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Abstract: This study investigates the load-bearing properties of cross-laminated timber (CLT) under
compression perpendicular to the grain. Different series of CLT panels with varying layups, layer
thicknesses, and overall depths were tested. Also, the compression perpendicular to the grain proper-
ties of CLT plate specimens is compared against clear wood and cubic CLT specimens. The results
show a 30% reduction in modulus perpendicular to the grain for cubic samples compared to clear
specimens. Increasing the number of layers from three to five leads to a 21% higher modulus, while
increasing the overall depth from 105 to 175 mm results (with the same number of layers) in a 17%
reduction. The overall depth significantly affects the CLT’s modulus and strength under compression
perpendicular to the grain. The study also compares two analytical models for determining the
transversal compression factor, k. g9. Although the models showed satisfactory results for thinner
CLTs, their accuracy decreased with greater panel depth. These findings enhance the understanding
of CLT panels for structural applications.

Keywords: cross-laminated timber; compression perpendicular to the grain/plane; experimental test;
column-slab-wall

1. Introduction

Multi-story timber construction has grown significantly over the last few decades,
regaining space in architectural design once only reserved for mineral-based construction
materials [1,2]. Incorporating cross-laminated timber (CLT) panels in construction projects
holds the promise of mitigating environmental impacts and substantially reducing carbon
emissions. The emergence of CLT panels in the 1990s, which are now expected to reach a
market share of nearly US $1.5 billion by the year 2024, contributed considerably towards
adopting timber as a construction material [3,4]. Also, a race for the tallest mass timber
building has been following this growth, and a great variety of new structural designs
comprising CLT have increased as well [5]. Its reliability as a versatile engineering material
allows architectural creativity for panelized (i.e., platform-type) construction rather than
conventional post-and-beam construction [4].
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Since CLT slabs are clamped between walls in panelized construction, compression
perpendicular to the plane of floors becomes important to consider since vertical loads land
on lower floors at high values, resulting in localized crushing. Therefore, this effect needs
to be considered during the design of this element. As such, gravity loads are transferred
from the upper walls/columns to the bottom walls/columns using the CLT floor (i.e., load
transmission) or received by an entirely supported floor (i.e., load introduction).

The response of timber against compression perpendicular to the grain is especially
dependent on the load configuration. For example, the effect of uniformly distributed
load on a CLT slab usually develops lower compressive stress perpendicular to the grain
compared to concentrated load from a column on a slab; see Brandner [5]. The fibrous
constitution of timber enables an unloaded timber volume, which is adjacent to loaded
areas, to contribute towards resisting compression perpendicular to the grain stresses in
the case of a concentrated loading scenario. Hence, consideration of load configurations
and geometry of contact areas is crucial for obtaining an economic design of a timber
slab/wall when subjected to compression perpendicular to the grain under a concentrated
load. Following the Eurocode 5 (EC 5) [6] design procedure, basic product properties
(determined on a standardized uniformly loaded prismatic specimen) are transformed
using an adjustment factor (k.go) for each load configuration. These factors take into
account possible stress dispersion effects for loading cases, the possibility of splitting, and
the degree of compressive deformation. Although European standards already present
ke 9o values for structural timber and glulam, a lack of specific values for CLT is still in
discussion for the ongoing revision of EC 5.

Considering the variation in manufacturing characteristics (e.g., layup configuration,
lamellae with or without edge-bonding, lamellae variation regarding lumber-sawn types)
of CLT and the wide variety of possible load configurations it can be subjected to, extensive
research is needed to completely understand its structural behavior under different loading
conditions. In this sense, it is important to mention that “lamellae” refers to the individual
layers or sheets of lumber that make up the CLT panel, while each lamella is a solid-
sawn layer of wood within the CLT structure. Several researchers have made significant
contributions to this endeavor through analytical, experimental, and numerical methods.

Halili [7] conducted experiments on prismatic specimens made from CLT and glulam,
exploring construction parameters like the number of layers, thickness ratio between layers,
and annual ring orientation. CLT exhibited 70% higher stiffness and 30% greater strength
than glulam, attributed to its orthogonal layering configuration. Additional tests on cen-
trally loaded plates were performed to analyze load transmission. Serrano and Enquist [8]
focused on uniformly compressed cubes using line loading with industrially produced CLT.
Their study emphasized the vulnerability of CLT plates line-loaded at the edge and parallel
to the grain of the outer layers, with a particular focus on strength values. They developed
a linear elastic orthotropic finite element numerical model for further analysis.

Salzmann [9] tested various layups of industrially manufactured edge-glued CLT
panels under different point-loading compressive configurations. The study highlighted
the importance of stress distribution models in determining strength and stiffness values
for cross-layered CLT panels. Bogensperger et al. [10] enhanced Salzmann’s finite ele-
ment model to determine the kg9 factors through a parametric study. They introduced
plasticity to simulate elastoplastic behavior and discussed linear correlations between
member depth, strength, and adjustment factors. The study emphasized the need for
future research to reliably determine the k.gp factor for CLT considering various height
and load configurations.

The latest research on this topic was proposed by Brandner [5], who summarized
previous studies in this regard, reported on previous experimental outcomes [11], and
proposed stress distribution models for the oncoming revision of EC 5. Factor kg9 of the
CLT was satisfactorily estimated using his proposed stress distribution subjected to various
load configurations. The validation was conducted for the tests reported by Ciampitti [11].
Recommendations were given for generic load transmission cases (e.g., column below
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wall), and a simplified stress distribution model was proposed and remained open-ended
for additional validation.

A combination of panelized and post-and-beam construction is often preferred where
the columns are resting on the CLT slab. This is when solutions like replacing bearing walls
with columns become especially attractive. Although mentioned and theoretically treated
by Brandner [5], experimental results regarding this load configuration are still missing in
the literature.

This work seeks to further contribute to the understanding of the mechanical behavior
of CLT panels subjected to compression perpendicular to the plane loading where the
column is resting on the slab. For this purpose, at first, non-edge-glued softwood CLT
panels were manufactured and tested in the laboratory. Uniformly compressed prismatic
cubic specimens were also tested to determine their basic properties, followed by applying
a concentrated slab to the CLT slab that resembles the load from the column acting on the
CLT slab. The corresponding k. gy factors are then proposed for CLT using Brandner’s
recommendations [5].

2. Experimental Program
2.1. Raw Material

Pinus elliottii lumber from a homonegous forest located in Piratini/Brazil was used to
manufacture the studied CLT panels. To account for variations, two different batches were
acquired, called Batch 1 and Batch 2. Batch 1 contained a higher proportion of juvenile
wood, while Batch 2 contained more mature wood. The structural adhesive used was a
one-component polyurethane, Jowapur® 686.60, which was supplied by Jowat (Sao José,
Brazil). This adhesive is a fiber-reinforced glue that is cured with wood moisture under
ambient conditions appropriate for load-bearing structural engineered wood products,
such as glulam and CLT [12].

2.2. Clear Wood Properties

The compressive properties of clear wood were determined first. Compressive parallel
and perpendicular to the grain tests were performed in 24 samples as per European standard
EN 408 (2004) [13], following the required testing procedure, specimens’ conditioning, and
dimensions. The geometry of the specimens was adopted as 40 x 60 x 240 mm and
45 x 70 x 90 mm for the parallel and perpendicular to the grain specimens, respectively
(see Figure 1). The moisture content was 12 + 2% at the time of the cutting, and the
specimens were then stored for 7 days in a climate chamber at 24 + 2 °C and a relative
humidity of 65 % 3%.

=\
3

Figure 1. Clear wood compressive specimens cut parallel (a) and perpendicular to the grain (b) and

their test setups.

Mechanical properties were calculated from the acquired load-displacement curves,
which were obtained from the universal testing machine (a DL 3000 model, Emic brand).
The following properties were obtained: modulus of elasticity (E. ) and strength (f. o) in
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compression parallel to the grain; modulus of elasticity (E. g9), strength (f. 99), yield stress
(fc90,y), and tangent modulus (T) in compression perpendicular to the grain. For the yield
stress, as EN 408 does not express a criterion in this regard, ISO 13910 (2014) [14] was used.
The tangent modulus was obtained based on Franke and Quenneville [15]. Displacements
were measured on both sides of the specimens with 0.1 um resolution extensometers. The
gauge length was 150 mm and 50 mm for the parallel and perpendicular to the grain
specimens, respectively.

Each batch of lumber was individually tested, and their results are shown in Figure 2
and Table 1. The juvenile woods obtained in Batch 1 notably show a ductile behavior under
compression parallel to the grain that contrasts with the brittle nature of mature woods
(Batch 2). This is due to the anatomical differences between juvenile and mature woods at-
tributed to them [16]. As per the findings of Bao et al. [17], juvenile wood typically exhibits
shorter and smaller fibers with a thinner cell wall. It is further distinguished by a signifi-
cantly larger microfibril angle, a higher content of extractives, substantially lower wood den-
sity, lower transverse shrinkage but increased differential shrinkage, heightened moisture
diffusion and absorption capacity, and distinct mechanical properties. Kretschmann [18]
reported juvenile to mature ratio ranges between 0.45-0.75 and 0.5-0.9, respectively, in
terms of compressive modulus and strength parallel to the grain. The parallel to the grain
properties of Batch 2 wood is in agreement with the values provided by the Brazilian
standard NBR 7190 (1997) [19] for Pinus elliottii woods.
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Figure 2. Compression load-displacement curves of small-scale clear wood specimens. (a) Batch 1
(juvenile) wood: parallel to the grain; (b) Batch 2 (mature) wood: parallel to the grain; (c) Batch 1
wood: perpendicular to the grain; (d) Batch 2 wood: perpendicular to the grain.
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Table 1. Compressive properties of lumber used for manufacturing the CLT panels.
Batch Statistics (7 a) (I\]/E[Cf’(;) (hffiga) (1]\3/;'122) (;Z'Ig’(;) (I\ffina) (MTPa)
max. 511 5358 27.36 580 6.24 5.80 38.06
Average 495 4268 25.46 427 4.80 4.52 18.94
min. 482 3577 22.10 328 3.93 3.71 5.39
! SD 9.94 575.8 1.63 66.54 0.70 0.62 9.73
CV (%) 2.01 13.49 6.40 15.57 14.60 13.73 41.04
Gy - 0.808 —0.561 0.348 0.510 - 0.149
max. 501 20,020 49.52 654 3.92 4.05 22.58
Average 467 13,070 40.44 428 3.27 3.14 9.49
min. 452 8005 32.11 242 2.83 2.68 247
2 SD 13.75 2771 5.06 128.84 0.26 0.32 6.46
CV (%) 2.95 21.21 12.52 30.12 7.99 10.23 68.02
Gy - 0.470 0.027 0.025 0.570 - 0.859

SD: standard deviation; CV: coefficient of variation; G;: Pearson’s skewness coefficient; p: apparent density;
Eo: Longitudinal modulus of elasticity; f.o: Longitudinal compressive strength; E. 99: Transverse modulus of
elasticity; f.o0: Transverse compressive strength; f.y: Yield stress in compression perpendicular to the grain;
T: tangent-modulus (slope of the curve after yielding).

Concerning perpendicular to the grain properties, despite similar stiffness or moduli in
both batches, distinct characteristics were noted. Notably, juvenile wood exhibited a higher
coefficient of variation in both moduli and strength compared to its parallel to the grain
counterparts. Compression strength perpendicular to the grain surpassed that parallel to
the grain. As indicated by Kretschmann [18], the orientation angle of annual rings and
the percentage of mature wood significantly impact compression strength perpendicular
to the grain, showing no consistent trend. Consequently, the variations between Batch 1
and 2, along with the higher coefficient of variation, can be attributed to differences in
the angle of annual rings and the percentage content of juvenile wood. Previous studies
have reported coefficients of variation values of approximately 30% for E. 99, and up to
4 times variation in tangent modulus in different directions related to the wood’s growth
rings [15,18]. Notably, the obtained mechanical properties tended to be closer to minimum
values than maximum ones, as expressed by Pearson’s skewness coefficient—Gj [20]. For
a more in-depth exploration of clear wood properties, additional details can be found in
Mendes [16].

2.3. CLT Manufacturing and Specimens

A total of 18 CLT panels (6 panels each per different layup) were manufactured
according to the requirements outlined in European standard EN 16351 (2017) [21], and
their dimensions are shown in Figure 3. Boards from series A were manufactured using
wood from Batch 1, which contained a higher amount of juvenile wood. Lamellae for Series
A were 21 mm thick and 120 mm wide, and the ones for both Series B and C were 35 mm
thick and 150 mm wide, having a thickness-to-width ratio above 4, as demanded by the
standard EN 16351 (2017) [21]. The experimental plan is detailed in Table 2.

The manufacturing process of the CLT panels comprised three well-defined stages:
(i) cutting of lumber to the final lamellae dimensions; (ii) adhesive application and confor-
mation of the panel; and (iii) pressing and conditioning. Lumber boards were cut in stage
(i) using woodworking industrial saw machines, and the final thicknesses of the lamellae
were reached with a bench planner, as shown in Figure 4a. Dimensions were measured
with a 0.01 mm resolution digital caliper. Following EN 16351 (2017) [21], in the case of
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resinous conifers, planning must be performed 6 h before gluing. This is to ensure that the
adhesive penetrates correctly into the open pores of the wood surface.

TOP VIEW TOP VIEW
1= =
&= =
H—— o ©® —B
20 mn 150_mm
600_mm 600 mm

SECTION A-A SECTION A-A

1 mm
105 mp
35 mm
105 my

Series A Series B

35 mm

175 mm

Series C

Figure 3. Top view and cross-section illustrations of the CLT panels manufactured.

Table 2. Experimental program related to compression perpendicular to the grain.

Thickness of Total Width (mm) x
Series Type of Test No. of Layers Each Layer Thickness of Length (mm) of No. of Samples
(mm) CLT (mm) CLT Specimens
Series A CLT plate compressed 5 21 105 600 x 600 5
Series B under the wall below the 3 35 105 600 x 600 5
Series C column load configuration 5 35 175 600 % 600 5
Series A CLT prism under 5 21 105 160 x 160 6
Series B pure compression 3 35 105 160 x 160 6
Series C  Perpendicular to the plane 5 35 175 160 x 160 6

In stage (ii), after cleaning the remaining dust from planning, the adhesive was directly
applied to the wood and spread with a spatula, as shown in Figure 4b. The adhesive was
poured at an amount of 200 g/m? as per adhesive specifications [12]. This adhesive was
only applied to the lamellae faces and not on their edges, i.e., the CLT was not edge
glued. Lamellae were then placed under a hydraulic press to conform to CLT plates. Stage
(iii) consisted of pressing the panels to a pressure of 1 MPa for 120 min, as specified by the
adhesive manufacturer, which is shown in Figure 4c. Finally, the CLT panels were stored in
a climate chamber (20 & 2 °C and 65 £ 3% relative humidity) for 7 days on a flat surface
and free of external loads, as displayed in Figure 4d.
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Figure 4. Manufacturing process of CLT panels: (a) planning, (b) gluing, (c) pressing, and (d) finished

Series A panel.

Out of 6 panels, 5 were used for applying a concentrated load simulating a slab
clamped between a wall and a column. Additionally, a total of 9 cubic specimens with a
dimension of 160 (width) x 160 (length) mm were cut from one panel per series to conduct
pure compression perpendicular to the grain properties. The height of the pure compression
samples varied depending on the number of layers and thickness of the layers, as outlined
in Table 2. Brandner [5] proposed that cubic specimens should be taken arbitrarily from
CLT panels, disregarding typical growth characteristics (e.g., knots, cracks, etc.) as well as
typical CLT product characteristics, such as gaps. This allows considering the influence
of different sawing patterns of lamellae within the same layer, i.e., the influence of annual
ring orientation.

As outlined in EN 16351 (2017) [21], the basic properties of the CLT were determined in
compression perpendicular to the plane, according to EN 408 (2004) [13]. The latter standard
demands a minimum compression area of 25,000 mm?. Therefore, this work adopted the
aforementioned square area with 160 mm of the side as the load area (thicknesses shown in
Figure 3), which was also proposed by Salzmann [9] and Halili [7].

2.4. Compression Stress Dispersion Models

Two stress dispersion models were studied in this work: (i) the exact model proposed
by Brandner [5] for generic cases, which is an adaptation of van der Put’s model [8]; (ii) the
simplified model proposed by Brandner [5], in which a stress dispersion angle of 35° is
considered for both longitudinal and transverse layers of CLT. Stress dispersion models
consider different criteria for calculating the effective area for compression perpendicular
to the grain (A..f). This area follows Equation (1) for quadrilateral contact areas, with
effective width (wef) and length (I, ¢f) as the width and length of the contact area (w.
and 1,).

Acef = Weefleeff > Ac = werle @

The k. 99 factors that relate to both of these areas were then determined empirically
and graphically. The empirical calculus compares the experimental results of a particular
compression perpendicular to the plane load configuration against a uniformly loaded
prismatic specimen with no stress distribution. This is described by Equation (2), where
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fe00,Lc and f. 9o p are the compression perpendicular to the grain strengths of a particular
load configuration (LC) and for a prismatic specimen (P), respectively.

f [ A,
kc,90 _ j?,9O,LC _ g,ef > 1.00 @)
c,90,P C

Graphically, the effective area (A f) can be estimated assuming dispersion angles
that depend on the material being compressed. In the case of a cross-layered product like
CLT, EN 1995-2 (2014) [22] suggests different angles for transverse and longitudinal layers.
Brandner [5] adopted these angles as per this standard, assuming a spread angle of 45° (1)
and 15° («t) for longitudinal and transverse layers, respectively. Thereby, Brandner [5]
suggested the ultimate limit state (ULS) design equation considering the k. g9 factor, where
0¢90,4 and F. 90 4 are the design compressions perpendicular to the grain stress and load,
respectively. And, .9 pq is the designed compression perpendicular to the grain strength
based on the basic characteristic value, which is determined over the entire surface-loaded
prismatic specimens, as shown in Figure 5.

Fe00,d : Agef Weefloef
Xc90d = —CA = < f.90pdkeoo with ke = g’e = f; _lc’e <5 ©)
C C c ic

lc,l =l We,1= Wc

F
Ac . c,90

Figure 5. Proposed stress dispersion model of Brandner [5] for the compression perpendicular to the
plane load configuration (reprinted with permission from Ref. [5]. Copyright 2018 Elsevier.).

For generic cases of load transmission between contact areas with unequal dimen-
sions, e.g., loading from a column on a CLT panel, it is suggested to calculate A, and
A of, presented in Equations (4) and (5), using Figure 5. It should be noted that in load
configurations like w ¢f and 1. . might not be in the same plane, i.e., having the same
z-coordinate.

Ac = min[lc,l} lc,Z] ‘min [WC,l; WC,Z] 4)

Ac,ef = maXx [min [lc,ef,l (Z); 1c,ef,2 (Z)] ‘min [Wc,ef,l (Z); Weef2 (Z ) ]] (5)

The solution to Equation (5) is not straightforward to estimate by hand calculation.
For this reason, Brandner [5] proposed a simplified method [denoted as method (ii) in this
article], which indistinctly considers a stress spread angle of 35° for both the longitudinal
and transverse layers of CLT.

2.5. Compression Perpendicular to the Plane Test

Tests were executed following EN 408 (2004) [13] provisions regarding gauge length
and specimen height. Cubic specimens were uniformly loaded and supported. In contrast,
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the plate specimens (in the column below the wall load configuration) were centrally loaded
and line-supported on a width of 195 mm along their minor strength direction, as illustrated
in Figure 6. On both cubes and plates, the load was applied through a 160 mm wide and
40 mm thick A36 steel square plate (as per ASTM standard). This compression plate was
monolithically rigid, i.e., it did not have a spherical head, so the downward movement
remained flat. Displacements were measured using the displacement transducer of the
testing machine, with a 0.1 um resolution. Thus, displacements were determined over the
whole specimen depth. A preload of 500 N was applied before the testing began to avoid a
possible horizontal slip of the loading plate.

(0\’0 . M /60

\bQ 2, 2 bQQ

> 0
A\ 2y,

\6Q \.(\(\'\ v

variable

variable
e ”

@ .. ®

Figure 6. Setups of cubic and plate CLT specimens used for compression perpendicular to the plane
tests: (a,c) a total of 9 cubic specimens with a dimension of 160 (width) x 160 (length) mm were
cut from one panel per series to conduct pure compression perpendicular to the grain proper-ties;
(b,d) out of 6 panels, 5 were used for applying a concentrated load simulating a slab clamped between
a wall and a column.

Regarding the cubic specimens, 3 cubic specimens per series were used to calibrate
the descent speed of the actuator in order to reach the maximum load, F. 99 max, within
300 £ 120 [13]. Test speeds of 0.5 mm/min, 0.55 mm/min, and 0.8 mm/min were adopted
for Series A, B, and C, respectively. The test end criterion was a duration of 600 s. For the
bearing specimens, a test speed of 0.7 mm/min was adopted for Series A and B, whereas
Series C was loaded at 0.95 mm/min. The tests ended at the end of 900 s, or when a
force of 290 kN (cell load capacity) was reached. The obtained results for E. g9 and f. g9
underwent ANOVA tests. Whenever the null hypothesis was rejected, comparisons of the
averages were conducted using Fisher tests at a significance level of 5%. The Fisher tests
were employed to elucidate discrepancies among the means, as ANOVA alone may not
provide a comprehensive explanation. Significant differences were determined based on
the F and p values obtained from the tests.
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3. Results and Discussion
3.1. Experimental Results
3.1.1. Cubic Specimens

Load-displacement curves and mechanical properties of CLT cubic specimens are
shown in Figure 7 and Table 3. As seen in Figure 7, consistent results and behavior
can be observed among the samples of the same series, which indicates a satisfactory
manufacturing process. Taking into account all series of the manufactured CLT panels, the
modulus of elasticity (Ec 9o crrp) and strength (f. g90,crrp) in compression perpendicular
to the grain varied between 240-357 Mpa and 3.95-5.10 Mpa, respectively. Utilizing the
average E.oocrrp and f.gocrrp values from Bogensperger et al. [10] for spruce wood
(450 Mpa and 3.33 Mpa) and Ciampitti [11] for pine wood (391 Mpa and 3.48 Mpa) for
prisms with quadrangular planes (cubic specimens of 150 x 150 x 150 mm?), Brandner [5]
proposed corresponding characteristic values of 400 Mpa and 3.0 Mpa. Brandner also noted
that only a minor increase in these properties is observed with an increasing dimension of
Ac. Consequently, the obtained strength value aligns well with the results documented in
the literature. However, the modulus of elasticity remains relatively lower compared to the
reported values in the literature. This discrepancy was also noted by other authors [8,22].
Therefore, it appears that the discrepancies observed in both studies share a commonality in
terms of lower property values compared to the broader recent literature. Since Series B and
C were made from different wood batches compared to Series A, a few observations can be
noted. When comparing the modulus of elasticity of 3 vs. 5-layer CLT with the same depth
of 105 mm, the 5-layer CLT (Series A) was found to be 21% higher compared to 3-layer
CLT (Series B) of the same depth, and this is due to the interlocking effect provided by the
orthogonal layers of CLT. Similar observations were made experimentally by Halili [7] and
numerically by Bogensperger et al. [10]. Furthermore, a 17% decrease in terms of modulus
of elasticity was observed for thicker CLT specimens (Series C) compared to a thinner one
(Series A) when the number of layers remained the same. This conclusion aligns with the
observation reported by Salzmann [9]. It is related to increased internal stresses, altered
distribution of wood fibers, or other structural aspects specific to thicker configurations.
The reference to Salzmann [9] suggests that the observed decrease in modulus of elasticity
for thicker CLT specimens in our study is consistent with prior research, reinforcing the
validity and reliability of our findings in the context of the existing literature.

3.1.2. Plate Specimens

Load-displacement curves of CLT specimens tested on the column below the wall load
configuration are shown in Figure 8, and their calculated mechanical properties are listed in
Table 4. The experimental outcomes of Ciampitti [11] were consistent with the findings of
the current study. In contrast to Brandner’s [5] statement that load dispersion cases lead to
smaller variation in results, the current study found higher coefficients of variation values in
CLT plate specimens compared to cubic specimens. Compared to the cubic specimens, the
variability (in terms of load-displacement behavior) between the samples, or the coefficient
of variation in each series, is higher for the plate specimens. This variation can be attributed
to the size effect. Since the plate samples are larger than the cubic specimen, the natural
variations in wood, such as the presence and location of natural defects, can influence the
mechanical behavior. In the post-yield region, the variation becomes more pronounced
since the location and size of natural defects can result in different crack propagation and,
hence, failure paths that lead to variations in ultimate strength.

While examining the effect of a number of layers (with equal depth), minor changes in
strength and modulus of elasticity can be observed between Series A and B. In contrast,
when the number of layers remains the same but the overall depth is increased (Series A vs.
C), a significant increase in modulus and strength is obvious. This demonstrates the fact that
more bearing area is available in Series C due to its higher depth, which contributes to its
load-bearing capacity. This can be further explained by the stress dispersion model shown
in Figure 5, which shows that a higher depth of the element will provide more bearing area
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to carry the same amount of load, which ultimately results in higher load-bearing capacity
before failure.

140 140
120 120
2 100 = 100 CLsB
——Cl1-s
< 80 / —C1-sA x 80 C2-sB
o C2-sA S
s 60 g 60 C3-sB
3 4 c3-sA 9 40 C4-sB
Ca-sA - S
20 ——C5-sA 20 ——C5-sB
—— C6-5sA - C6-sB
0 2 4 6 8 0 1 2 3 4 5 6 7 8
Displacement (mm) Displacement (mm)
(@) (b)
140
120

100
80
60
40
20

Load (kN)

Displacement (mm)
(©)

Figure 7. Load-displacement curves of cubic CLT specimens acquired by compression perpendicular

to the plane. (a) Series A cubic specimens; (b) Series B cubic specimens; (c) Series C cubic specimens.

Table 3. Experimental modulus of elasticity and strength of cubic CLT specimens evaluated by
compression perpendicular to the plane.

S Ec90,cLT,p (MPa) SD CcVv
eres min. Average Median max. (MPa) (%)
A 308.3 328.9 329.0 357.0 18.08 5.50

B 239.6 272.2 274.0 302.7 22.87 8.41

C 259.2 281.1 277.5 308.7 18.40 6.55
Seri fe.90,cLr,p (MPa) SD cv
eries min. Average Median max. (MPa) (%)
A 4.08 4.45 4.39 4.94 0.31 6.93
B 4.51 4.72 4.68 5.10 0.20 425
C 3.95 4.16 4.10 4.49 0.22 5.34

SD: standard deviation; CV: coefficient of variation.
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Figure 8. Compression perpendicular to the plane load-displacement curves of the bearing CLT plate
specimens. (a) Series A plate specimens; (b) Series B plate specimens; (c) Series C plate specimens.

Table 4. Experimental compression perpendicular to the plane modulus of elasticity and strength of
plate CLT specimens.

Seri Ec90,cLtLc (MPa) SD cv
eries min. Average Median max. (MPa) (%)

A 265.0 343.2 352.0 411.0 53.31 15.90

B 192.0 301.0 331.0 340.0 62.13 20.64

C 375.0 507.0 542.0 569.0 77.12 15.21
Seri fe0,cLrie (MPa) SD cv
eries min. Average Median max. (MPa) (%)

A 6.02 6.87 6.40 791 0.83 12.16

B 5.72 6.46 5.96 7.94 0.94 14.59

C 6.32 8.92 9.28 10.63 1.65 18.44

SD: standard deviation; CV: coefficient of variation.

Concerning failure modes, all specimens presented a very localized crushing around
the loaded area (see Figure 9a), with the exception of the P4-sC specimen (see Figure 9b),
which was also subjected to a rolling shear failure on the exterior border of the loaded
lamellae. The exterior end (in the support region) is subjected to higher shear stress, where
delamination occurred first in the P4-sC specimen, which then led to rolling shear failure.
The delamination and rolling shear failure are shown in green and red lines, respectively,
in Figure 9b.
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Figure 9. Failure modes of CLT plates: (a) crushing of loaded area; (b) tension perpendicular to the
grain of the P4-sC specimen.

3.1.3. Compressive Stress Dispersion and k.9 Factor

Table 5 presents the k. o factor for the CLT plate tests, which were determined from
the experimental data using the models proposed by Brandner [5]. In accordance with
Brandner’s proposed methodology [5], when dealing with load distribution and contact
areas of varying dimensions, it is recommended to determine Ac equal to the sectional
area of A.; and A, expressed as Ac = min[{.1; {.2] x min[w.1; W], as illustrated in
Figure 5. In scenarios where the contact areas are of equal dimensions but not squared, 1. ¢¢
and w ¢ may not align within the same plane, i.e., have the same z-coordinate. In such
cases, it is advisable to compute A ¢ using the formula A ¢ = max[min[/. e 1 (2); £ ef2
(2)]-min[wgef1 (2); Weet2 (2)]]. This equation is employed to define the positions of the red
lines depicted in Figure 10.

Table 5. Experimental and analytical k. 99 factors for plates tested on bearing load configuration.

A
. A (m:;ji) Ke,90,vp Ke,90,5 K90
Series (mm?)
Acetvp  Acefs  Keoovp=y/“550  koone=y/ 5 Keso= n:;:
A 25.600 63.162 63.001 1.57 1.57 1.54
B 25.600 58.569 63.001 1.51 1.57 1.37
C 25.600 89.441 90.000 1.87 1.88 2.15

4 N

(a) Exact dispersion model

L/ N 4
_/ N

N /]

(b) Simplified dispersion model

Figure 10. Stress dispersion models applied to a Series C bearing plate specimen (reprinted with
permission from Ref. [5]. Copyright 2018 Elsevier).
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Figure 10 graphically compares both these models for a Series C plate, where the red
line represents the corresponding length and width of the effective area of compression per-
pendicular to the grain A ¢ for each of them. The values of the factor k. gg are determined
using three methods. In the first method, an exact adaptation of Van Der Put’s model is
implemented as per Equation (2), which is designated as kg vp. The simplified dispersion
model, proposed by Brander [5], is adopted as the second method following Equation (3)
to determine kg9 s. The third approach is the real experimental values determined for
cubic and bearing specimens, as reported in Tables 3 and 4. Here, for both longitudinal and
transverse layers, an angle of 35° was considered.

While comparing the efficacy between the VP and simplified model, the variation
between the k. 9o factor determined using these two methods is negligible for all three
series. However, when these calculated values using analytical approaches are compared

. . ;
against the real experimental values (kclgo = %OL;
c,9U,

the k. go factor for Series A and B but underestimates it for Series C. The overestimation,
however, is within 2 and 10-15% for Series A and B, respectively, which have an overall
depth of 105 mm. As the overall thickness increased to 175 mm (Series A), the analytical
approach underestimated the k. g factor by approximately 13% (1.88/2.15 = 0.87). This
might be inferred as a limitation for the analytical approach towards the increase in thick-
ness of CLT. This is because the difference between the actual and calculated bearing area
increases with the increase in the overall thickness of the CLT. Further study is needed to
modify the k¢ g9 factor to account for the varying depth of the CLT panel [5].

), the analytical approach overestimates

3.1.4. Comparison of Compression Perpendicular to the Grain Properties

Figure 11 illustrates a comparison of moduli and strengths related to compression
perpendicular to the grain properties for three types of testing conducted on clear wood,
cubic, and plate CLT specimens. When examining the modulus of elasticity (Figure 11a), it
is observed that cubic specimens exhibit slightly lower values compared to clear specimens.
This outcome is anticipated since clear specimens are devoid of any defects. The modulus
tends to increase for CLT plate specimens in comparison to cubic ones across all series, albeit
remaining below the values observed for clear specimens in Series A and B. It's important
to note that compression perpendicular to the grain in CLT is not purely compressive
due to the potential for localized load resulting in bearing failure. However, the load
dispersion discussed in the previous section contributes to an overall increase in capacity
for CLT. As the depth of CLT increases, the dispersion area also expands, leading to a higher
modulus of elasticity for 5-layer CLT (Series C), ultimately surpassing the capacity of the
clear specimen. Therefore, the behavior of the modulus of elasticity perpendicular to the
grain can be summarized as follows:

o  The elastic modulus in compression perpendicular to the grain decreases due to the
size effect.

e  The elastic modulus in compression perpendicular to the grain increases due to the
increase in thickness.

The compression perpendicular to the grain strength exhibits different characteristics
compared to the respective modulus, as discussed above (Figure 11b). For a higher per-
centage of mature wood (Series B and C), the compressive strength perpendicular to the
grain increases from clear wood to cubic CLT and from cubic CLT to CLT plate. Series A
also behaves similarly, except for the cubic specimen, which has a slightly lower strength
(8%) compared to the clear wood specimen. In general, the size effect is found to be less
pronounced for strength, which is in contrast with elastic modulus. Within the context of
this study, the strength increases with the increase in thickness of the specimen.
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Figure 11. Elastic modulus (a) and strength (b) related to compression perpendicular to the grain
properties related to three types of testing regimes.

4. Conclusions

CLT panels with three different layups were manufactured and tested under compres-
sion perpendicular to the plane. The effects of layer thickness and the number of layers
were investigated. Series A and C consisted of five layers, whereas Series B consisted of
three. The overall depth of Series A and B was kept at 105 mm with a layer thickness of 21
and 35 mm, respectively. Series C had a layer thickness of 35 mm, resulting in an overall
depth of 175 mm. These three series of samples were tested under two loading conditions.
In the first instance, cubic CLT specimens were tested under uniform compression perpen-
dicular to the grain. In the second scenario, a concentrated point load was applied to a large
CLT panel to simulate loading from a column resting on the CLT slab and a slab resting on
the wall (bearing capacity). Furthermore, clear wood samples were characterized before
making the CLT panels to investigate the mechanical properties of the feedstock. Lastly,
the stress dispersion model proposed by Van Der Put and Brander to determine the k. g9
factor was validated against the experimental value.

e  When comparing the compression perpendicular to the grain properties of clear
specimens and cubic samples under uniform compression, there was an approximate
reduction of 30% in the modulus perpendicular to the grain. This can be attributed
to distinct failure modes and their associated mechanisms observed in CLT panels.
The reduction in strength perpendicular to the grain was, however, found to be
less affected.
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e  For a constant overall depth (105 mm) of CLT with varying numbers of layers (three
vs. five layers), the modulus of elasticity perpendicular to the grain was found to
be 21% higher for CLT with more layers. This effect on the compressive strength
perpendicular to the grain was less significant.

e  With an increase in the overall depth of CLT (105 vs. 175 mm), the modulus of elasticity
perpendicular to the grain was found to be reduced by 17%. The increased depth can
lead to an increased likelihood of internal stresses and deformations within the panel
due to variations in moisture content and drying gradients. These internal stresses can
affect the overall stiffness and contribute to a reduction in the modulus of elasticity
perpendicular to the grain.

e  For the CLT plate tests, the overall depth of the CLT significantly influences both the
modulus of elasticity and strength under compression perpendicular to the grain. An
increase of 47 to 68% in modulus of elasticity and an increase of 30 to 38% in strength
were observed as the overall depth increased from 105 to 175 mm.

e  While determining the k. 99 factor analytically, both Van Der Put’s exact dispersion
model and Brander’s simplified model yield similar results, irrespective of the depth
of the CLT panel. However, there might be an accuracy limitation for these approaches
with increasing CLT thickness due to the larger variation of stress distribution with
the larger wood volume being loaded.
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