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Abstract: Timber and timber products are renewable materials that, due to their durability and
strength properties, meet the requirements of the construction industry, are widely used in buildings.
An analysis of the scientific literature has shown that there is a lack of detailed research that fully
investigates the influence of the rate of increase of the moisture content of the timber on the mechanical
and, especially, the strength properties of the LVL panels. Upon immersion into water of the bottom
of the specimen, the water starts rising quite quickly at the edge of the specimen, and the first six
hours are the most critical. The levels of water rise inside the LVL specimen were less significant than
at the edges. It was found that water significantly affects the bending strength of the panels, which,
when the strength of the wet panel compared to the strength of the dry panel, decreases to 45% after
one soak cycle and almost to 52% after two soak cycles. The tensile strength of the wet specimens is
~40% less than that of the dry specimens. The strength of the panels that were dried back to their
initial state was found to be sufficient again, different from the initial strength only within the error
limits; the strength properties of the building structure will not be affected.

Keywords: laminated veneer lumber (LVL); strength; water rise level; water absorption

1. Introduction

Timber and timber products are renewable materials that are widely used in the
construction sector. Timber has good sound insulation qualities, along with highly im-
portant thermal properties. It is durable and has the strength properties that are required
in the construction industry. As timber structures are much lighter than other building
materials with which timber can be compared, this will help to reduce installation and
transportation costs.

Laminated veneer lumber products (LVL panels) are developed to obtain timber
products with higher levels of dimensional stability. An important factor in this particular
case is the arrangement of layers in the LVL panels, which must be in accordance with
the orientation of the timber fiber to achieve the maximum required strength levels of
the product.

The problem of the durability of the wood becomes relevant as the wood is exposed to
the atmosphere impacts, rains on it, and therefore has the ability to absorb large amounts
of water. This causes deformation and swelling of the wood and, after longer exposure
of these factors, the wood is vulnerable to destructive fungus and biological pests [1–8].
For economic purposes, the production of various timber articles (laminated timber) has a
purpose both in economic and ecological terms. The demand for these materials is projected
to increase continuously [9,10].

The structure of any timber determines its different mechanical properties in terms of
transverse and longitudinal fiber orientation [11]. It should also be emphasized here that
the mechanical properties of timber may vary throughout the product in its entirety.
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Constructions made using glued timber materials, such as laminated veneer lum-
ber (LVL) and cross laminated timber (CLT), can be used to reinforce concrete and steel
structures and ensure better levels of protection against earthquakes [12].

In order to improve physical and mechanical properties, the LVL panels were rein-
forced with interwoven glass fibers [13,14]. It was found that the density, impact bending,
and shear strength of reinforced LVL were higher, while the tangential and volumetric
swelling, moisture content, and specific impact bending were lower than those of LVL.
Based on the results obtained during these studies, it can be stated that reinforced LVL can
be used in load-bearing areas.

The direction of the applied load was found to have an influence on the strength
properties, both for timber and for LVL [15]. Lustosa et al. have examined plywood using
high-density polyethylene (HDPE), which was made by using supermarket plastic bags as
a binder [16]. Increased density levels were found to exist alongside an increase in HDPE,
which had a positive effect on the mechanical and physical properties of the LVL-HDPE
composite board.

The popularity and relevance of LVL panels is also evidenced by the number of studies
carried out on the subject, which have examined and investigated various types of timber,
along with the properties of combinations of different types of timber and their fiber
orientations, the effect on the properties of LVL panels and the effect of various adhesives,
binders, or finishing agents on the quality indicators of these building panels [17–24].

During a study aimed to determine the effect of the span-to-depth ratio on the pendu-
lum impact bending strength, it was found that the highest impact bending strength is at a
span-to-depth ratio of twenty, and the lowest at a span-to-depth ratio of ten. Furthermore,
the test results showed that the impact bending strength of all the specimens that under-
went testing in the flatwise direction was significantly higher than that of the specimens
that were tested in the edgewise direction [25].

The SPF was found to have a higher plane shear strength and modulus than the
LVL [26]. The bending properties of common CLTs improved with the use of LVL
in parallel layers, whereas they could be seen to decrease with the use of LVL in
the cross-layer.

LVL lumber specimens with fiber orientation (parallel and perpendicular) and with the
tension angle of the dividing line set at 45◦, 60◦, and 90◦ were tested during the study [27].
Specimens with their main fibers orientated perpendicular to the load direction showed low
strength levels and a brittle fracture. Specimens with their main fibers orientated parallel
to the load direction showed higher strength levels and more plastic behavior, while the
spread of fractures was not concentrated at a specific site and/or on a specific surface. The
size of the notch was found to have a strong influence on the yield and maximum strengths,
as well as the slip modulus of the 45◦ angled specimens.

Polyvinyl acetate adhesive and plywood thin veneers in three types of low-density
wood—silver maple, yellow poplar, and aspen—were used in the production of LVL
structural timber products [28]. LVL produced using silver maple plywood had better
properties when compared to those of yellow maple poplar products and aspen. Silver
maple may be suitable for use in the manufacture of laminated veneer floors.

The aim of the study by Melo R. et al. was to evaluate the influence of the thickness of
the plywood that had been produced from the trees of a Schizolobium amazonicum plantation
on the physical and mechanical properties of the LVL panels [29]. It has been established
that the use of plywood of different thicknesses tends to affect the performance of the
manufactured LVL panels. Thinner plywood provided residual swelling of the panels,
higher levels of bending strength (flat) and perpendicular shear stress. Panels that have
been produced with a higher volume of glue were considered less effective than those that
had been produced with thicker plywood [29].

The scientific literature analysis showed that LVL panels are a relevant and popular
building material which is of interest both to workers and scientists in the construction
sector. One of the most important properties that is often emphasized in research is the
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strength properties, which are relevant in building structures. However, in this case, it
is relevant to evaluate whether the strength properties of the LVL panels do not change
under certain outdoor environmental conditions, especially in the presence of humidity,
which is relevant in certain geographical areas, when rain is possible during certain stages
of construction. However, an analysis has shown that there is a lack of detailed research
that fully evaluates the rate of increase in terms of timber moisture content in—and its
effect upon—the mechanical and, especially, strength properties of LVL panels. Therefore,
the aim of this study was to evaluate the effect of water on certain physical and mechanical
properties of LVL panels. This study will determine the absorption capacity of LVL panels
and the effect of water soak on the mechanical properties (bending and tensile strength) of
LVL panels.

2. Materials and Methods

The object of the study is laminated veneer lumber (LVL) (Table 1), which is intended
for use in buildings as a structural or nonstructural element produced from veneer (Picea
abies spruce) with a nominal thickness of 3 mm after pressing. Veneers are bonded with
phenol-formaldehyde adhesive.

Table 1. LVL panel technical specifications.

Parameter

Nominal thickness, mm 45
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The moisture content in the samples varied within the range of 8.9–12.0%, with the
density varying within the range of 650–760 kg/m3. Moisture content was determined
according to the EN 322 standard [30], and density was determined according to the EN
323 standard [31]. Before testing, the specimens were stored under consistent conditions
(temperature 23 ± 2 ◦C, humidity 60 ± 5%) and constant weight.

The height of the water rise in the sample was also tested. Six samples with dimensions
of 450 × 350 × 45 mm were used for this test. The samples were immersed in ink-stained
water at a depth of 2 cm (Figure 1a). The water rise height at the edges K1 and K10 of the
sample at regular intervals was also measured after 24 h and again after 96 h.

After the test, when the specimens had dried out (and a consistent weight was formed),
all of the specimens were cut every 5 cm, following which the height of the water rise inside
the specimen was measured (Figure 1b). On the graphs, the results of the measurements at
these places are marked V2–V9, the measures at the end of the specimen are marked K10.
As the height of the rise of the water in the LVL panel tends to differ, the height of each
bonded element was measured where the water had risen (the sections in which the water
had not risen were not measured).

Bending and tensile strength tests were carried out in order to evaluate the influence
of water on the mechanical properties of LVL panels. The bending test was carried out
using a universal test machine, a BTI-FB 050 TN (Zwick, Shanghai, China). The bending
strength was determined by applying a load to the center of the specimen which itself had
been placed on two supports in accordance with EN 310 (Figure 2) [32].
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Figure 2. A determination of the bending strength of the specimens.

The specimens were intended to determine changes in their bending properties after
different levels of exposure were divided into four groups (Figure 3). Ten specimens were
involved in each group. In order to investigate the effect of soaking on any potential change
in bending strength, Group 2 samples were soaked in water at 20 ± 1 ◦C for forty-eight
hours. Group 3 samples were soaked under analogous conditions, and then dried at
23 ± 2 ◦C, 60 ± 5% relative humidity to a consistent weight, i.e., when the result of two
concurrent weight tests at 24 h intervals can be seen to differ by less than 1% of the weight
of the sample, after which they were soaked for a second time for a period of 48 h. The
specimens in these groups were subjected to the bending test as soon as they were removed
from the water. Group 4 specimens were soaked once. The samples taken from the water
were dried under conditions of temperature 23 ± 2 ◦C, humidity 60 ± 5% until a stable
weight. After being soaked, after drying to a stable mass, the specimens were broken
according to the same test methodology. Then any change in the percentages of thickness,
length, width, and water absorption (which refers to the water content as a percentage of
the mass of the sample) was calculated.
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The water absorption w (%) was calculated following Equation (1):

w =
m1 − m0

m0
× 100 (1)

where m0 is the initial weight of the specimens before immersion in water, m1 is the
weight of the soaked specimens, in grams. The change in thickness, length, and width
was calculated analogously to Equation (1), taking the thickness (or length, width) values
before and after soaking, respectively. The number of samples used for this study was 10.
Thickness was measured using an electronic caliper with an accuracy of 0.1 mm; width and
length were measured using a metal tape measure with an accuracy of 1 mm; and weight
was determined using an electronic laboratory scale with an accuracy of 0.01 g.

The longitudinal to grain tension strength experiment was carried out on a universal
test machine, a BTI-FB 050 TN (Zwick), using curved edge grippers in which a specimen
was affixed (Figure 4). This is a nonstandard test to find out the “weakest point” of the LVL
under such a load (the tensile load is not applied across the fiber, but along it, a kind of
“shear”). As a standard, the specimen is pulled perpendicular (across) the fiber. It is known
that in this case of natural wood, the resistance perpendicular (across) the fiber is about
20 times lower than (longitudinal) along it [1,33]. The clamp speed was 100 mm per minute,
while the load was measured using a 5 kN load sensor. Seven specimens with a dimension
of 50 × 50 mm were prepared for the tension strength experiment. The drilling was carried
out using an electric low speed drill to prevent the formation of additional cracks around
the edges of the holes (Figure 4).
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The tensile strength and the breakage nature of the specimens (in terms of delamina-
tion) were determined during the test. All study results were statistically processed to be
able to calculate the standard deviation and the variation coefficient.

3. Results and Discussions

The water rise height results at the edges of the specimens over time are shown in
Figure 5, presenting two average curves, one obtained from a set of values of the samples
soaked for 24 h and the other of the samples soaked for 96 h. The dispersion of the results
(comparing only these results) was small; the coefficient of variation did not reach 5%. On
the basis of the results obtained, water at the edges of the specimen can be seen to increase
significantly during the first few minutes of soaking (Figure 5). During the first hour, a
rapid water rise was observed near the edge of the specimen. Later, further water rise can
also be observed, but not as rapidly as at the beginning of the process, with water rise along
the specimen generally being seen to slow down. When evaluating the results after six
hours and again after twenty-four hours, the level of water rise in the sample was found to
be similar. However, when the test was carried out and the water rise in the specimen was
again evaluated after 96 h, it was found that the water had indeed risen, albeit slowly. In
this case, when evaluating the results after twenty-four hours and after ninety-six hours, in
individual cases, the water increased by between 1–2 cm higher along the specimen after
ninety-six hours compared to the height which had been measured after twenty-four hours.
Of course, because of the large dispersion of the sorption and structure properties of wood,
these results cannot be considered absolute. These regularities are characteristic only in the
case of these samples.

After the specimen was immersed, the water rose along all of the bonded elements,
at the edges of the LVL panel, with water ingress sometimes occurring at a lower point in
the sample and sometimes higher, but in all elements the water actually rose during the
first few minutes of the test. Analysis of the water rise levels inside the specimen revealed
slightly different results (Figure 6).
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In order to evaluate the final water rise height, not only along the edges of the specimen
but also inside the specimen, each specimen had to be cut lengthwise and the water rise
height was measured in the bonded elements of the LVL panels after a period of 24 h
and again after a period of 96 h, by immersing the specimens in water at a depth of 2
cm. Irrespective of the length of time, water at the edges of the specimen was found to
have risen higher than it did inside the sample (Figure 6). Not all elements of the LVL
bonded panel absorbed water within the same period of time on the inside of the LVL
panel. For some elements, the water rise was not detected after twenty-four hours of
soaking (Figure 6a). When evaluating those specimens that had been soaked for 96 h, it
was found that although the water did tend to rise to insignificant levels, the rise height
differed slightly after 24 h and after 96 h, and yet it was found that after 96 h most of
the bonded elements had absorbed water and that water had crept upwards along the
element (Figure 6b). When an assortment of wood with a moisture content below the fiber
saturation limit is immersed end in a liquid, the liquid rises up under the action of capillary
pressure. The macrocapillaries fill first with liquid, followed by microcapillaries. The air
removed from the capillaries opposes the movement of the liquid. The liquid stops rising
when the capillary pressure equals the force of the liquid’s weight. In the case of LVL, the
regularities are likely to be slightly different, as both the properties and fiber orientation of
each layer may differ.

Therefore, the research revealed quite rapid water egress along the LVL panel. Thanks
to this finding, another study was conducted, this time to evaluate the level of immersion
and how it served to alter the dimensions of the panel. The results of any change in
the dimensions of the specimens and water saturation levels after the samples had been
soaked in water at (20 ± 1) ◦C for 48 h are given in Table 2. It was found that after
soaking the specimens under the above conditions, the length of those specimens did not
actually change, and the width did not change or changed little, with the most significant
difference being the change in thickness. According to the requirements of the EN 312
standard, swelling in thickness varied between 8–14%, depending on the type of panel.
Upon focusing on these values, it can be said that the value of each change in terms of
thickness, which was determined during the study, does not reach the minimum allowable
limit even when the specimen is wet and the value decreases by more than double after
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long-term conditioning. The level of water that rises differently in each layer could be
determined by many factors: the density of the individual layer, sorption properties, and
orientation with respect to the sample surface. There could also be small cracks in the wood.
Cracks could also be between layers due to not-high-quality gluing. Such cracks could be
caused by many factors: insufficient amount of glue in a certain area, bad compression due
to various factors, dirt on the surface to be glued, etc.).
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of the specimen; different colors of bars indicate the height of the water rise of each plie of the
LVL panel.
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Table 2. The results of dimensional changes in the specimens and water absorption levels.

Performance
Changes in Specimen Dimensions, %

Water Absorption w ± SD, %
Length Width Thickness ± SD

after soaking for 48 h 0 0–3 7 ± 1.91
34 ± 1.9after long-term

conditioning 0 0 3 ± 0.2

The results show that the water absorption of the samples changed by an average of
34% during soaking. The results of a weight loss over time (standard deviation between
7–11%) are shown in Figure 7. It can be seen that the drying process under which the
specimen were soaked during the subsequent four days was rapid: on average, the levels
of water soaking tended to decrease, from 34–20% each day, with the full four-day decrease
bringing the level down to 8%. After a full twenty-five days, the change in weight of the
soaked samples did not exceed 1% when compared to the initial changes.
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Figure 7. Loss of weight for wet specimens under conditioning (temperature 23 ± 2 ◦C, humidity
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The results of the bending strength are given in Figure 8, the coefficient of variation
was less than 8%. An analysis showed that the bending strength of wet specimens decreased
by almost double when compared to the figures for primary strength, by 45% and 52%
respectively after the first and second periods of soaking (Figure 8). As a result of the
cyclic process that can be referred to as ‘soaking, drying, soaking’, the bending strength
was reduced by 13% compared to those specimens that were soaked only once. However,
the soaking process of the specimens did not have any particular long-term effects on the
change in bending properties. Bending strength after soaking and long-term conditioning
changed only slightly (by about 4%).

The tensile strength results are shown in Table 3. The test, as mentioned, was not
carried out as specified in the standard to find out the “weakest point” of the LVL under
this load. During tensioning, cracks usually appeared at the edges of the specimens, around
the clamps, and propagated in the direction of tension, while the veneer layer began to
break due to the increasing load. The minimum strength that could be sustained by the
specimen differed from the average levels of strength by 9%.
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Table 3. Tensile test results for LVL panels.

Characteristic Value Wet, after Soaking for 48 h Decrease, %

Average tensile force, N 3582 2062 42

Minimum tensile force, N 3290 1840 44

Coefficient of variation, % 7 9 —

The next stage of the test involved carrying out an evaluation of the tensile strength
when the panel was completely soaked in water for forty-eight hours. In this case, a
negative effect was revealed in terms of the water acting against the strength of the slabs.
The observed decrease in the average tensile strength is equal to a figure of 42%, while the
minimum tensile strength was shown to have decreased by 44%. The samples, as expected,
disintegrated at the weakest point. It is clear that even with such a load, moisture has a
great influence not only on natural but also on glued laminated wood.

4. Conclusions

When considering the time it took for water absorption to be carried out in the LVL
panels, it was found that, upon immersion into water of the bottom of the specimen, the
water starts rising quite quickly at the edge of the specimen and, in this case, the first six
hours are the most critical. This is when the highest levels of water rise can be seen along
the length of the specimen. The water continues to rise along the specimen after that time
but at a slower speed. This can be attributed to the increasing opposing force of gravity on
the water. Water rise levels along the specimen were observed throughout the entire 96 h
of testing.

Uneven water rise was observed at the edges of the specimen. After the initial twenty-
four hours of testing and again after the full ninety-six hours of testing, a significant amount
of water rise was observed at the edges of the specimen. The water rise levels inside the
specimen were less significant. After an evaluation of the results was performed and
especially after the 24 h test, it was found that only some veneers were water-soaked. After
96 h, water content levels in virtually all of the veneers were raised, but at different heights.
Most likely, this is related to the large dispersion of the sorption properties of the material
and possible defects.

The study showed that, despite the good water absorption levels of the LVL panels that
had been tested (absorption levels were found to be at 34%), the observed changes in panel
thickness were significantly less than those allowed by the EN 312 standard. Therefore,
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despite the relatively high water absorption levels of the LVL panel, the correct dimensions
of the panel remain ensured.

During the assessment of the impact of water on the bending strength properties of
the LVL panels, it was found that water significantly affects the strength of the panels,
which, compared to the strength of the dry panel, decreases to 45% after one soaking cycle
and almost to 52% after two soaking cycles. Analogous results were obtained during an
evaluation of the nonstandard tensile strength of both dry and wet specimens. The tensile
strength of wet specimens is ~40% less than that of dry specimens.

The strength of those panels that were dried back to their initial state was found to be
sufficient again, differing from the initial strength only within the error limits. Therefore,
as in the case of natural wood, in the case of LVL, the mechanical properties of the material
depend on its moisture content and change as the moisture content changes.
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