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Abstract: Hardness is a key mechanical property of flooring materials. In this study, the per-
formance of veneer floorings (with a top layer thickness of 0.6 mm) was investigated by dy-
namic hardness tests, comparing it with those of traditional engineered wood floorings (with
a top layer thickness of 3 mm) and solid wood floorings. Two hardwoods commonly used on
wood flooring, viz. Quercus robur L. and Hymenaea courbaril L., and two fast-growing hardwoods,
Eucalyptus globulus Labill. and Eucalyptus grandis W. Hill ex Maiden, were tested as top layers. To
compare their usage properties, a dynamic impact hardness test involving steel balls with three
diameters and five different drop heights was carried out, measuring the footprint diameter (FD) and
the indentation depth (ID). The data from 4800 impacts, corresponding to 180 different individual
groups (4 hardwood species x 3 ball diameters x 5 drop heights x 3 floor types) were analyzed. The
results showed that the general response in terms of both FD and ID was better in the engineered
wood floorings than in solid wood floorings, and that the veneer floorings (0.6 mm) showed better
behavior than traditional engineered wood floorings (3.0 mm). Furthermore, for the veneer floorings,
the two fast-growing hardwood species tested, which have significantly different densities, showed
similar behavior to traditional hardwoods, suggesting that they would be suitable for valorization in
the wood flooring industry.

Keywords: veneer flooring; dynamic hardness; footprint diameter; indentation depth

1. Introduction

The use of wood floorings in building construction is widespread, to the extent that
wood has become the most used floor material [1]. At present, four main types of wood
floorings are available: solid wood floorings, parquet wood floorings, engineered wood
floorings, and veneer floorings. Nonetheless, as discussed below, no real differences
between the latter two are defined in regions outside Europe.

Solid wood flooring is made with a single piece of hardwood (i.e., a solid piece
of noble wood), while engineered wood floorings consist of an inner core with a thin
noble wood layer on top (i.e., a multilayer heart with a final noble wood top layer). The
modernization of the industrial flooring sector and the development of new products
have resulted both in quality improvement and cost reductions, making engineered wood
floorings more competitive than solid ones [2—4]. The current trend in the industry is
towards the development of new multilayer products with lower top layer thicknesses,
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supported by technology improvements and pushed by new consumer habits [5]. As a
result, conventional technical floors are being replaced by novel products with noble wood
layers with thicknesses below 1 mm, which enable the production of a greater amount of
floor volume with the same amount of noble wood [6].

Even though all these products are engineered floorings made with wood, the Eu-
ropean Federation of the Parquet Industry [7] differentiates three types of wood-based
floorings depending on the top layer thickness: parquet, with a top layer thickness over
2.5 mm; engineered wood floorings, when the top layer thickness ranges between 2.5 and
0.7 mm; and veneer floorings, with a top layer thickness under 0.7 mm. However, no official
distinction is made by other associations or in other countries (e.g., in the USA, Canada,
or China, for example), where all these products are simply considered ‘engineered wood
floorings’ [8].

From a market perspective, solid wood floorings of fine hardwood were traditionally
requested by customers, but preferences have gradually shifted towards different engi-
neered wood floorings, which have significantly increased their market share over the past
two decades [9,10]. The global wood flooring market, considering the main economic areas,
is estimated at around 397M m? in China, 172M m? in North America, and 81M m? in
Europe [11]. Wood engineered floorings are the largest product segment, accounting for
52%, 23%, and 82% of the market share in North America, China [12], and Europe [7,13],
respectively. A growth of 5% is expected for the next 5 years, and veneer flooring will
experience the highest growth, mainly concentrated in China [11,14].

As noted above, veneer flooring is based on the use of a thinner top layer, which
increases both the competitiveness and technical stability of the composition. The top layer
can be produced from the log by a rotary peeling or slicing process, simpler and cheaper
than traditional production. All producers in Europe use high-density fiberboard (HDF) as
the inner core, with a specific gravity >850 kg-m 3, and claim that the resistance to impact
is better than that of normal parquet made with a 3 mm wear layer [15,16]. Nonetheless, it is
worth noting that the technical lifespan of the product is reduced, with entailed limitations
in terms of re-coating of varnish or re-sanding of the top layer. Veneer flooring with a
top layer thickness of less than 0.7 mm may only be subjected to re-coating but not to
re-sanding. Considering re-sanding, every millimeter of top layer thickness allows for
refinishing once every 20 or 30 years. Hence, a 2-mm thickness of the wear layer would
imply an estimated lifespan of 30 to 40 years, and a 3-mm wear layer would withstand
three to four refinishes with an estimated lifespan of 40 to 50 years [17]. There is no public
information about other reasons to replace this kind of wood flooring, but the need for
re-decoration, color-changing, and others could substantially reduce the technical lifespan.

Concerning the top layer, few species are used for flooring purposes, mainly hard-
woods [18], and, more recently, some softwoods after a densification treatment [19,20].
Oak (Quercus robur L.) is the main traditional species in all markets [7,21]. However, a
remarkable share of the forest industry investments is now going to fast-growing markets
in Asia and low-cost production regions, such as South America [14]. Among the different
species available, Eucalyptus stands out in terms of availability, sustainability, price [22],
and mechanical performance [23-25]. Hence, it may be an alternative to hardwood species
for the wood flooring industry [26,27].

Accordingly, the work presented herein aims to: (i) evaluate the performance of veneer
floorings with a 0.6 mm top layer through dynamic hardness tests, comparing it with that
of traditional products (engineering wood floorings with a 3.0 mm top layer and solid
wood floorings), with a view to a possible introduction of the former into the European
market; (if) explore the possibility of industrial utilization of two fast-growing species
(viz. E. globulus and E. grandis) in the top layer, taking oak and jatoba (Hymenaea courbaril L.)
as a reference for comparison purposes; (iii) provide models that can predict the dynamic
hardness test response of various wood flooring products in order to facilitate the choice of
appropriate combinations of wood flooring typology, top layer thickness, and composition
that meet market exigencies.



Forests 2022, 13, 167

3of 14

2. Materials and Methods
2.1. Wood Sources

Four hardwood species were evaluated: two of them, oak and jatoba, are widely
used in wood floorings, whereas the two Eucalyptus species, blue gum and rose gum, are
fast-growing species with no current application in wood flooring. To reduce the variability
of the physical properties of the wood due to different environmental conditions during
growth, each lot came from a single sawmill. Timber pieces without visual defects were
selected. The oak wood lot came from a sawmill in Milicz (Poland); the jatoba wood lot
came from a sawmill in Belém (Brazil); the E. globulus lot came from plantations located
in Arzua and Curtis (Galicia, Spain); and the E. grandis lot was obtained from plantations
located in Concordia (Entre Rios, Argentina).

Upon arrival at the laboratory, the samples were kept in controlled conditions at a tem-
perature of 20 £ 2 °C and relative air humidity of 65% =+ 5% according to EN 408:2011 [28].
After 3 months, once the wood pieces had stabilized, the moisture content of the different
species was measured according to EN 13183:2002 [29] (Table 1).

Table 1. Wood flooring types tested in the study, with basic information on sample sizes and
properties for each of the hardwood species investigated.

Hymenaea Eucalyptus Eucalyptus
Flooring Type Quercus robur L. coZrbaril L globu lusy{abill grandis W. Hill
’ ’ ex Maiden
Number of pieces and impacts 30/150 30/450 30/150 30/450
Solid wood flooring Nominal size * 300 x 70 x 25 300 x 70 x 25 300 x 75 x 16 300 x 75 x 16
Mean density ** (CV ***) 686.1 (9.1) 954.6 (10.4) 832.0 (11.3) 488.3 (9.8)
Eneincered wood floorin Number of pieces and impacts 50/450 50/450 50/450 50/450
3%11111 noble wood la erg Nominal size * 1000 x 200 x 14 1000 x 200 x 14 1000 x 200 x 14 1000 x 200 x 14
y Mean density ** (CV ***) 765.1 (0.08) 821.4(0.06) 796.4(0.11) 722.4(0.13)
Eneineered wood floorin Number of pieces and impacts 50/450 50/450 50/450 50/450
0 fmm bloseood I erg Nominal size * 1000 x 145 x 10 1000 x 145 x 10 1000 x 145 x 10 1000 x 145 x 10
’ Y Mean density ** (CV ***) 822.9 (0.02) 838.6 (0.04) 821.7 (0.06) 807.2 (0.07)

* Length, width, and thickness values are expressed in mm; ** Mean density is expressed in kg m~3; *** Coefficient
of variation is expressed in %.

2.2. Wood Flooring Specimens
Three types of wood floorings were assayed (Table 1), namely:

e Solid wood flooring (SW), consisting of a single piece of wood (sawn, brushed,
and sanded).

e Engineered wood flooring with a 3-mm top layer (EWF 3 mm), consisting of 3 layers:
a 3-mm hardwood wear layer obtained by a thin-cutting frame saw, a 9-mm back-
ing panel of HDF (850 kg-m ), and a 2-mm backing layer of pine unrolled veneer
(Pinus radiata D. Don, 500 kg-m~3).

e Veneer flooring or engineered wood flooring with a 0.6-mm top layer (EWF 0.6 mm),
consisting of a 0.6-mm thick top layer of veneer obtained by slicing, a 9-mm backing
panel of HDF (850 kg-m~2), and a 0.5-mm backing layer of pine unrolled veneer
(P. radiata, 500 kg-m’3).

All wood layers were glued with polyvinyl acetate (PVAc). The tested surfaces were
varnished with the Bona UV system with a matte finish, consisting of 5 coats and about
80 g-m~2 [30].

All samples were manufactured ad hoc at Intasa S.A. wood flooring factory located in
As Pontes de Garcia Rodriguez (Galicia, Spain).

2.3. Dynamic Hardness Testing

The dynamic hardness of the different samples was evaluated through the ball im-
pact test by measuring the footprint diameter (FD) and indentation depth (ID). According
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to ASTM D1037-99 [31] and ASTM D2394-83(1999) [32], with the modifications of some
parameters of the tests indicated in AITIM recommendations [33], the FD and ID of the
impact footprint left by different diameter steel balls upon free fall from a given height
were measured. While it does not require sophisticated equipment, it may cause perimeter
breakage of the wood fibers as a result of excessive impact energy, hampering an accu-
rate measurement of the footprint. Hence, a modification of the procedure proposed by
Acuna et al. [23] was followed instead: the wood impact test was performed with three
steel balls of three different sizes (o = 30, 40, 50 mm), and at five different reference heights
(0.60, 0.75, 0.90, 1.05, and 1.20 m). The impact energies for each diameter and height com-
bination are summarized in Table 2. In the tests, chromed steel balls, of 100Cr6 steel type
(SKEF, Gothenburg, Sweden), with the indicated hardness according to ISO 3290-1:2014 [34]
standard, were used. Table 3 shows the characteristics of the steel balls used in the tests.

Table 2. Impact energies as a function of the steel ball diameter and drop height.

Impact Energy (J) *

Nominal Diameter Weight (g)

(mm) h=060m h=075m h=090m h=105m h=120m
50 508.8 2.99 (A5) 3.74 (B5) 4.49 (C5) 5.24 (D5) 5.99 (E5)
40 260.5 1.53 (A4) 1.92 (B4) 2.30 (C4) 2.68 (D4) 3.07 (E4)
30 109.9 0.65 (A3) 0.81 (B3) 0.97 (C3) 1.13 (D3) 1.29 (E3)

* The alphanumeric nomenclature used in the graphs below is indicated in parentheses.

Table 3. Steel ball properties according to the manufacturer.

Maximum Nominal Diameter Hardness . Compressive Breaking
Deviation (um) (HRO) Elastic Modulus (MPa) Stress (MPa)
+11.4 62-65 200,000 2500-2600

The sample from each group (4 hardwood species x 3 types of wood flooring) con-
sisted of 50 pieces. The dimensions of the specimens, detailed in Table 1, were chosen
because they are the most common in the wood flooring industry. Each specimen was
subjected to at least 5 impacts with a minimum spacing of 50 mm (the location of the
impacts is shown in Figure 1), resulting in a total of 4800 impacts.

Solid wood

Noble wood layer Noble wood layer

(a) (b) (c)

Figure 1. Impact test specimens: (a) solid wood flooring; (b) engineered wood flooring with a 3 mm
top layer; and (c) engineered wood flooring with a 0.6 mm top layer.

Following the methodology proposed by Acufia et al. [23], the specimens were placed
on a completely rigid surface and were anchored to it using clamps located on the perimeter,
thus avoiding any influence of the support on the deformation behavior. Subsequently,
each of the reference drop heights was tested on each of the specimens using an auxiliary
metallic instrument to guarantee the test conditions (precise reference height, and initial
velocity ug = 0 m-s~1), as shown in Figure 2.
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4.0
d. A 120 mm
d. 1 105 mm
- d. 1 90 mm
@rq C v\ i
\ 60 mm

Figure 2. Device for testing dynamic hardness: (1) drop height; (2) drop support; (3) ball diameters.

For each impact, the FD and ID were measured using a digital micrometer (with
a £0.001 mm error) and a back plunger dial indicator (with a £0.01 mm error), both from
Mitutoyo (Takatsu-ku, Kawasaki, Kanagawa, Japan). To improve the impact readings,
carbon paper was placed on the specimen surface. It should be clarified that the ball
impact produces an elliptical deformation due to the different compressive strengths in the
parallel- and perpendicular-to-the-fibers direction, so the mean diameter of the footprint
was calculated as the mean value between the D1 (direction of the fiber) and D2 (transverse
to the fiber) values.

2.4. Statistical Analyses

All statistical analyses were performed using R software (v. 4.1.1:2021). Steel ball di-
ameter and drop height were selected to establish the statistical design according to ASTM
D1037-99 [31] and AITIM [33] recommendations. For each group (hardwood species X ball
diameter x drop height x wood flooring type), the number of tests was established by an
initial and traditional variability analysis, performed with 800 tests. Accordingly, the num-
ber of replicates (1) obtained with a 95% confidence level was 26 trials. However, to ensure
the adequate performance of the design, between 30 and 35 trials per group were carried
out, resulting in a total of 4800 impacts, corresponding to 180 different individual groups.

The assumptions of independence, normality, and homoscedasticity were checked
for the two variables under study (FD and ID) in each of the 180 sample groups. The
normality of the data was tested for all populations using the Shapiro-Wilk normality test
and Q-Q normal probability plots. The homoscedasticity requirement was contrasted by
Bartlett’s test. Since it was not met on numerous occasions, the usual comparative analysis
by ANOVA could not be used. Robust comparison methods were used instead: Welch’s
heteroscedastic F-test with trimmed means and Winsorized variances. This robust proce-
dure tests for equality of means by replacing the usual means and variances with trimmed
means and Winsorized variances [35,36], together with bootstrapping and comparison
using robust homogeneous groups.

To select the response models, generalized linear models (GLM) from different families
(Gaussian and gamma families) and different link functions (identity, inverse, log) were
used, selecting for each target variable (FD, ID) the one that offered the best explanation.
This performance was evaluated employing residual analysis, the residual deviance [37],
the Akaike information criterion (AIC) [38], the Bayesian information criterion (BIC) [39,40],
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and Efron’s R? value [41]. These values, together with the likelihood-ratio test and Wald'’s
test, make it possible to establish the model’s goodness-of-fit.

3. Results and Discussion
3.1. Descriptive Statistics

Box plots of the two variables under study, viz. average footprint diameter and
indentation depth, as a function of the wood flooring type, hardwood species used in the top
layer, steel ball diameter, and drop height are presented in Figures 3 and 4, respectively. The
main descriptive statistics by groups are summarized in Table S1 for SW and in Table S2

for EWF.

Solid Wood
¢

EWF Thifkkness =3.0mm

EWF Thiclﬁless = 0.6 mm

1.4 ii. I B T3
1.24 7
1.0

0.8

Footprint diameter (cm)

0.6

N

30mm Ball=50mm Ball=40mm Ball=30mm

r N
Ball=50mm Ball=40mm Ball=30mm BaII=EOmm Ball=40mm Ball = 30

Quercus robur

—r—

N

1.6

1.4

1.2

1.0

0.8

Footprint diameter (cm)

0.6

264 TAX T R ol el el g m Ay

1.4+

Footprint diameter (cm)

0.8 i‘i? .

Hymenaea courbaril

Footprint diameter (cm)

Drop height (m)

Figure 3. Footprint diameter for each of the three types of flooring x four hardwood combinations as

a function of ball diameter and drop height.
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Figure 4. Indentation depth for each of the three types of flooring x four hardwood combinations as
a function of ball diameter and drop height.

3.2. Model Selection

According to the box plots presented in Figures 3 and 4, several general trends in
the response of the target variables, FP and ID, could be observed. These trends were
influenced by: (i) the ball diameter (the larger the diameter, the larger FD and ID were);
(i7) the ball drop height (the higher the drop height, the higher the values of FD and ID
were); (iii) the type of wood flooring and thickness of the noble layer, with higher values in
SW than in EWEF, and, in the latter case, higher values of FD and ID for a larger thickness of
the top layer; and (iv) the hardwood species used, with higher FD and ID values for the
hardwood species with lower densities. The significance and importance of these influences
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Residuals

were corroborated by an analysis of variance of the GLMs established for the two target
variables, FD and ID, which may be expressed by Equations (1) and (2):

FD =V1+V2+V34V4+ V5 +error, @)

ID =V1+4V2+V3+4 V44 V54 error, 2)

where V1 is the drop height (in m), considered a continuous numerical variable; V2 is the
diameter of the steel ball (in mm), taken as a 3-level factor; V3 is the hardwood species,
taken as a 4-level factor; V4 is the wood flooring type, taken as a 2-level factor; and V5 is
the top layer thickness (mm), considered a continuous numerical variable.

The reference values of the models are listed in Table 4. For the footprint diameter,
a gamma GLM with inverse link function was selected, which proved to be the most
explanatory and which was significantly better than the other models tested. For the
selection of the model for the ID variable, two models from the gamma family were
shortlisted as the best candidates, one with a logarithmic link function and the other with
an inverse link function. As may be observed in Table 4, the main reference values of
these two models turned out to be appreciably similar, with a very slight advantage for the
model with the logarithmic link function. Nonetheless, the better distribution of errors of
the gamma model with inverse link function (Figure 5) finally led to its selection.

Table 4. Main performance values of the generalized linear models.

Models Link Function Residual Deviance AIC BIC Efron’s Pseudo R?
Footprint Inverse 28.569 12598  —12,533 0.926
diameter

Indentation Log 275.76 —21,187 —21,121.78 0.837
depth Inverse 289.96 —20,937 —20,872.45 0.832

AIC = Akaike information criterion; BIC = Bayesian information criterion.

Residuals vs Fitted Residuals vs Fitted
2492 @
g41§§” o : l
o g
Wl 2o °
m o o 8 2
3 3% . 8
‘g 8 2] g
3 $ g
o 588 g
o g 8 S
H o %8
L X-X]
: s IR T
2 | o © °e
(-]
T T T T T T T T T
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Predicted values Predicted values
(a) (b)

Figure 5. Residuals vs. predicted values for the two indentation depth GLMs. (a) Link function = log.
(b) Link function = inverse.

The results of the analysis of the selected models allow establishing that all the vari-
ables used were statistically significant. The individual explanatory capacity of each
independent variable in terms of the explained deviance is presented in Tables 5 and 6 for
FD and ID, respectively.
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Table 5. Main performance values of the footprint diameter GLM model.

Df  Deviance AIC LRChisq  \ithheld  Explained Pr (Chi)
Deviance Deviance
Model null 28.569 —12,598.2 370.79 0.928
Drop height 1 46.808 —9485.0 3115 18.24 0.046 <22 x 10716
Ball diameter 2 240.085 23,524.8 36,127 211.52 0.530 <2.2 x 10716
Hardwood species 3 117.155 2526.3 15,130 88.59 0.222 <22 x 10716
Wood flooring type 1 39.967 —10,653.4 1577 4.01 0.010 <22 x 10716
Noble layer thickness 1 43.334 —10,078.2 2522 14.77 0.037 <22 x 10716
Table 6. Main performance values of the indentation depth GLM model.
Df  Deviance AIC LRChisq  \Vithheld — Explained Pr(Chi)
Deviance Deviance
Model null 275.76 —21,186.8 2278.53 0.892
Drop height 1 340.91 —20,024.6 1164.2 312.34 0.122 <22 x 10716
Ball diameter 2 450.39 —18,070.3 3120.5 421.82 0.165 <2.2 x 10716
Hardwood species 3 964.60 —8883.6 123,09.1 936.03 0.366 <22 x 10716
Wood flooring type 1 647.47 —14,546.6 6642.2 618.90 0.242 <22 x 10716
Noble layer thickness 1 1025.41 —7793.1 13,395.7 996.84 0.390 <22 x 10716

Based on the values presented in Table 4 and on the values obtained from the
likelihood-ratio test and Wald'’s test for both models, presented in Tables 5 and 6, the
selected models may be regarded as strongly significant and highly explanatory. The
equations of the final models are presented in Equations (3) and (4):

FD =15 — 0.3 x V1 +0.241 X V249 + 0.569 x V230 — 0.107 X V3. gyanais + 0.28 x

3
V34, courbaril + 0-02 X V3. ropur — 0.227 X Vagwr — 0.059 x V5, ©)

ID = — 5.015 + 0.538 x V1 — 0.231 x V249 + 0.465 x V230 +0.237 X V3. grandis —

4
0.766 X V341, courbarit — 0226 X V30, ropur + 1.992 X Vagwy + 0.38 x V5, @)

3.3. Model Diagnostics and Performance

Cook and Weisberg marginal model plots [42] were used to reproduce nonlinear
marginal relationships for the predictors. In Figure 6, it may be observed that the mod-
els, represented by the dashed red lines, fitted quite well to the marginal relationships,
represented by the solid blue lines.

=—Data =-- Model =— Data "-- Model
x|
o
_— -_—
3 £
= E o
n S
& =
¥ 5
E <
8
3 s =
-~ =
= S
N =
S <
= Q
[~] T
& £ o
=
T T T T T T T o T T T T
06 08 10 12 14 16 18 5 10 15 20
Linear Predictor Linear Predictor

Figure 6. Footprint diameter and indentation depth marginal models.



Forests 2022, 13, 167

Footprint diameter (cm)

Indentation depth {(mm)

The responses of the selected models for FD and ID have been plotted in Figures 7 and 8.
For clarity, the responses have been divided into different windows according to ball
diameter and wood flooring type, representing in each of them the values of FD and ID
for the different drop heights and keeping the same scale on the Y-axis to enable visual

comparisons of the evolution of the response.
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Figure 7. Footprint diameter modeling as a function of drop height for each of the steel ball diameters,
wood flooring type, and hardwood used in the top layer. Lowercase letters indicate the belonging of
each response to a robust homogeneous group within groups of each of the nine groups presented
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(3 balls x 3 wood flooring types).
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The differences observed in the FD among the four hardwood species in the SW
group decreased with ball diameter. These differences were always statistically significant,
except for Q. robur and E. globulus, which presented a similar response in all cases. In the
case of EWF with a 3.0 mm top layer, the values of FD response by species for the same
ball size were—in all cases—significantly lower than those found in SW and significantly
higher than those found in EWF with a 0.6 mm top layer. Within each of the three wood
flooring types, for the different ball sizes, the existing differences between species were
smaller as the ball diameter decreased, although they were still statistically significant with
the exception, as in the previous case, of Q. robur and E. globulus, which did not show
differences between them. It may be observed that, for EWF with a 0.6 mm top layer, the
values of the four species were not clearly differentiated, becoming significantly equal as
the ball size decreased.

The general trend of the response of the ID (Figure 8) was analogous to that of the FD,
although there were some notable differences. Firstly, the ID of Q. robur and E. globulus
differed in all cases for SW and EWF 3.0 mm, whereas they were similar in terms of FD.
Secondly, for EWF 6.0 mm, differentiation between the species was gradually lost and,
finally (ball diameter = 30 mm), no difference was found between the ID values of the
wood flooring types of the four species, i.e., the indentation depth for EWF 0.6 mm showed
a considerably complacent behavior, in which practically no differences between species
were observed or, when they did exist, they were extremely small.

This could also be observed when the relationship between the target variables
(FD and ID) and the impact energy was represented (Figure 9).
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Figure 9. Footprint diameter and indentation depth as a function of impact energy. The alphanumeric
nomenclature for ball diameter x drop height combinations is explained in Table 2.

As is shown in Figures 7 and 8, due to the size of the footprint and wood anisotropy,
the results showed that measuring the FD is an easier and more precise method than
measuring the ID.

The construction morphology of the EWF has a structural performance analogous to
that of a collaborating slab. In this structure, the HDF layer is responsible for absorbing
much of the impact energy, being greater the thinner the hardwood layer is, and actively
forcing the outer layer to recover from the deformation caused by the impact (Figure 10a).
In the absence of this HDF layer, permanent deformation would occur, essentially perpen-
dicular to the ground, with no significant recovery in the indentation depth. This can be
verified by plotting the FD:ID ratio for each wood flooring type as a function of the drop
height, regardless of steel ball diameter and hardwood species. In Figure 10b, it may be
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observed that the FD:ID ratio increases as there is a higher proportion of collaborative HDF
in the wood flooring type architecture.

(a)

25 Solid Wood EWF 3.0 mm ' EWF 0.6 mm
o 20 - ’ 3
— D 2 i Vi
e —— E 15 |
2
T 10 4
(-4
5
T T T T \_ T T T T T T T T 3 T
0.6 0.750.9 1.051.2 0.6 0.750.9 1.051.2 0.6 0.750.9 1.051.2
Drop height (m)
(b) (0)

Figure 10. Footprint on EWF with (a) a 3.0 mm and (b) a 0.6 mm top layer; (c) FD:ID ratio vs. drop height.

3.4. Final Remarks

()

(i)

Based on the test results obtained, two key outcomes should be highlighted:

E. globulus showed very similar behavior to that of Q. robur in the three wood flooring
typologies in terms of the footprint diameter and the indentation depth. Hence,
E. globulus, a fast-growing species, may hold promise to replace (or complement)
Q. robur, a much slower-growing species, in the production of wooden floorings. As
for the values of FD and ID in E. grandis, due to its lower density, significant differences
versus the rest of the hardwood species were observed in SW and EWF 3.0 mm
floorings, but, in the EWF with a 0.6 mm top layer, the ID variable did not show
significant differences with the rest of the species. Similar conclusions were reached
by other researchers [43,44], although from the comparison of different hardwood
species with similar density ratios. This fast-growing species, currently destined
for uses with little added value, may thus be valorized as an oak replacement in
veneer floorings.

Regarding the constructive typology of the floors, the replacement of part of the
solid wood by a 9 mm HDF board significantly improved the behavior of the floor in
terms of its performance in hardness tests, regardless of the hardwood species used.
These results provide evidence that hardness is more closely related to density than
to other wood properties [45], which explains why HDF board properties are more
representative than those of the hardwood layer. An EWF flooring with a hardwood
layer thickness of only 0.6 mm resulted in significantly lower FD and ID values than
an EWF typology with a 3 mm hardwood layer thickness for three of the hardwood
species (E. globulus, E. grandis, and Q. robur), while, in the case of the densest wood,
from H. courbaril, the difference in FD was not as evident between the two EWF
floorings. This implies that using a 9 mm HDF board and a 0.6 mm thickness of the
solid wood top layer may save a significant amount of high-quality wood and lower
the cost of the final product while offering better performance in terms of hardness
than solid wood flooring.

4. Conclusions

The dynamic hardness test results demonstrated that veneer floorings (with a top layer

thickness of only 0.6 mm) exhibited a performance comparable to (or better than) those of
solid wood floorings and traditional engineered wood floorings (with a top layer thickness
of 3 mm), with lower footprint diameter and indentation depth values. Concerning the
influence of the hardwood used in the top layer, one of the two fast-growing hardwoods
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(E. globulus) showed a behavior similar to that of oak, suggesting that it may be a suitable
replacement for the latter in the three types of wood floorings tested. The other fast-growing
species (E. grandis), with a lower density, would only be a suitable alternative to oak for
veneer floorings (0.6 mm top layer). These experimental results have been completed with
two dynamic response models, one for predicting the footprint diameter and the other
for the indentation depth of the footprint, which include the ball diameter, drop height,
hardwood species, flooring type, and thickness of the top layer variables. These models can
be used by wood flooring factories to choose the combination of wood flooring typology
and thickness of the top layer, with the species analyzed in the study, to meet customers’
requirements in terms of impact hardness.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/£13020167/s1, Table S1: Descriptive statistics for the solid wood flooring; Table S2: Descriptive
statistics for the engineered wood floorings.
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