test, as well as the combination of no surface treatment and Isocyanate may

cause lower shear strength in laminated OSB product manufacturing process if the

specimens chosen were used in this surface process method.

Table 4.4 Horizontal shear strength in two different panel positions

Adhesive  Position

Surface treatment

Horizontal shear strength/ (MPa)

None 2.03
100 Sanding 211
600 Sanding 2.48
Center
Tooth-plate 3.02
100 Sanding & Tooth-plate 3.42
PE 600 Sanding & Tooth-plate 3.44
None 1.99
100 Sanding 1.99
600 Sandin
Edge g 2.06
Tooth-plate 2.56
100 Sanding & Tooth-plate 2.88
600 Sanding & Tooth-plate 331
None 1.95
100 Sanding 1.98
600 Sanding 2.00
Center
Tooth-plate 1.87
100 Sanding & Tooth-plate 2.02
1SO 600 Sanding & Tooth-plate 2.03
None 1.87
100 Sanding 1.95
600 Sanding 1.93
Edge
Tooth-plate 1.74
100 Sanding & Tooth-plate 2.00
600 Sanding & Tooth-plate 1.99
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As discussed in Chapter 2, eight short-span bending specimens were cut from two
different locations of a panel, i.e. center and edge, see Figure 2.11. As shown in Table
4.4, most of horizontal shear strength values of the “Center” specimens were larger those
of “Edge” ones. The average shear strength of “Center” specimens was about 4-8% larger

than the “Edge” ones.

The adhesion of the glue depends on the wood-glue bonding chain. Adhesive bonding
performance between wood elements is presumed to be significantly influenced by the
degree of penetration of adhesive into the porous network of interconnected cells (Onur,
2016). The central surface would have a more uniform structure than the edge of the
surface for bonding formation. As for the hot-pressing procedure, the top and bottom
surfaces of the specimen would reach the platen temperature virtually instantly,
meanwhile the bond line would remain at room temperature towards the beginning of
heat and pressure applications. The energy at the edges of the specimen could be lost
when the water is released, while the core part of specimen could have a higher MC
(Arun Gupta et al, 2013). The edge of the specimen might be over cured when the central
position is fully cured. So, the adhesive could have a more uniform dispersion pattern due
to the fact that it was applied at the center of a panel before pressing and could show a

stronger shear strength.
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Figure 4.2 Three-parameter Weibull of horizontal shear strength
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Weibull distribution was found to best describe the results, i.e. the range and
dispersibility of horizontal shear strength. The Shape, Scale, and Thresh of Weibull were
determined by the probability plot shown in Figure 4.2 (a). According to 3-parameter
Weibull results, there would be 30-80% likelihood to predict the range of best fit for the
horizontal shear strength of laminated OSB specimens with a Weibull distribution of 1.8-

2.4MPa.

In a brief summary, the three factors would affect the horizontal shear strength at a 95%
confidence level. Using PF, 600 mesh sanding paper, and metal tooth-plate could provide
a stronger horizontal shear strength for laminated OSB specimens. Specimens chosen
from the central position or chosen to be cut in the major direction would have larger
horizontal shear strength. The range of horizontal shear strength could fit into that of

plywood sheathing products (Ross, 2010).

4.1.1 Block shear tests

All the block shear specimens were divided into 24 sets in terms of three factors, panel
direction (the major direction and minor direction), surface treatment (six surface
treatments provided in Chapter 2.2), and adhesive (PF resin and Isocyanate resin). The
raw data from the block shear test was shown in Appendix 2. The quality of some LOSB
specimens seemed to be not as good as expected, resulting in unexpected shear strength.
For example, there were 8 data points removed from the group that used isocyanate resin
and no surface treatment in the major direction and the same number of data points were

removed from the group that used isocyanate and applied no treatment in the major
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direction. A Minitab ANOVA General Linear Model was used to analyze the relationship
between the three factors and one response (i.e. shear strength). Adhesive, surface
treatment, and panel direction were chosen to be fixed effects. The detailed results are
given in Appendixes 2 and 6. Figures 4.3 and Table 4.6 provide a summary of the shear

strength values in different comparisons.

Interval Plot of Shear strength
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Figure 4.3 Shear strength about different surface treatment groups in major and minor direction
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Table 4.5 Results of block shear test run by Minitab

Source DF Adj SS Adj MS F-Value P-Value
Adhesive 1 42.47 42.4656 27.68 0.000
Surface treatment 5 89.60 17.9200 11.68 0.000
Panel direction 1 32.65 32.6498 21.28 0.000

Error 242 371.32 1.5344
Lack-of-Fit 16 153.45 9.5909 9.95 0.000
Pure Error 226 217.86 0.9640

Total 249 534.48

Based on the results that were run by Minitab in Appendix 6 and Table 4.5, the p-value of
all three factors were much smaller than 0.05, at the 95% confidence interval. This
suggests that shear strength was significantly affected by the panel direction, surface
treatment, and type of adhesive. According to Figure 4.3, the average shear strength of PF
use was larger than that of Isocyanate use, both being in the same direction during
manufacturing. The average shear strength values of all sets of specimens tested in the
major direction were about 5-40% larger than those in the minor direction when PF was
used for bonding material. The largest shear strength was 8.02MPa, which appeared in
the group that used PF, 100 mesh sanding, and metal tooth-plate in the major direction.
The smallest shear strength was 0.48MPa which appeared in the group that used
Isocyanate and tooth-plate in the minor direction. The average shear strength value was
4.4MPa. The type of surface treatment can demonstrate a clear influence among different

groups when the adhesive choices remain the same.
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Figure 4.3 also provides the same result as the short-span bending test, demonstrating that
PF acted as a stronger adhesive than Isocyanate based on the shear strength data; the
combination using tooth-plate surface treatment and Isocyanate may cause lower shear
strength in the laminated OSB product manufacturing process if the chosen specimens

used this surface process method.

Table 4.6 Shear strength in two different panel positions

Adhesive  Position Surface treatment Horizontal shear strength/ (MPa)
None 4.32
100 Sanding 5.21
600 Sanding 8.07
Center
Tooth-plate 5.53
100 Sanding & Tooth-plate 7.06
600 Sanding & Tooth-plate 5.68
PF
None 4.01
100 Sanding 4.77
600 Sanding 6.12
Edge
Tooth-plate 53
100 Sanding & Tooth-plate 6.35
600 Sanding & Tooth-plate 4.33
None 3.89
100 Sanding 4.21
600 Sanding 4.55
Tooth-plate 3.44
Center .
100 Sanding & Tooth-plate 4.03
600 Sanding & Tooth-plate 4.16
ISO None 3.46
100 Sanding 3.74
600 Sanding 4.05
Edge Tooth-plate 3.41
100 Sanding & Tooth-plate 4.03
600 Sanding & Tooth-plate 4.11
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As discussed in Chapter 2, eight block shear specimens were cut from two different
locations of a panel, i.e. center and edge, see Figure 2.11. As shown in Table 4.6, most of
the strength values for the “Center” specimens were larger the “Edge” ones. The average
shear strength of “Center” specimens was about 3-10% larger than the “Edge” ones.
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Figure 4.4 Three-parameter Weibull of shear strength
Based on the instruction of MINITAB, weibull distribution was found to best describe the
results, i.e. the range and dispersibility of shear strength. The Shape, Scale, and Thresh of
Weibull were determined by the probability plot shown in Figure 4.4 (a). According to 3-
parameter Weibull results, there would be 30-80% likelihood to predict the range for the
best fit of LOSB specimens’ horizontal shear strength with a Weibull distribution
between 3.5-6.5MPa. In comparison with the plywood products, their shear strength
value was in the range of 5.5-6.9MPa (Ross, 2010) which was close to the shear strength
of LOSB specimens. These results provide an acceptable strength for making LOSB
products to replace parts of the plywood products in terms of load-carrying capacity. To
compare with the plywood sheathing products which had less than 5 layers, the glue-line
shear strength was in a range of 2.9-7.0MPa (APA, 2013) which was similar to the block
shear strength of laminated OSB specimens. The results showed that laminated OSB
products could be used to replace part of plywood products in terms of load-carrying

capacities.
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In a brief summary, all three factors statistically significantly affected shear strength.
Using PF, 100 mesh sanding paper, and metal tooth-plate could provide a stronger shear
strenth for LOSB specimens. Specimens chosen from the central position or cut in the
major direction would have better shear strength performance. The range of shear

strength could fit within that of plywood products.

4.1.2 Percentage Wood Failure

According to ASTM D1037, the PWF of a block shear specimen was estimated by the
equation shown in Section 3.3. and the results are shown in Appendixes 3 and 4. After
breaking a block shear specimen, the image of a specimen that had a glue-line failure
mode was shown in Figure 4.5. More than 50% of the failure happened in the glue-line
part. The failure of breaking in the wood is also shown in Figure 4.6. Figure 4.6 (a)

illustrates a failure along the glue-line while the wood failure shown by Figure 4.6 (b).

44



AR
Ayt

¥
F

ey c,z“ lc,c.
Ll

o

4"‘.\ =

v.c-\.‘\
¥ ™
“~ar

§ H&lf‘—

Figure 4.6 The example images for failure mode (Taken from the side of block)
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Table 4.7 Summary of PWF in block shear test

Adhesive direction glue-line dominant Wood failure dominant Total
ota
WF<50% 80-89% 90-99% 100%

PF Major 3 5 9 47 64

Minor 1 4 11 52 68

Major 6 4 5 40 55

1SO .
Minor 3 5 12 45 65
Summary 13 18 37 184 252

From Table 4.7, it can be found that 95% of the block shear specimens had a percentage
wood failure of 80% and above, suggesting that the internal strength of OSB specimens
was smaller than the bond-line strength. In addition, only four specimens failed along the
bond-line of the specimens tested with the use of PF to bond the specimens. However,
there were 9 blocks bonded with isocyanate that failed in the bond-line part and 6 of the
failed specimens were from the “isocyanate” group in the major direction faltered due to
surface inactivation caused by the delay of grouping and pressing. Overall, the bonding
quality was very good when the applied manufacturing paragraphs were used in this

study.

4.1.3 Bond quality comparison among different surface treatment

Based on the results of short-span bending test, block shear test and evaluation of PWF,
two surface treatment method shew a good bond quality. The bond strengths between
group “Using sanding paper” and “Using sanding paper and metal tooth-plate” were

compared due to the consideration of manufacturing cost. Table 4.8 provided the results.
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Table 4.8 Comparison between two surface treatments

Direction Gr Horizontal shear Block shear Number of failed in bond-
ectio oup strength/MPa strength/MPa line
PS1 2.65 5.23 1
PS6 2.92 5.05 1
PTSI1 2.86 6.95 0
) PTS6 2.98 5.40 1
major
IS1 1.80 4.54 1
IS6 1.70 2.87 1
ITS1 2.12 4.54 1
ITS6 1.71 5.04 2
PS1 2.17 4.06 0
PS6 2.42 3.79 1
PTSI1 2.33 5.34 0
) PTS6 2.64 3.89 0
minor
IS1 1.87 2.79 2
IS6 2.02 5.25 0
ITS1 2.16 4.85 1
ITS6 2.04 4.20 1

According to the results of Table 4.8 provided, the group which chose to using sanding
paper rather than using sanding paper and tooth-plate would have 5-8% and 17-23%
lower horizontal shear strength and block shear strength than the group that used sanding
paper and tooth-plate at the same time, respectively, while the adhesive and panel
direction were determined. Thus, the best bonding performance would appear in the
group of using sanding paper and metal tooth-plate. Most of the bending specimens failed
in the OSB rather than the bonding part, that’s why this orange line shows a smooth
trend. Though the trend of blue line is not stable, the range of horizontal shear strength
was smaller than the range of block shear strength, this result could show that most of the
glue-line parts were stronger than the OSB specimens. For the orange line, there was no

significant difference among the three largest horizontal shear strength group, while the
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group which used PF + 100 Sanding + Tooth-plate provided the largest block shear

strength.

4.1.4 Relation between horizontal shear strength and block shear strength

Failure will occur along the bond line of an adhesively bonded specimen under short-
span bending, when the horizontal shear strength exceeds the shear strength of a bond
line. Most of the specimens failed in the wooden part rather than in the glue-line during

the short-span bending test, Figure 4.7 provides an example of failure in the bending test.

Figure 4.7 Failure in strands rather than along the bond line.

48



Table 4.9 Average of horizontal shear strength and shear strength

Adhesive Direction Horizontal shear strength/ (MPa) Block shear strength/ (MPa)

major 2.82 5.49

PF .
minor 2.32 4.09
major 1.84 3.98

ISO .
minor 2.01 3.98
Position Horizontal shear strength/ (MPa) Block shear strength (MPa)
Center 2.75 5.98

PF
Edged 2.47 5.15
Center 1.98 4.05

ISO
Edged 1.91 3.80

. +-Block shear strength
@ «-Hornzontal shear strength
& 400 —— 2 .
000 : :
N SI S6 T TSITS6 N SI S6 T TSITS6 N Sl S6 T TSITS6 N SI S6 T TSITS6
Major Minor Major Minor
PF ISO

Figure 4.8 Average shear strength of two tests.

The average horizontal shear strength of LOSB bending specimens was calculated to be

3.16 MPa by Eq. (1) and the average shear strength of block shear LOSB specimens was
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4.4MPa, calculated by Eq. (2). This indicates that the maximum horizontal shear strength
was 28% lower than that of the block shear strength (Figure 4.8), which could be due to
the weakest bond area detected under short-span bending. As Table 4.8 shows, the range
of horizontal shear strength was smaller than the range of block shear strength, this result
could show that most of the glue-line parts were stronger than the OSB specimens. This
is an advantage over the block shear test that only provides an average shear strength
value over a bonding area (Gong et al. 2019). 24 average sets of data were used to draw

the regression line.

5. Conclusions and future work

5.1 Conclusions

A modified center-point short-span bending test method and block shear test have been
proposed to evaluate the bond quality of LOSB panels, that were bonded using two
different type of adhesive (PF & ISO). Shear strength, shear strength, and PWF results
were compared with those of the tested specimens and the following conclusions can be
drawn:

1) According to the results from short span bending and block shear tests, the
best surface process could be the combination of PF resin, sanding paper, and
tooth-plate with determined hot-pressing parameters according to the results
of short span bending, block shear test, and PEF. PF acted as a stronger
adhesive than Isocyanate during the tests. One of the testing groups, “PTS1”,

showed a maximum shear strength (8.02MPa).
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2)

3)

4)

5)

Based on the pre-lab to determine the hot-pressing parameters in Chapter
2.2.1, the OSB product was not fully cured when the pressing time and
temperature were 10.5min and 120 °C. If the curing time and temperature
were changed to 20.5min and 170 °C, the product would be over cured. The
final hot-pressing parameters (pressing time & pressing temperature &
pressure) for this project should be 15min, 150°C, and 100psi (0.69MPa).

The specimens cut in the major direction would have a 20-40% higher bond
quality than those in the minor direction. The average shear strength of
“Center” specimens in this bending test was about 4-8% larger than the
“Edge” specimens in the short span bending test. The average shear strength
of “Center” specimens in the block shear test was about 3-10% larger than the
“Edge” specimens. Clearly, the central bond line of the laminated OSB
specimens made in this project was stronger than the edged bond strength.
There will be 95% confidence interval for us to propose that the horizontal
shear strength value would be affected by the panel direction, surface
treatment, and type of adhesive. The average horizontal shear strength value
was 2.25MPa in this project. There will be 95% confidence interval for us to
say that the shear strength value would be affected by the same three factors
based on the results calculated by Minitab, and the average of shear strength
value was 4.4MPa.

The delay of grouping and pressing after surface processes were done would
have an impact on bond quality. The short-span bending test had an advantage

over the block shear test, which only provided an average shear strength over
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a bonding area.

6) The average bond line of the Shear strength of PF or Isocyanate bonded OSB
specimens were larger or less than that of the OSB material itself,
respectively, at a given strength direction based on the evaluation of PWF.
These methods can be accepted. The surface processing methods proposed in
this study improved the practicability of thicker OSB products manufacturing.

7) The recommendation of surface treatment method would be using sanding and

metal tooth-plate indenting to improve the bond quality of LOSB specimens.

5.2 Future work

This project was focused on the investigation of how surface treatment impacted the bond
quality of 2-layer laminated OSB specimens. The following future work will be
recommended:

1) To identify another structural adhesive to make laminated OSB lumber products that
could be cured without hot-pressing. The phenol-resorcinol-formaldehyde adhesive
could be a good candidate since it can be pressed and cured at room temperature and
with longer pressing time and higher pressure than PF and Isocyanate;

2) To examine the bond quality between smooth and rough faces of OSB; and

3) To fabricate full size laminated OSB lumber products and examine their mechanical
properties. These products can be used in construction such as short beams and wall

studs.
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Appendixes

Appendix 1.1 Summary of horizontal shear strength

Panel 1 Panel 2
Adhesive  Direction  Treatment S1 S2 S3 S4 S1 S2 S3 S4
2,69 254 328 29 261 3.11 238 278
100 Sanding 246 235 255 247 238 296 248 287
600 Sanding 3.21 3.1 294 256 261 274 3.06
Major Tooth-plate 258 296 299 273 2.64 221 284 3.5
100 Sa“iﬁ‘a%e&“mh' 3.62 215 3.06 267 3.02 253 322 245
600 Sa“iﬁ‘a%e&“mh' 293 3.08 283 342 232 274 3.07 221
PF None 209 1.4 231 201 228 215 1.83 1.71
100 Sanding 231 216 2.03 232 214 1.76 2 203
600 Sanding 245 198 263 255 23 202 186 245
Minor Tooth-plate 197 194 206 244 234 255 231 278
100 Sa“iﬁ‘a%e&“mh' 24 196 274 257 204 14 179 2.16

600 Saniﬁ‘a%e&“’mh' 262 282 247 247 304 19 248

Appendix 1.2 Summary of horizontal shear strength

Panel 1 Panel 2
Adhesive Direction Treatment S1 S2 S3 S4 S1 S2 S3 S4
None 1.62 1.63 1.99 207 145 162 123 1.76
100 Sanding 1.84 189 201 1.8 22 153 191 15
Maor 600 Sanding 1.61 1.75 1.84 192 22 222 201 149
Tooth-plate 1.8 193 143 1.6 148 1.15 134 1.79
100 Sanding & Tooth-plate  1.55 1.84 1.56 142 221 2.13 231 243

1SO 600 Sanding & Tooth-plate 1.61 1.61 1.56 1.46 1.57 2.15 1.77
None 1.65 1.72 1.89 1.86 187 161 168 1.74
100 Sanding 1.91 23 25 234 153 1.72 2.05
. 600 Sanding 1.95 225 223 246 173 228 206 238
Minor Tooth-plate 144 187 169 188 181 191 18 1.73
100 Sanding & Tooth-plate 3.08 2.5 1.44 1.53 127 234 192 222
600 Sanding & Tooth-plate 2.47 1.75 141 146 221 127 176 2.04
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Appendix 1.3 Summary of horizontal shear strength

Panel 3 Panel 4
Adhesive Direction Treatment S1 S2 S3 S4 S1 S2 S3 S4
None 269 245 301 254 3.13 275 333 2.68
100 Sanding 2.88 2.54 311 293 32 245 286 3.33
Major 600 Sanding 267 277 3.11 295 248 3.13 298 2387
Tooth-plate 207 22 316 3.07 286 244 286 293
100 Sanding & Tooth-plate 2.86 2.64 2.79 285 3.01 285 2.99 3.03
PF 600 Sanding & Tooth-plate 3.01 2.93 342 2.88 3.14 3.16 248 3.33
None 1.33 194 201 213 211 234 251 245
100 Sanding 193 2.06 222 241 245 231 188 224
Minor 600 Sanding 1.79 234 265 2.84 197 23 255 271
Tooth-plate 221 206 274 256 245 231 281 29
100 Sanding & Tooth-plate 2.06 2.31 2.58 2.63 198 2.58 2.75 2.68
600 Sanding & Tooth-plate 2.85 2.45 2.88 256 297 265 271 27
Appendix 1.4 Summary of horizontal shear strength
Panel 3 Panel 4
Adhesive Direction Treatment S1 S2 S3 S4 S1 S2 S3 S4
None 1.99 1.08 233 1.87 269 242 242 2.53
100 Sanding 1.63 1.7 178 1.77 196 1.67 185 1.77
Major 600 Sanding 1.74 1.18 183 1.1 1.19 229 173 1.64
Tooth-plate 199 22 174 2.09 195 243 253 2.64
100 Sanding & Tooth-plate 1.97 2.29 2.19 224 194 202 2.13 2.16
1SO 600 Sanding & Tooth-plate 1.64 2.03 2.08 1.3 1.71 1.66 236 19
None 2.16 226 251 199 1.87 224 194 226
100 Sanding .75 1.81 155 1.68 1.86 1.78 2.01 2.1
) 600 Sanding 1.65 1.67 185 2.03 173 2.12 145 1.85
Minor Tooth-plate 272 232 246 261 176 2.14 231 2.79
100 Sanding & Tooth-plate 2.01 1.97 2.26 2.61 2.01 198 234 224
600 Sanding & Tooth-plate 2.02 223 2.39 1.64 246 244 238 197
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Appendix 2.1 Summary of block shear strength

Panel 1 Panel 2
Adhesive Direction Treatment S1 S2 S3 S4 Sl S2 S3 S4
None 349 322 6.65 45 413 797 497 17.72
100 Sanding 453 502 603 385 4.18 333 642 7.69
Major 600 Sanding 6 628 7.15 334 477 523 6.15
Tooth-plate 419 436 565 7.63 502 4.68 6.15 6.33
100 Sanding & Tooth-plate 4.97 691 9.81 885 6.48 7.07 8.08 5.17
PF 600 Sanding & Tooth-plate 5.51 53 5.61 6.09 434 496 4.81 1.67
None 274 239 521 5.74 525 5.19
100 Sanding 234 341 4.65 438 347 322 413 352
Minar 600 Sanding 3.14 278 3.86 433 344 2.19 458 4.65
Tooth-plate 4.13 3.09 4.11 3.65 43 3.08 512 42
100 Sanding & Tooth-plate 4.27 5.61 4.78 591 4.18 5.89 6.64
600 Sanding & Tooth-plate 2.68 2.72 4.38 0.02 3.67 1.79 4.89 4.04
Appendix 2.2 Summary of block shear strength
Panel 1 Panel 2
Adhesive Direction Treatment S1 S2 S3 S4 Sl S2 S3 S4

None 04 02 871 629 521 6 4
100 Sanding 0.83 6.65 477 503 509 135 0.93

) 600 Sanding 1.75 137 279 021 6.77 0.76 5.55
Major Tooth-plate 1.82 124 186 076 1.02 1.08 1.89
100 Sanding & Tooth-plate 1.6 4.09 3.09 2.13 428 492 4.75 535
600 Sanding & Tooth-plate 4.6 695 327 1.7 428 5.64 5 2.63

ISO None 52 427 3.69 299 124 138 3.19
100 Sanding 7.27 4.54 3.52 1.6 1.8 3.19
Minor 600 Sanding 6.43 638 4.67 433 589 7.38 6.83 6.04
Tooth-plate 0.28 089 179 1.03 049 118 1.7
100 Sanding & Tooth-plate 2.16 2.04 3.49 332 4.58 725 493 7.09
600 Sanding & Tooth-plate 6.29 298 273 1.65 3.37 332
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Appendix 2.3 Summary of block shear strength

Panel 3 Panel 4
Adhesive Direction Treatment S1 S2 S3 S4 S1 S2 S3 S4
None 374 483 576 336 5.02 4.14 6.68 4.13
100 Sanding 6.45 6.82 739 803 433 394 531 4.6
Major 600 Sanding 0.87 3.56 7.21 531 4.14 435 475 6.86
Tooth-plate 541 625 641 6.66 346 4.65 575 6.34
100 Sanding & Tooth-plate 5.77 534 7.18 8.02 4.77 631 7.15 6.55
PE 600 Sanding & Tooth-plate 5.35 5.12 6.16 5.75 6.12 503 821 7.1
None 2.79 3.74 496 4.12 345 1.02 436 3.55
100 Sanding 1.03 3.11 5.04 4.19 623 436 522 543
Minor 600 Sanding 421 145 3.6 558 286 342 465 503
Tooth-plate 3.67 341 375 534 2.09 3.51 447
100 Sanding & Tooth-plate 4.98 4.77 534 6.13 4.65 399 632 634
600 Sanding & Tooth-plate 3.15 4.32 3.86 4.03 5.16 3.85 4.66 432
Appendix 2.4 Summary of block shear strength
Panel 3 Panel 4
Adhesive Direction Treatment S1 S2 S3 S4 S1 S2 S3 S4
None 1.38 1.22 7.05 553 392 195 517 7.16
100 Sanding 418 625 568 175 623 478 2.12 4.66
Major 600 Sanding 1.32 42 442 372 436 037 194
Tooth-plate 6.6 6.78 6.18 501 535 578 3.33 0.96
100 Sanding & Tooth-plate 5.69 7.01 6.7 6.46 4.56 545 434 345
1SO 600 Sanding & Tooth-plate  5.26 6 6.13 1.07 6.93 5.19
None 68 622 64 7.6 671 485 826 5.03
100 Sanding 1.47 0.57 147 3.13 3.89 441 388 234
Minor 600 Sanding 1.86 259 195 532 42 545 379
Tooth-plate 7 745 6.61 6.14 4.06 3 214 048
100 Sanding & Tooth-plate 6.72 6.37 4.83 6.12 398 54 6 4.28
600 Sanding & Tooth-plate 8.02 6.14 1.82 2.44 6.38 3.93 5 577
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Appendix 3.1 Percentage Wood Failure of specimens in major direction

Number of specimens with 4 failure modes

Group glue-line dominant Wood failure dominant
WF<50% 80-89% 90-99% 100% Total
PN-1 0 0 3 5 8
PN-2 0 1 1 6 8
PSI1-1 1 1 0 6 8
PS1-2 0 3 0 5 8
PS6-1 1 1 0 6 8
) PS6-2 0 0 1 7 8
major
PT-1 0 0 3 5 8
PT-2 1 1 0 6 8
PTS1-1 0 0 1 7 8
PTS1-2 0 0 3 5 8
PTS6-1 1 0 2 6 8
PTS6-2 0 1 0 7 8
Appendix 3.2 Percentage Wood Failure of specimens in major direction
Number of specimens with 4 failure modes
Group glue-line dominant Wood failure dominant
WF<50% 80-89% 90-99% 100% Total
IN-1 0 0 2 6 8
IN-2 1 0 0 7 8
IS1-1 1 1 0 6 8
IS1-2 0 2 2 5 8
IS6-1 1 0 0 7 8
. 1S6-2 0 1 2 5 8
N & 3 1 0 4 8
IT-2 1 0 1 6 8
ITS1-1 0 1 2 5 8
ITS1-2 1 0 0 7 8
ITS6-1 2 0 0 6 8
ITS6-2 0 1 0 7 8
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Appendix 4.1 Percentage Wood Failure of specimens in minor direction

Number of specimens with 4 failure modes

Group glue-line dominant Wood failure dominant
WE<50% 80-89% 90-99% 100% Total
PN-1 0 0 1 7 8
PN-2 0 1 1 6 8
PS1-1 0 0 0 8 8
PS1-2 0 1 0 7 8
PS6-1 1 0 1 6 8
. PS6-2 0 0 3 5 8
O by 0 0 1 7 8
PT-2 0 0 4 4 8
PTSI1-1 0 0 0 8 8
PTS1-2 0 2 1 5 8
PTS6-1 0 0 2 6 8
PTS6-2 0 1 1 6 8
Appendix 4.2 Percentage Wood Failure of specimens in minor direction
Number of specimens with 4 failure modes
Group glue-line dominant Wood failure dominant
WE<50% 80-89% 90-99% 100% Total
IN- 1 0 0 1 7 8
IN-2 0 0 3 5 8
IS1-1 1 0 1 6 8
IS1-2 1 2 0 5 8
1S6-1 0 1 1 6 8
. 1S6-2 0 0 4 4 8
EE US| 0 1 0 7 8
IT-2 0 1 2 5 8
ITS1-1 1 0 1 6 8
ITS1-2 0 1 0 7 8
ITS6-1 1 0 2 5 8
ITS6-2 0 1 3 4 8
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Appendix 5. DOE report and General Linear Model for bending test calculated by
Minitab

General Linear Model: Horizontal shear strength versus
Adhesive, Surface treatment, Panel direction

Method

Factor coding (-1, 0, +1)
Rows unused 123

Factor Information

Factor Type Levels Values

Adhesive Fixed 2 PF, Isocyanate

Surface treatment Fixed 6 None, 100 Sanding, 600 Sanding, Toohth-plate, 100 Sanding &
Tooth-plate, 600 Sanding & Tooth-plate

Panel direction Fixed 2 major, minor

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Adhesive 1 27.060 27.0600 346.46 0.000
Surface treatment 5 2.898 0.5796 742 0.000
Panel direction 1 1.953 19525 25.00 0.000

Error 253 19.760 0.0781
Lack-of-Fit 16 9937 0.6211 14.99 0.000
Pure Error 237 9.823 0.0414

Total 260 51.182

Model Summary

S R-sq R-sq(adj) R-sq(pred)

0.279470 61.39% 60.32% 58.90%

Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 2.2430 0.0173 129.54 0.000
Adhesive
PF 03225 0.0173 18.61 0.000 1.00
Surface treatment
None -0.1554  0.0393 -3.96 0.000 1.66
100 Sanding -0.1251 0.0382 -3.28 0.001 1.62
600 Sanding 0.0209  0.0393 0.53 0.595 1.66
Toohth-plate 0.0396  0.0389 1.02 0.309 1.65
100 Sanding & Tooth-plate  0.1200  0.0375 3.20 0.002 1.60
Panel direction
major 0.0866 0.0173 5.00 0.000 1.00

Regression Equation

Horizontal shear strength = 2.2430 + 0.3225 Adhesive_PF - 0.3225 Adhesive_|lsocyanate
- 0.1554 Surface treatment_None -
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0.1251 Surface treatment_100

Sanding + 0.0209 Surface treatment_600 Sanding

+ 0.0396 Surface treatment_Toohth-plate

+ 0.1200 Surface treatment_100 Sanding & Tooth-plate

+ 0.1000 Surface treatment_600 Sanding & Tooth-plate

+ 0.0866 Panel direction_major - 0.0866 Panel direction_minor

Fits and Diagnostics for Unusual Observations

Horizontal
shear
Obs strength Fit Resid Std Resid

34 1.9600 2.5989 -0.6389 -232R
90 24600 1.8548 0.6052 220R
106 2.0400 2.5989 -0.5589 -203 R
115 1.4800 2.0467 -0.5667 -206 R
170 1.7100 2.3236 -0.6136 -223 R
194 1.3300 2.3236 -0.9936 -361R
212 2.7200 1.8736 0.8464 3.08 R
260 24600 1.8736 0.5864 213 R
298 1.9800 2.5989 -0.6189 -225R
305 1.1900 2.0280 -0.8380 -3.05R

R Large residual

Residual Plots for Horizontal shear strength
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Appendix 6. DOE report and General Linear Model for block shear test calculated by
Minitab

General Linear Model: Shear strength versus Adhesive,
Surface treatment, Panel direction

Method

Factor coding (-1, 0, +1)
Rows unused 134

Factor Information

Factor Type Levels Values

Adhesive Fixed 2 PF, Isocyanate

Surface treatment Fixed 6 None, 100 Sanding, 600 Sanding, Toohth-plate, 100 Sanding &
Tooth-plate, 600 Sanding & Tooth-plate

Panel direction Fixed 2 major, minor

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Adhesive 1 4247 42.4656 27.68 0.000
Surface treatment 5 89.60 17.9200 11.68 0.000
Panel direction 1 32.65 32.6498 21.28 0.000

Error 242 37132  1.5344
Lack-of-Fit 16 15345 9.5909 9.95 0.000
Pure Error 226 217.86  0.9640

Total 249 534.48

Model Summary

S R-sq R-sq(adj) R-sq(pred)

1.23870 30.53% 28.52% 25.81%

Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 4.4020 0.0787 55.96 0.000
Adhesive
PF 04140 0.0787 5.26 0.000 1.01
Surface treatment
None 0.235 0.182 1.29 0.198 1.79
100 Sanding -0.282 0.175 -1.61 0.108 1.73
600 Sanding -0.151 0.176 -0.86 0392 1.74
Toohth-plate -0.973 0.173 -5.62 0.000 1.72
100 Sanding & Tooth-plate  1.006 0.177 5.69 0.000 1.75
Panel direction
major 0.3622  0.0785 4.61 0.000 1.00

Regression Equation

Shear strength = 4.4020 + 0.4140 Adhesive_PF - 0.4140 Adhesive_lsocyanate
+ 0.235 Surface treatment_None - 0.282 Surface treatment_100 Sanding
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- 0.151 Surface treatment_600 Sanding - 0.973 Surface treatment_Toohth-plate
+ 1.006 Surface treatment_100 Sanding & Tooth-plate

+ 0.165 Surface treatment_600 Sanding & Tooth-plate

+ 0.3622 Panel direction_major - 0.3622 Panel direction_minor

Fits and Diagnostics for Unusual Observations

Residual Plots for Shear strength

Shear
Obs strength  Fit Resid Std Resid
17 1.750 4.199 -2.449 -201R
18 6.430 3474 2956 243 R
41 1370 4.199 -2.829 -232R
42 6.380 3.474 2.906 2.38 R
72 6.290 3.791 2499 205R
186 6.040 3474 2.566 211 R
206 6.800 3.861 2.939 241 R
209 1.320 4.199 -2.879 -2.36 R
254 6.400 3.861 2.539 2.09R
302 6.710 3.861 2.849 2.34 R
325 1.950 4.585 -2.635 -217R
R Large residual
Normal Probability Plot
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