
Manufacturing and
Materials Processing

Journal of

Article

Optimizing Surface Micro Grooving to Reduce the
Checking and Cupping of Douglas Fir, Western
Hemlock and White Spruce Decking Exposed to
Natural Weathering

Sina Heshmati 1, Mohammad Sadegh Mazloomi 1,2 and Philip David Evans 1,2,*
1 Centre for Advanced Wood Processing, University of British Columbia, Vancouver, BC V6T 1Z4, Canada;

sinaheshmati@alumni.ubc.ca (S.H.); sadegh.mazloomi@ubc.ca (M.S.M.)
2 Department of Applied Mathematics, The Australian National University, Canberra 0200, Australia
* Correspondence: phil.evans@ubc.ca; Tel.: +1-604-822-0517

Received: 20 September 2018; Accepted: 9 October 2018; Published: 11 October 2018
����������
�������

Abstract: Machining grooves into the surface of pine and fir (Abies spp.) deckboards reduces
undesirable checking that develops when “profiled” boards are exposed to the weather. We aim to
develop improved profiles for Douglas fir, western hemlock and white spruce decking to reduce their
susceptibility to checking, and understand how profile geometry influences the stresses that cause
checking. We varied the width and depth of grooves in profiled deckboards, exposed deckboards to
the weather, and measured checking and cupping of boards. A numerical model examined the effect
of groove depth on the moisture-induced stresses in profiled spruce boards. Profiling significantly
reduced checking, but increased cupping of deckboards made from all three species. Western hemlock
checked more than the other two species. Profiles with narrow grooves (rib profiles) were better at
restricting checking than profiles with wider grooves. A rib profile with deeper grooves developed
smaller stresses than a rib profile with shallower grooves, and boards with the former profile checked
less than boards with shallower grooves. We conclude that checking of profiled Douglas fir, western
hemlock and white spruce decking is significantly reduced by changing profile geometry, and our
results suggest the best profiles to reduce checking of all three species.

Keywords: wood; Douglas fir; western hemlock; white spruce; decking; micro-grooves; profiling;
checking; cupping; finite element modeling; stress; weathering

1. Introduction

Wood exposed outside to the weather erodes, cracks and becomes grey in color [1]. These adverse
effects of the weather on the surface properties of wood do not penetrate deeply into wood and are
distinct from fungal decay, which under favorable conditions can penetrate into and affect the strength
of large wooden structures [1,2]. Fungal decay can be prevented by pressure-treating wood with
solutions of chemical preservatives [2]. Wood preservatives, however, are less effective at protecting
wood surfaces from the adverse effects of the weather, and as a result, treated wood used outdoors
is often finished with coatings to maintain its appearance and prevent the wood from cracking
(checking) [3]. The checking of wood used outdoors can also be restricted by machining micro-grooves
into the surface of wood [4–6]. Micro-grooving, hereafter referred to as profiling, is commonly applied
to deckboards manufactured in Asia, Australia, Europe and New Zealand, but it is uncommon in
North America [7,8]. The decking market in North America is valued at $US 7 billion per annum,
and wood products command 84% of the market [9]. However, wood is rapidly losing market share
to wood plastic composites that are less susceptible to checking and require less maintenance than
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wood decking [10]. For example, demand for wood plastic decking in North America is growing at
5% per annum compared to 3% per annum for wood decking [9]. The same trend is occurring in
other countries [11]. As a result of the success of wood plastic decking, there has been significant
interest in improving the resistance of wooden deckboards to weathering and in particular checking.
This interest explains the recent attention in North America to optimizing profiling to make it better at
reducing the checking of deckboards exposed to the weather [12–19]. It also accounts for increasing
interest in Europe and elsewhere in deckboards made from tropical wood species or thermally or
chemically modified woods that are less susceptible to checking and cupping than preservative-treated
deckboards [20–22].

Research on optimizing surface profiling to reduce the checking of decking has focused on
a limited number of wood species. The focus of research in Canada has been on the amabilis
fir (Abies amabilis, (Dougl.) ex J. Forbe) because it is susceptible to checking and, as a result, is
under-utilized for decking, even though it is easier to treat with wood preservatives than most
other Canadian wood species [23,24]. The checking of amabilis fir can be reduced significantly by
profiling, and profiles with narrow grooves (rib profile) are more effective at reducing checking than
wavy profiles (ribble or ripple) with wider grooves [13,15]. In addition, rib profiles with deeper
grooves appear to be more effective at reducing checking of amabilis fir than profiles with shallower
grooves [19]. These findings on the greater effectiveness of rib profiles compared to wavy profiles
at reducing the checking of wooden deckboards are only relevant to boards made from amabilis
fir because two previous studies showed that wavy profiles were more effective than rib profiles
at reducing the checking of southern pine (Pinus spp.) decking [13,15]. Hence, further research is
needed to optimize profiling for commercially important North American wood species that are used
to manufacture decking.

In this paper, we examine the effects of surface profiling on the checking and cupping of wood
decking exposed outdoors to the weather. We selected three important commercial wood species for
our research: Douglas fir (Pseudotsuga menziesii (Mirb.) Franco); western hemlock (Tsuga heterophylla
(Raf.) Sarg.); and white spruce (Picea glauca (Moench) Voss). Douglas fir, hemlock and spruce comprise
over 50% of the 27.5 billion cubic meters of wood growing in non-protected land in Canada [25].
Wood from these species is used to manufacture decking [23], and pre-commercial trials of profiled
Douglas fir decking have commenced in North America [26]. This study was carried out to determine
the profiles that are most effective at reducing the checking of decking made from the three different
wood species. We hypothesize that the geometry of profiles will influence checking of profiled decking.
Our results show that rib profiles with narrow and deep grooves were better than profiles with wide or
shallow grooves at restricting checking of all three species. Furthermore, our numerical model explains
why a rib profile with deep grooves was more effective than a rib profile with shallow grooves at
restricting checking of profiled spruce deckboards.

2. Materials and Methods

2.1. Manufacture of Profiled Decking

Six plain-sawn Douglas fir, western hemlock and white spruce boards, approximately 40 × 140 ×
4877 mm3 in size were purchased from Northern Building Supplies (Vancouver, BC, Canada), Teal Jones
Group (Surrey, BC, Canada), and Home Depot (Richmond, BC, Canada), respectively. The boards
were stored in a conditioning room at 20 ± 1 ◦C and 65 ± 5% relative humidity for one month.
The growth ring widths and grain angles of the six boards for each wood species were measured
using a ruler and protractor, as described previously [27]. The densities of separate matched wood
samples cut from parent boards were measured by water displacement and oven-drying overnight at
105 ± 5 ◦C (Table 1).
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The six parent boards for each wood species were cross-cut using a pendulum saw (Stromab ps
50/f, Campagnola Emilia, Italy) to produce 12 samples, each 400 mm in length. Each sample was
planed to a thickness of 35 mm using a European rotary planer (Martin T44, Otto Martin Maschinenbau,
Ottobeuren, Germany). Six samples from each parent board for each wood species were selected at
random and assigned to the six different profile types, including the flat unprofiled control (Table 2).
The six profile types were a subset of those we described previously [19].

Table 1. Wood properties of Douglas fir (D. Fir), western hemlock (Hem) and white spruce boards.

Board
Growth Ring Widths (mm) Grain Angle (◦) Densities (g/cm3)

D. Fir Hem Spruce D. Fir Hem Spruce D. Fir Hem Spruce

1 3.7 4.8 0.8 1.9 3.1 1.4 0.42 0.49 0.38
2 7.9 1.7 3.4 2.1 2.6 1.2 0.53 0.42 0.34
3 4.4 1.1 3.1 1.8 1.9 0.9 0.36 0.41 0.39
4 7.8 3.8 3.7 2.7 3.3 2.2 0.47 0.44 0.35
5 4.3 4.2 1.2 3.4 2.8 1.8 0.46 0.50 0.38
6 3.3 2.9 0.9 1.5 2.2 2.3 0.43 0.40 0.31

Average 5.2 3.0 2.2 2.2 2.6 1.6 0.445 0.44 0.36

The rib profiles had very narrow grooves and hemispherical peaks (Table 2). The wavy (ribble
and ripple) profiles had wider grooves (Table 2). Within the rib profile type there were three grooves
depths: 1, 1.5 mm (short rib); 2, 2.0 mm (rib); 3, 2.5 mm (tall rib) (Table 2). The widths of peaks in all
samples except the flat controls were 5.0 mm.

Table 2. Dimensions of the designed profiles used to manufacture profiled deckboard samples from
Douglas fir, western hemlock and white spruce.

Profile type Groove Depth (mm) Groove Radius (mm) Peak Radius (mm)

Rib 2.0 0.16 2.4
Tall rib 2.5 0.15 2.2

Short rib 1.5 0.16 2.4
Ribble 2.0 0.65 1.3
Ripple 2.0 1.0 1.2

Flat - - -

Numbers of peaks per 15 cm (groove frequency) was 30 for all profiles except flat samples.

The method used to machine profiled deckboards is exactly the same as that described in
our previous paper [19], except samples were machined using a shaper (Martin T26, Otto Martin
Maschinenbau, Ottobeuren, Germany) rather than a molding machine. The first decking sample was
fed into the shaper by hand and machined at a spindle speed of 6000 rpm to produce the selected
profile. The remaining two (species) samples selected at random were then profiled. The whole process
was repeated for each assigned profile and so on until all 18 samples (6 profiles × 3 species) from the
first parent board for all three species were profiled. Then, samples from the second parent board for
each species were profiled as above, followed by samples from boards 3, 4, 5 and 6 until all 108 samples
(6 boards × 6 samples [profile type] × 3 species) had been machined. The final dimensions of the
profiled boards were 400 (length)× 140 (width)× 35 mm3 (thickness). Decking samples were air-dried
in a conditioning room at 20 ± 1 ◦C and 65 ± 5% r.h. (relative humidity) for four months. Each sample
was placed on a flat surface against a steel fence and planer deviation (cupping) was measured in
three places using a dial gauge micrometer attached to a precision-machined steel square, as described
previously [19]. The ends of the samples were brush-coated with a sealer (ZINSSER Bulls Eye 1, 2, 3
acrylic-latex undercoat, primer, sealer and stain blocker, Rust-Oleum Co., Vernon Hills, Illinois, USA)
at the recommended rate (10 m2/L), and samples were allowed to air dry overnight. The ends of
the samples were re-coated with the sealer and samples were conditioned as above for a further two
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months and weighed using a digital balance (Mettler Toledo PG5002-S, Mississauga, ON, Canada).
Sealing of the end-grain of samples was done to reduce preservative uptake via end-grain and to
prevent checks from developing in end-grain.

All decking samples were treated with a 1.8% alkaline copper quaternary (ACQ type C)
preservative solution containing copper oxide (66.7%) and alkyldimethylbenzyl-ammonium chloride
(33.3%) in a commercial pressure-treatment plant operated by Stella-Jones Inc. and located in Carseland,
AB, Canada (50◦51′7.2” N, 113◦28′12” W). The pressure treatment cycle consisted of 30 min under a
vacuum of −74.5 kPa, 85 min at a pressure of 958 kPa, and 120 min under a vacuum of −74.5 kPa.
Treated decking samples were weighed and preservative retentions of samples were calculated.
Preservative retentions of Douglas fir, western hemlock and white spruce samples were 3.7 kg/m3

(min = 1.1; max = 6.1; SD = 1.1), 6.9 kg/m3 (min = 3.5; max = 8.7; SD = 1.1) and 2.4 kg/m3 (min = 0.4;
max = 5.0; SD = 1.3), respectively. Differences in preservative retentions of Douglas fir, western hemlock
and white spruce samples were statistically significant (p < 0.001), whereas there was no significant
(p = 0.479) effect of profiling on preservative retention of treated samples. After treatment, samples
were air-dried in a conditioning room at 20 ± 1 ◦C and 65 ± 5% r.h. for two months, reweighed and
their cupping was re-measured, as above.

2.2. Outdoor Weathering and Statistical Analysis of Data

Profiled samples and the matching flat controls cut from each of the six parent boards for
each species were screwed to separate wooden sub-frames made from pressure-treated 2 × 4
lumber to create six mini-decks. Each mini-deck was 2.9 m long, 35 cm wide and 47 cm high.
Boards were fastened at each corner to the sub-frames using 34 mm long, 3.1 mm wide galvanized
decking screws applied using the CAMO® Edge Deck Fastening System (Grand Rapids, MI, USA,
https://www.camofasteners.com/). A gap of 10 mm was left between each of the 18 boards in each
rack. Unprofiled spruce boards, measuring 360 × 90 × 40 mm3 were screwed to each end of the row
of 18 boards on each rack to prevent the edges of samples at the ends of the racks from being exposed
to the weather. The weathering racks were exposed outdoors in Vancouver at FPInnovation’s test site
(49.257, −123.244) for six months from 1st May 2017 to 31st October 2017. All samples were removed
from racks after 14 weeks on 7 August and cupping of samples was re-measured as described above.
Samples were returned to the racks on 11 August. The weather conditions during the exposure trial
are summarized in Table 3. At the end of the trial, weathered samples were removed from the racks,
conditioned at 20 ± 1◦C and 65 ± 5% r.h. for two months and the length and width of visible checks
were measured using a transparent plastic ruler and calibrated optical loupe (Carson LumiLoupe 10×
Power Stand Magnifier, Carson Optical, Inc., Ronkonkoma, NY, USA), as described previously [19].

Table 3. Weather conditions in Vancouver, British Columbia, Canada during the six-month exposure
trial (1st May to 31st October 2017).

Month
Temperature (◦C) Total Precipitation (mm)

Mean Maximum 1 Minimum 1

May 12.8 16.8 (25.9) 8.7 (3.8) 102.2
June 15.6 19.6 (26.2) 11.5 (8.3) 46.4
July 18.3 22.9 (25.7) 13.7 (10.4) 1.8

August 18.8 23.3 (29.5) 14.3 (10.9) 5.0
September 16.0 20.1 (26.6) 11.8 (6.8) 29.4

October 8.2 12.8 (16.8) 6.0 (0.6) 114.3
1 Mean minimum and maximum temperatures (with extremes in parentheses). Data are for Vancouver International
Airport (49.196, −123.182), http://climate.weather.gc.ca/historical_data/search_historic_data_e.html.

Our experiment was a randomized block design. Each of the six weathering racks contained
18 deckboard samples (five profiled samples and the flat control for each of the species) and represents
a block. The factors of interest (wood species and profile type) were fully replicated in each block.

https://www.camofasteners.com/
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
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Analysis of variance (ANOVA) of the effect of wood species and sample type (profiled and flat samples)
on the following numerical indicators of checking and cupping were analyzed: (1) total area of all
visible checks ([length × width] × n); (2) average width of the five largest checks in each sample;
(3) average area of the largest check in each sample; and (4) difference in cupping measured in three
places in samples before and after 14 weeks of weathering. ANOVA was also used to examine the
effects of wood species and profiling on the preservative retention of treated samples. The factorial
design of the experiment allowed data to be averaged across non-significant (p > 0.05) effects, giving
the experiment greater precision. All statistical computation including model checking was performed
using Genstat (v. 19) [27]. As a result of such checks, data for the area of the largest check in each
sample were transformed into natural logarithms before final analysis. Results describing the effects
of profiling on the checking and cupping of deckboards are presented in graphs and error bars on
each graph (± standard error of difference, p < 0.05), can be used to estimate whether the differences
between individual means are statistically significant [28].

2.3. Numerical Modeling

Finite element analysis (modeling) was performed to explore the effect of groove depth on
the moisture-induced stresses generated by wetting and drying profiled spruce deckboard samples.
Moisture diffusion in wood has been widely modeled using Fick’s second law [29,30], which can be
expressed using Equation (1) [31]:

∂M
∂t

=

{
Dx

∂2M
∂x2 , Dy

∂2M
∂y2 , Dz

∂2M
∂z2

}
, (1)

where M is the local moisture concentration (kg/kg), t is time (s), and Dx, Dy, and Dz represent the
coefficient of moisture diffusivity of wood in x (tangential), y (radial) and z (longitudinal) directions,
respectively. Our FEA software did not have a moisture diffusion simulation module, but there
is similarity between the governing equations for moisture diffusion and thermal diffusion [32].
Thermal diffusion (transient heat conduction) can be described using Equation (2) [31]:

∂T
∂t

=

{
αTx

∂2T
∂x2 , αTy

∂2T
∂y2 , αTz

∂2T
∂z2

}
, (2)

where T stands for local temperature (◦C), t is time (s), and αTx is thermal diffusivity (m2/s) in
x-direction and can be defined as αTx = Kx/(ρCp) where Kx is thermal conductivity in x-direction
(W/m·◦C), ρ is density (kg/m3), and Cp is specific heat (J/kg·◦C). The similarity between thermal and
moisture-diffusion equations makes it possible to use the thermal diffusion simulation module in the
FEA software ANSYS Multiphysics to simulate moisture diffusion [33]. On the other hand, hygroscopic
strain, εh, induced by moisture diffusion into the material can be defined using Equation (3) in which
βx, βy and βz are coefficient of moisture expansion in the x, y, and z directions, respectively.

{εhx, εhy, εhz} =
{

βx M, βy M, βz M
}

(3)

Table 4 shows the mechanical properties of spruce (Picea spp.) [33], and Table 5 shows the
moisture diffusion and hygroscopic swelling properties of spruce. Moisture diffusion coefficients, D,
and coefficients of moisture expansion, β, were taken from the literature [34,35].

Table 4. Mechanical properties of spruce.

Ex (MPa) Ey (MPa) Ez (MPa) Gxy (MPa) Gxz (MPa) Gyz (MPa) υxy υxz υyz

464 842 10800 30 640 690 0.31 0.023 0.026

Ex, Ey and Ez = elastic moduli in x, y and z directions, respectively; Gxy = longitudinal shear modulus;
Gxz and Gyz = transverse shear moduli; υxy = longitudinal Poisson’s ratio; υxz and υyz = transverse Poisson’s ratios.
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Table 5. Moisture diffusion and hygroscopic swelling properties of spruce *.

Dx (m2/s) Dy (m2/s) Dz (m2/s) βx βy βz

52 × 10−12 52 × 10−12 1000 × 10−12 0.17 0.308 0.001

* See text for meaning of parameters.

To simulate moisture diffusion into wood, the surface moisture contents of grooved wood samples
needed to be estimated. Therefore, an experiment was carried out to measure the moisture content
of peaks and grooves in spruce wood samples with either 2.5 mm deep (tall rib) or 1.5 mm deep
(short rib) profiles (Table 2). Each sample was sprayed with a fine mist of water (15 g per sample) and
allowed to dry under two 500 W lamps (Shopro L002716, Burnaby, BC, Canada) for 90 min. The surface
moisture contents of the peaks and grooves were measured every 2 min using a pin-type moisture
meter (Delmhorst RDM3, Towaco, NJ, USA). Surface moisture contents were used as starting values to
simulate moisture diffusion in the grooved wood substrates. Moisture diffusion was modeled using
the thermal transient module in ANSYS. The initial time step for this analysis was 60 s with minimum
and maximum time steps of 10 and 120 s, respectively. Due to the symmetry of profiled deckboard
samples only half of each profiled sample was modeled, as shown in Figure 1. Sensitivity analysis was
performed to find an appropriate element type and size for FEA. Elements with tetrahedral shape and
a maximum size of 1 mm were used to mesh wood profiles. As a result of this simulation, moisture
content contours of the wood substrates were known at any time. Then, the transient thermal module
was linked with the transient structural module in ANSYS to simulate the hygroscopic behavior of the
samples. Finally, the moisture-induced stresses and strains were determined for profiles with deep
(tall rib) or shallow (short rib) grooves.
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Figure 1. A finite element model of a profiled short rib board with shallow grooves and its
symmetry plane.

All numerical modeling was carried out on a high-end laptop (Lenovo Ideapad Y700, 17”, Lenovo
Canada, Markham, ON, Canada) with an Intel® Core™ i7-6700HQ CPU at 2.6 GHz and 16 GB of RAM.
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3. Results

3.1. Effects of Profiling on Checking and Cupping of Deckboards

There were significant (p < 0.001) effects of wood species and sample type (profiled and flat
deckboards) on checking of samples, but there were no significant (p > 0.05) interactions of species
× sample type on checking. In other words, the effect of profiling was consistent across the Douglas
fir, western hemlock and white spruce samples. The total area of checks in profiled samples was
significantly (p < 0.05) smaller than the area of checks in unprofiled (flat) deckboard samples (Figure 2).
There were also significant (p < 0.05) differences in the total area of checks that developed in the
different profiled samples (Figure 2). The profiles with narrow and deep grooves (tall rib and rib) were
significantly (p < 0.05) better at restricting checking than the other profiles, including the short rib
profile (Figure 2).J. Manuf. Mater. Process. 2018, 2, x FOR PEER REVIEW  7 of 15 
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Wide checks are easier to see than narrower ones, and influence the appearance of deckboards
to a greater extent than narrow checks [18]. Checks were significantly (p < 0.05) narrower in profiled
boards than in unprofiled (flat) deckboard samples (Figure 3).
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Profiles with narrower grooves (rib profiles), including the short rib profile, were significantly
(p < 0.05) more effective than profiles with wider grooves (ribble and ripple profiles) at restricting
checks from becoming wider when profiled deckboards were exposed outside for six months (Figure 3).
Furthermore, the largest check in profiled samples was significantly (p < 0.001) smaller than those in
unprofiled (flat) deckboard samples (Figure 4). There were also significant (p < 0.05) differences in the
area of the largest check that developed in the different profiled boards (Figure 4). The largest check in
samples with narrow and deep grooves (tall rib and rib) was significantly (p < 0.05) smaller than those
in other profiled samples including samples with the short rib profile (Figure 4).J. Manuf. Mater. Process. 2018, 2, x FOR PEER REVIEW  8 of 15 
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In addition to the effects of profiling on checking of deckboards, there were significant (p < 0.01)
effects of ‘species’ on checking, as mentioned above, although there were no significant (p > 0.05)
species × profiling interactions on checking. The significant effects of species on checking occurred
because checks in western hemlock boards were always more numerous and larger than those in spruce
boards, and there were also significant differences in the severity of checking in western hemlock vs.
Douglas fir samples and Douglas fir vs. spruce samples (Table 6).

Table 6. Checking of profiled Douglas fir, western hemlock and white spruce boards exposed to natural
weathering. Results are averaged across all profiled samples.

Species
Check Parameters

Total Check Area (mm2) * Width of 5 Largest Checks (mm) † Largest Check Area (ln mm2) ‡,**

Hem 97.5 a 0.156 a 1.33 a (3.78) **
D. fir 68.8 b 0.111 b 0.93 a (2.53)

Spruce 36.2 c 0.097 b 0.39 b (1.47)

* p < 0.001; † p = 0.001; ‡ p < 0.001; ** back-transformed values (ex) in parentheses. Means in each column sharing
the same superscripted letter (a, b, c) are not significantly (p > 0.05) different from each other.

There were significant effects of species (p < 0.001) and sample type (profiled and flat, p = 0.038) on
the cupping of samples during natural weathering, expressed as the difference in cupping of samples
before and after weathering. Western hemlock samples cupped (0.35 mm) significantly (p < 0.05) more
than spruce (0.25) or Douglas fir (0.09) samples during weathering, and the difference in cupping of
spruce and Douglas fir samples was also statistically significant (p < 0.05). Cupping of unprofiled (flat)
samples was significantly (p < 0.05) less than those of profiled samples except for samples with narrow
and deep grooves (tall rib) (Figure 5).J. Manuf. Mater. Process. 2018, 2, x FOR PEER REVIEW  9 of 15 
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3.2. Numerical Modeling of the Effects of Groove Depth on Stress

Figure 6 shows the moisture contents of the grooves and peaks in profiled spruce samples with
narrow (rib) and either deep (tall) or shallow (short) grooves. The moisture contents in the grooves
and peaks of the two types of profiled samples are initially similar, and higher in grooves than in the
peaks. The samples with the shallow grooves (short rib profile) dry more rapidly than samples with
deeper grooves (tall rib profile), and moisture contents of grooves and peaks in the former samples
converge more rapidly than those of samples with deeper grooves.
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shallow grooves (short rib) during a drying cycle.

Figure 7 shows the normal stress in x-direction in profiled samples with deep (tall rib) or shallow
grooves (short rib). The maximum compressive stress in the first 15 min of the drying cycle, when the
wood was still wet is higher for the sample with shallow grooves compared to that in the sample with
deeper grooves (Figure 7). Moreover, later in the drying period, the tensile stress in the former sample
is higher than that in the sample with deeper grooves (Figure 7).J. Manuf. Mater. Process. 2018, 2, x FOR PEER REVIEW  10 of 15 
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Figures 8 and 9 show the induced normal stresses in x-direction for samples with shallow
(short rib) and deep (tall rib) grooves, respectively. It can be observed that in the sample with
shallower (1.5 mm deep) grooves the number of areas with high stress is greater than those in a sample
with 2.5 mm deep grooves (tall rib profile).
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4. Discussion

Profiling of deckboards is a good way of reducing the negative effect of surface checking on the
appearance of deckboards exposed outdoors, and profiled deckboards are common in Asia, Australia,
Europe and New Zealand, as mentioned above [7,8]. They are not common in North America. Interest
in manufacturing profiled wooden deckboards in North America is increasing, but profiling has only
been tested on a handful of wood species [12–19]. Previous results suggested that rib profiles with
narrow grooves were better than profiles with wider grooves (ribble or ripple profiles) at reducing the
checking of amabilis fir [19], but studies have also shown that the effectiveness of different profiles
varies with wood species, as mentioned in the introduction [13,15]. Therefore, it has been difficult to
recommend the best profile for the manufacture of profiled decking from North American softwood
species, apart from amabilis fir or southern pine. Softwoods such as Douglas fir, western hemlock and
white spruce are more commercially important than amabilis fir [36], and results here suggest that a
profile with narrow grooves (rib profile) is better than wavy profiles (ribble or ripple) at reducing the
checking of these three species. This finding accords with previous research that optimized surface
profiling for amabilis fir deckboards [13,15,19]. Our finding that tensile stresses are greater in grooves
of rib samples also accords with findings that tensile strains during drying are highest in the grooves
of deckboards with wavy profiles [37], and observations that checks are mainly located in grooves of
profiled deckboards [4,12,13].

In addition to the effect of groove width on checking (rib vs. ribble or ripple) we also observed
that groove depth in boards with narrow grooves (rib profiles) had a significant effect on two measures
of checking. Our previous research on the effect of profile geometry on the checking of amabilis fir
suggested that groove depth influenced checking, but the relationship between groove depth and
check parameters was not strong [19]. Our current experimental findings are more convincing and
our model of the effect of groove depth on checking suggests why ribbed boards with deeper grooves
(2 or 2.5 mm) check less than boards with shallower grooves (1.5 mm). In particular, we found that
stresses, which cause checking at wood surfaces during drying [38], were greater in ribbed spruce
samples with shallow grooves (1.5 mm deep) compared to samples with deeper grooves (2.5 mm deep).
Furthermore, the former samples contained more areas with high stress. Rib samples with shallow
grooves dried more rapidly than samples with deeper grooves, which may explain the pattern of stress
development in the two types of samples. Accordingly, treatments such as coatings that restrict the
rate of drying of profiled deckboards may further reduce checking. In accord with this suggestion,
Akhtari and Nicholas [17] found that coatings containing zinc oxide or titanium dioxide particles
reduced the checking of ribbed southern pine deckboards exposed to artificial accelerated weathering
by approximately fifty percent [17].

Ribbed boards with grooves that exceed 2 mm in depth are manufactured commercially [7].
For example, our survey of the topography of profiled deckboards manufactured around the world
found that six of the 19 ribbed boards we analyzed had grooves that were deeper than 2 mm [7].
Boards with profiles that are very similar to our standard rib profile with a groove depth of
2 mm are manufactured commercially from radiata pine (Pinus radiata D. Don) or European larch
(Larix decidua Mill.) [7]. Pre-commercial trials of profiled Douglas fir decking have been established in
the USA based on our initial finding that rib profiles were better than wavy profiles at restricting the
checking of amabilis fir decking [19]. The profile that was chosen for these trials was our standard rib
profile with a groove depth of 2.0 mm. Results here support the choice of this standard rib profile for
the profiled Douglas fir deckboards used for these pre-commercial trials [26].

The positive effects of profiling on the checking of deckboards exposed to the weather are clouded
by results from some previous studies showing that profiling increases the undesirable cupping of
amabilis fir deckboards exposed to the weather [13,19]. Cupping of profiled plywood siding exposed to
the weather is also more pronounced than that of flat plywood siding [6,39]. In contrast, other studies
have shown that profiling reduces the cupping and distortion of southern pine deckboards exposed to
the weather [16,17]. Our results here for Douglas fir, western hemlock and white spruce deckboards
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accord with the results of our previous study that showed that profiling increased the cupping of
amabilis fir deckboards exposed to the weather [19]. Previously we suggested that grooves or saw
kerfs that are machined into the undersides of deck or flooring boards might reduce the tendency of
profiled deckboards to cup when they are exposed outdoors [40,41]. We have carried out a study to
examine whether this approach can reduce the cupping of profiled Douglas fir, western hemlock and
white spruce boards cut from the same parent boards as those used here. Our results have successfully
demonstrated the efficacy of this approach and they will be reported in a separate paper that is being
prepared for publication.

In addition to the effects of profiling on the checking and cupping of deckboards, we also
observed a significant wood species effect on checking and cupping of deckboards. Our finding that
western hemlock deckboards checked more than Douglas fir or white spruce boards accords with the
results of two previous studies that compared the checking of decking made from different softwood
species [23,42]. One of these studies noted that softwood species that checked less than other species
were ones that were dimensionally stable or impermeable such as western red cedar (Thuja plicata
Donn ex D.Don), yellow cedar (Cupressus nootkatensis D.Don 1824) and white spruce [42]. White spruce
deckboards here also cupped less than western hemlock deckboards. Norway spruce (Picea abies (L.)
Karst), which is similar to white spruce, is preferred for exterior house siding in Europe because it cups
and checks less than Scots pine (Pinus sylvestris L.) siding [43,44]. This desirable property of spruce has
been attributed to its impermeability resulting from high percentages of blocked (aspirated) bordered
pits and small proportion of ray tracheids [44,45]. Accordingly, it is possible that the lower checking
and cupping of white spruce deckboards than western hemlock boards could be due to the lower
permeability of the former species compared to western hemlock. Douglas fir is also less permeable
than western hemlock, which may account for why Douglas fir deckboards checked and cupped
less than western hemlock deckboards. However, Douglas fir deckboards cupped less than spruce
deckboards even though they were more permeable than white spruce boards. Hence, differences in
the permeability of the three wood species used to make deckboards cannot fully explain the variation
in cupping of deckboards exposed to natural weathering.

The Douglas fir, western hemlock and white spruce samples tested here were treated with
the preservative chemical ACQ (alkaline copper quaternary). This feature of our experimentation
accords with commercial practice, but on the other hand decking boards are expected to maintain
their appearance for several years, whereas we assessed checking after only six months’ exposure.
Nevertheless, Morris and Ingram [18] found that a rib profile significantly reduced the surface checking
of subalpine fir (Abies lasiocarpa (Hooker) Nuttall) decking after six, 17, 36, 60, and 120 months’ exposure.
The difference in checking of unprofiled and ribbed decking became smaller, particularly after five
years’ exposure, but the authors concluded that ‘profiling significantly reduced the checking of
deckboards exposed to the weather for 10 years, and ‘checks in ribbed boards were very difficult to see
at standing height’ [18]. Therefore, we suggest that our results on the effectiveness of rib profiles at
reducing the checking of Douglas fir, western hemlock and white spruce are promising, but further
research, similar to that carried out by Morris and Ingram [18], is needed to examine the long-term
effectiveness of the profiles at reducing the checking of all three species, and to determine whether
profiling affects the decay resistance of deckboards [18,19].

5. Conclusions

Our experimental results provide strong evidence that machined profiles with deep narrow
grooves (tall rib profiles) are more effective than profiles with wider (ribble or ripple profiles) or
shallower grooves (short rib profile) at restricting checking of ACQ-treated Douglas fir, western
hemlock and white spruce deckboards exposed to natural weathering. Our numerical model explains
why tall rib profiles with deeper grooves were more effective than short rib profiles with shallower
grooves at restricting checking of profiled spruce deckboards. We conclude that current pre-commercial
trials of profiled Douglas fir deckboards have selected a good profile (2 mm deep rib) to reduce the
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negative effects of checking on the appearance of deckboards exposed outdoors. However, this profile
increased the undesirable cupping of deckboards exposed outdoors, and research is needed to solve
this problem before the profiles developed here can be used commercially.

Author Contributions: P.D.E. conceived and designed the experiments. S.H. performed all experimental work.
M.S.M. developed the analytical model. P.D.E. analyzed all data and wrote the first draft of the paper. All authors
discussed and commented on the results and contributed to the final submitted and published manuscript.

Acknowledgments: We thank Natural Science and Engineering Research Council of Canada for financial support
(CRDPJ 485007-15); Alan Preston, Paul Morris, Rod Stirling and Dallin Brooks for their helpful insights into the
treatment and profiling of wooden decking; Lukie H. Leung, Joseph Doh Wook Kim, Daniel Wong, Des Fitzgerald,
Duane Johnson and Ron Zeegers for technical assistance. P.D.E. thanks Faculty of Forestry, FPInnovations, Tolko
and Viance for their support of his BC Leadership Chair at the University of British Columbia, and The Australian
National University (ANU) for an Honorary Professorship in the Department of Applied Mathematics, Research
School of Physics and Engineering at the ANU.

Conflicts of Interest: The authors declare no conflict of interest, and none of the individuals or organizations
acknowledged above were involved in the design of our experiment, collection, and interpretation of data or the
writing of this paper.

References

1. Evans, P.D. Weathering of wood and wood composites. In Handbook of Wood Chemistry and Wood Composites,
2nd ed.; Rowell, R.M., Ed.; CRC Press: New York, NY, USA; Taylor & Francis Group: Didcot, UK, 2012;
pp. 151–216, Chapter 7.

2. Zabel, R.A.; Morrell, J.J. Wood Microbiology: Decay and Its Prevention; Academic Press: Cambridge, MA, USA,
2012; p. 476.

3. Nejad, M.; Cooper, C. Exterior wood coatings. Part-1: Performance of semitransparent stains on
preservative-treated wood. J. Coat. Technol. Res. 2011, 8, 449–458. [CrossRef]

4. Böttcher, P. Einfluß verschiedenartiger oberflächenprofilierungen an holz auf die veränderung der
wetterbeständigkeit. Holz als Roh und Werkst. 1977, 35, 247–251. [CrossRef]

5. Norlander, N.E.; Knowles, R.A. Method and Apparatus for Making Simulated Hand Split Shakes.
U.S. Patent 3,512,562, 19 May 1970.

6. Deskey, D. Plywood Panel. U.S. Patent 2,286,068, 9 June 1942.
7. Cheng, K.J.; Evans, P.D. A note on the surface topography of profiled wood decking. Aust. For. J. 2016,

79, 147–152. [CrossRef]
8. Shida, S.; Ono, H.; Mikami, T.; Takahashi, H. Utilization and evaluation of exterior wood. IV. Slipperiness of

wood decks for floating piers. Mokuzai Gakkaishi 1992, 38, 835–840.
9. Light, L. Deck Wars: Synthetics Aim to Walk all Over Wood. MoneyWatch June 17. Available online: https://

www.cbsnews.com/news/deck-wars-synthetics-aim-to-walk-all-over-wood/ (accessed on 28 September 2018).
10. Green, C. Synthetic decking takes off. Fine Homebuild. 2005, 172, 44–49.
11. Rasche, P. Plastic Decking Market Global Share 2018 with Growing CAGR of 7.86% by 2023.

Available online: http://theindustryherald.com/2018/08/30/plastic-decking-market-global-share-2018-
with-growing-cagr-of-7.86-by-2023 (accessed on 28 September 2018).

12. McFarling, S.M.; Morris, P.I. High Performance Wood Decking. In Proceedings of the Twenty Sixth Annual
Meeting Canadian Wood Preservation Association [CD-ROM], Toronto, ON, Canada, 25–26 October 2005;
Canadian Wood Preservation Association: Campbellville, ON, Canada, 2006; pp. 99–109.

13. Morris, P.I.; McFarling, S. Field Testing of Wood Products in Canada XVII: High-performance Profiled Wood
Decking. In Proceedings of the Twenty Ninth Annual Meeting Canadian Wood Preservation Association
[CD-ROM], Vancouver, BC, Canada, 28–29 October 2008; Canadian Wood Preservation Association:
Campbellville, ON, Canada, 2009; pp. 72–82.

14. McFarling, S.M.; Morris, P.I.; Knudson, R.M. Extracting greater value from subalpine fir: Profiled decking.
For. Prod. J. 2009, 59, 24–28.

15. Evans, P.D.; Cullis, I.; Morris, P.I. Checking of profiled southern pine and amabilis fir deck boards. For. Prod. J.
2010, 60, 501–507. [CrossRef]

16. Akhtari, M.; Nicholas, D. Effect of profiling and preservative treatments on the weathering characteristics of
southern pine deck boards. Eur. J. Wood Wood Prod. 2014, 72, 829–831. [CrossRef]

http://dx.doi.org/10.1007/s11998-011-9332-3
http://dx.doi.org/10.1007/BF02619348
http://dx.doi.org/10.1080/00049158.2015.1124826
https://www.cbsnews.com/news/deck-wars-synthetics-aim-to-walk-all-over-wood/
https://www.cbsnews.com/news/deck-wars-synthetics-aim-to-walk-all-over-wood/
http://theindustryherald.com/2018/08/30/plastic-decking-market-global-share-2018-with-growing-cagr-of-7.86-by-2023
http://theindustryherald.com/2018/08/30/plastic-decking-market-global-share-2018-with-growing-cagr-of-7.86-by-2023
http://dx.doi.org/10.13073/0015-7473-60.6.501
http://dx.doi.org/10.1007/s00107-014-0844-2


J. Manuf. Mater. Process. 2018, 2, 67 15 of 16

17. Akhtari, M.; Nicholas, D. Effect of machined profile, zinc oxide and titanium dioxide particles on checking
southern pine deck boards during weathering. IET Nanobiotechnol. 2014, 1–4. [CrossRef] [PubMed]

18. Morris, P.I.; Ingram, J.K. Field testing in Canada XXIV: Ten years inspection of profiled decking.
In Proceedings of the Thirty Sixth Annual Meeting Canadian Wood Preservation Association [CD ROM],
Ottawa, ON, Canada, 27–28 October 2015; Canadian Wood Preservation Association: Campbellville, ON,
Canada, 2016; pp. 101–111.

19. Cheng, K.J.; Evans, P.D. Manufacture of profiled amabilis fir deckboards with reduced susceptibility to
surface checking. J. Manuf. Mater. Process. 2018, 2, 7. [CrossRef]

20. Chan, G.; Evans, P.D. Acetylated pine is as resistant to surface checking as the tropical hardwood IPE.
In Proceedings of the American Wood Protection Association Conference, San Juan, PR, USA, 1–3 May 2016;
American Wood Protection Association: Birmingham, AL, USA, 2016; pp. 65–68.

21. Cheng, K.J.; Evans, P.D. Weathering performance of white spruce decking treated with low molecular
weight phenol formaldehyde resin. In Proceedings of the Eleventh Pacific Rim Bio-based Composites
Symposium, Shizuoka, Japan, 28–30 November 2012; Wood Technological Association of Japan: Tokyo, Japan,
2012; pp. 575–577.

22. Rapp, A.O.; Sailer, M. Oil heat treatment of wood in Germany-state of the art. In Proceedings of the
Special Seminar on Review of Heat Treatments of Wood, Antibes, France, 9 February 2001; Available online:
http://www.westwoodcorporation.com/worldwide/review_heat.pdf (accessed on 10 October 2018).

23. Morris, P.I.; Ingram, J.K. Field Testing of Wood Preservatives in Canada. XI. Nine-year Inspection of the CITW
Decking Test. In Proceedings of the Twenty Third Annual Meeting Canadian Wood Preservation Association
[CD ROM], Vancouver, BC, Canada, 22–23 October 2002; Canadian Wood Preservation Association:
Campbellville, ON, Canada, 2003; pp. 156–169.

24. Morris, P.I. Pacific silver fir is the more-treatable component of hem-fir from coastal British Columbia.
For. Prod. J. 1995, 45, 37–40.

25. Poon, J. Wood Market Statistics in Canada; FPInnovations: Vancouver, BC, Canada, 2010; p. 70.
26. Anon. Get in the Groove. Introducing Profiled Decking. The Newest Innovation in Preserved Wood

Outdoor Products. Available online: http://preservedwood.org/Uses/ProfiledDecking.aspx (accessed on
9 July 2018).

27. Evans, P.D.; Vollmer, S.; Kim, J.D.W.; Chan, G.; Kraushaar Gibson, S. Improving the performance of clear
coatings on wood through the aggregation of marginal gains. Coatings 2016, 6, 66. [CrossRef]

28. Williams, L.J.; Hervé, A. Fisher’s least significant difference (LSD) test. In Encyclopedia of Research Design;
Salkind, N., Ed.; SAGE: Thousand Oaks, CA, USA, 2010; p. 6.

29. Skaar, C. Wood-Water Relations; Springer: Berlin, Germany, 1988.
30. Shmulsky, R.; Jones, P.D. Chapter 7, Wood and water. In Forest Products and Wood Science: An Introduction,

6th ed.; John Wiley & Sons: West Sussex, UK, 2011.
31. Hsu, H.C.; Hsu, Y.T. Characterization of hygroscopic swelling and thermo-hygromechanical design on

electronic package. J. Mech. 2009, 25, 225–232. [CrossRef]
32. Crank, J. The Mathematics of Diffusion; The Oxford University Press: London, UK, 1956.
33. Hsu, H.C.; Hsu, Y.T.; Hsich, W.L.; Weng, M.C.; ZhangJian, S.T.; Hsu, F.J.; Chen, Y.F.; Fu, S.L. Hygroscopic

swelling effect on polymeric materials and thermo-hygro-mechanical design on finger printer package.
In Proceedings of the 3rd International Microsystems, Packaging, Assembly & Circuits Technology
Conference, Taipei, Taiwan, 22–24 October 2008; Institute of Electrical and Electronics Engineers (IEEE): New
York, NY, USA, 2008; pp. 291–294.

34. Time, B. Hygroscopic Moisture Transport in Wood. Ph.D. Thesis, Norwegian University of Science and
Technology, Trondheim, Norway, 1998.

35. Rafsanjani, A.; Derome, D.; Wittel, F.K.; Carmeliet, J. Computational up-scaling of anisotropic swelling and
mechanical behavior of hierarchical cellular materials. Compos. Sci. Technol. 2012, 72, 744–751. [CrossRef]

36. Barnes, A. 2016 Economic State of the B.C. Forest Sector. Available online: https://www2.gov.bc.ca/assets/
gov/farming-natural-resources-and-industry/forestry/forest-industry-economics/economic-state/2016_
economic_state_of_bc_forest_sector-with_appendix.pdf (accessed on 9 July 2018).

37. Mallet, J.; Kalyanasundaram, S.; Evans, P.D. Digital image correlation of strains at profiled wood surfaces
exposed to wetting and drying. J. Imaging 2018, 4, 38. [CrossRef]

38. Schniewind, A.P. Mechanism of check formation. For. Prod. J. 1963, 13, 475–480.

http://dx.doi.org/10.1049/iet-nbt.2014.0001
http://www.ncbi.nlm.nih.gov/pubmed/26023153
http://dx.doi.org/10.3390/jmmp2010007
http://www.westwoodcorporation.com/worldwide/review_heat.pdf
http://preservedwood.org/Uses/ProfiledDecking.aspx
http://dx.doi.org/10.3390/coatings6040066
http://dx.doi.org/10.1017/S1727719100002689
http://dx.doi.org/10.1016/j.compscitech.2012.02.001
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/forestry/forest-industry-economics/economic-state/2016_economic_state_of_bc_forest_sector-with_appendix.pdf
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/forestry/forest-industry-economics/economic-state/2016_economic_state_of_bc_forest_sector-with_appendix.pdf
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/forestry/forest-industry-economics/economic-state/2016_economic_state_of_bc_forest_sector-with_appendix.pdf
http://dx.doi.org/10.3390/jimaging4020038


J. Manuf. Mater. Process. 2018, 2, 67 16 of 16

39. Bailey, W.C. Balanced Striated Plywood Panel. U.S. Patent 2,363,927, 28 November 1944.
40. Ratu, R.; Weizenegger, J.; Evans, P.D. Preliminary Observations of the Effect of Kerfing on the Surface

Checking and Warping of Flat Sawn Southern Pine Decking. In Proceedings of the Thirty Eighth
Annual Meeting of International Research Group on Wood Protection, Jackson Lake Lodge, WY, USA,
20–24 May 2007; International Research Group on Wood Protection: Stockholm, Sweden, 2007; pp. 1–7.

41. Nystrom, R. Board for Use in Constructing a Flooring Surface. U.S. Patent 5,474,831, 12 December 1995.
42. Cheng, K.J. Reducing the Surface Checking of Deck-Boards Exposed to Natural Weathering: Effects of Wood

Species and Surface Profiling. Master’s Thesis, University of British Columbia, Vancouver, BC, Canada, 2015;
p. 232. Available online: https://open.library.ubc.ca/cIRcle/collections/ubctheses/24/items/1.0166219
(accessed on 30 September 2018).

43. Sandberg, D.; Söderström, O. Crack formation due to weathering of radial and tangential sections of pine
and spruce. Wood Mater. Sci. Eng. 2006, 1, 12–20. [CrossRef]

44. Virta, J.; Koponen, S.; Absetz, I. Cupping of wooden cladding boards in cyclic conditions—A study of boards
made of Norway spruce (Picea abies) and Scots pine sapwood (Pinus sylvestris). Wood Sci. Technol. 2005,
39, 431–438. [CrossRef]

45. Liese, W.; Bauch, J. On anatomical causes of the refractory behavior of spruce and Douglas-fir. J. Inst.
Wood Sci. 1967, 19, 3–14.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://open.library.ubc.ca/cIRcle/collections/ubctheses/24/items/1.0166219
http://dx.doi.org/10.1080/17480270600644407
http://dx.doi.org/10.1007/s00226-005-0023-z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Manufacture of Profiled Decking 
	Outdoor Weathering and Statistical Analysis of Data 
	Numerical Modeling 

	Results 
	Effects of Profiling on Checking and Cupping of Deckboards 
	Numerical Modeling of the Effects of Groove Depth on Stress 

	Discussion 
	Conclusions 
	References

