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Abstract: Embedment strength is an important factor in the design and performance of connections
in timber structures. This study assesses the embedment strength of lag screws in three-ply cross-
laminated timber (CLT) composed of densified poplar wood with densification ratios of 25% and
50%, under both longitudinal (L) and transverse (T) loading conditions. The embedment strength
was thereafter compared with that of CLT reinforced with glass-fiber-reinforced polymer (GFRP).
The experimental data was compared with results obtained using different models for calculating
embedment strength. The findings indicated that the embedment strength of CLT specimens made
of densified wood and GFRP was significantly greater than that of control specimens. CLT samples
loaded in the L direction showed higher embedment strength compared to those in the T direction. In
addition, 50% densification had the best performance, followed by 25% densification and GFRP rein-
forcement. Modelling using the NDS formula yielded the highest accuracy (mean absolute percentage
error = 10.31%), followed by the Ubel and Blub (MAPE = 21%), Kennedy (MAPE = 28.86%), CSA
(MAPE = 32.68%), and Dong (MAPE = 40.07%) equations. Overall, densification can be considered as
an alternative to GFRP reinforcement in order to increase the embedment strength in CLT.

Keywords: embedment strength; densification; cross-laminated timber

1. Introduction

Cross-laminated timber (CLT) is a type of wood product consisting of at least three
orthogonal layers of solid-sawn lumber bonded with adhesive, fasteners, or wooden
dowels [1]. Timber construction with CLT has gained popularity in both residential and
commercial applications.

Due to the load-bearing resistance of CLT, the efficacy of wood structures is highly
dependent on the applied connections [2,3]. In CLT structural systems, connections are
essential for lateral force transfer and energy dissipation [4]. Carpenter-made mortise and
tenon joints are typically found in traditional wood structures, but these conventional
connection types are rarely used in contemporary wood structures. Instead, a variety
of standard metal connectors and dowels are utilized [5-7]. Various factors can impact
the load-bearing capacity of connections between cross-laminated timber (CLT) elements,
including the type of wood species and technology used in CLT production, the specific
design of the engineering connection, environmental conditions such as ambient temper-
ature and air humidity, the type of applied load (static or dynamic), and the quality of
workmanship [8,9].
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Connections and fasteners in timber structures are subjected to numerous external
loading conditions, including the lateral load. Estimating the embedment strength of CLT
is essential, especially under lateral load conditions. In general, embedment strength is
a system property representing the resistance of wood to laterally loaded embedment
fasteners. When fasteners are inserted into the side face or the narrow face of cross-
laminated timber (CLT) at different angles relative to the fastener axis and load, the resulting
system property encompasses a range of inputs from the layers and laminations, which is
due to the varied load-grain angles [7].

Due to considerable variations in embedment strength, deformation, ductility, and
failure modes between the longitudinal and transverse layers, the orthogonal lamination
complicates the connection properties of CLT [1]. Additionally, due to the orthogonal
lamination, the embedment locations of dowels in CLT become more complicated. It is
possible to locate dowels parallel and perpendicular to the grain within and between a
single lamina in one layer as well as between layers when dowels are installed on the
narrow face of CLT [1]. Similarly, when installed on the flat side of the CLT panel, the
dowels may penetrate into multiple layers. Therefore, it is necessary to evaluate the
embedment strength in wood structures. The embedment strength of wood is necessary
for estimating the capacity of structural timber connectors using dowel-type fasteners.
This strength is derived from expressions that are based on tests carried out on timber.
Dowel-type connectors are the most frequent form of joint used in modern construction,
and they are typically made of wood or metal [10]. Dowel-type connections provide a
number of benefits, one of which is their ductile characteristic, which makes it possible for
considerable relative deformations and rotations to occur between the wood pieces [11].
Therefore, the embedding strength is not a specific attribute of the material but rather a
property of the system. Different empirical equations have been proposed to estimate
embedment strength. However, a thorough examination is necessary to develop novel
approaches that include relevant derived factors for the designer’s benefit [10].

Numerous factors influence the embedment strength of wood and engineered wood
products (EWPs), including the type of wood species, density, moisture content, loading
direction, dowel diameter, and so on [12].

Multiple studies have evaluated the embedment strength of connectors in CLT. Blaf3
and Uibel [13] and Uibel and Blafs [14-16] conducted the first investigations of the embed-
ment strength of laterally loaded dowel-type fasteners in CLT. Santos et al. [17] observed
that wood density and embedment strength are related. This positive correlation was
also reported by [16]. A study on the nail-bearing strength of hybrid CLT composed of
Japanese larch and yellow poplar [18] revealed that increasing the higher ratio of minor
lamina thickness to nail depth resulted in a lower embedment strength in the hybrid CLT.
To obtain effective bearing resistance of the nail connection, the length of the nail used
for the mixed CLT should be chosen based on the thickness of the minor lamina. Several
additional studies [19-22] have investigated the embedment strength of connectors in CLT
and wood-based products. They worked on the embedment strength of EWPs such as CLT
made of various wood species.

The timber species used to manufacture CLT significantly affects its properties. Poplar
is a fast-growing tree, which is advantageous in nations with a wood supply shortage.
Several studies have examined the CLT properties of fast-growing timber species [23-29].

It is essential to reinforce the wood, notably at vulnerable connection points [30].
In addition, the low density of certain wood species, such as poplar, may results in un-
desirable mechanical properties. There are various techniques to reinforce EWPs and
improve the mechanical strength of timber structures, including but not limited to rein-
forcement using metals or fiber-reinforced polymers (FRPs). According to Saribiyik and
Akguuml [31], reinforcing the connections aims to preserve the continuity of structures and
lessen the drawbacks of connection elements with nails and bolts. Several investigations
on concrete [32,33], metal plates [32,34-36], rods, and bars as reinforcement in wood-based
products have been performed.
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Additionally, FRPs can be used in different ways for reinforcement [37]. Due to their
strength-to-weight ratio, glass-fiber-reinforced polymers (GFRPs) appear to be an optimal
fiber type for reinforcing wood components [31]. Douglas fir split timber stringers were
strengthened for shear and bending forces with GFRP layers. Depending on the severity
of beam fracture prior to reinforcement, the proposed strengthening design increased the
stiffness [38]. Hay et al. [39] showed that diagonal (0-90° lay-up) GFRP layers were more
effective than vertical ones in shear-strengthening creosote-treated Douglas fir beams with
horizontal fractures at their extremities. The mechanical characteristics of connecting points
of fiber-reinforced longitudinal notched lap joints fabricated from black pine lumber were
investigated [31]. The results demonstrated that GFRP could be utilized as a connecting
mechanism for timber members. Wu et al. [40] created a GFRP wood-affixed connection
as a replacement due to the potentially corrosive character of steel-plated pine wood
connectors. According to their findings, the majority of GFRP wood-bolted connectors
failed due to the bearing failure of the bolt openings in the wood panels when subjected to
lateral tension load.

Densification is another method for enhancing the mechanical properties of timber
and timber-based products that increases the strength, hardness, and abrasion resistance
of timber [41]. Densified timber can be utilized by creating laminates and processing the
densified wood with a similar construction to that of laminated veneer lumber (LVL), glue-
laminated timber (Glulam), and CLT. Feng and Chiang investigated the mechanical strength
of CLTs manufactured from densified wood [42]. The use of densified timber enhanced the
CLT’s bending strength and rigidity, with an increase in modulus of elasticity (MOE) and
modulus of rupture (MOR). A similar study on the use of densified wood was conducted
by Salca et al. [43], who manufactured and tested densified plywood. MOE, MOR, and
shear strength increased, as did the bonding quality of the adhesives between panels.

There is currently a knowledge gap on evaluating the effects of densification and
GEFRP reinforcement on the embedment strength of CLT manufactured from fast-growing
poplar wood. Thus, this study aims to compare the embedment strength of CLT made of
densified timber with that of reinforced with GFRP in two loading directions in order to
determine which reinforcing technique may be more advantageous. In addition, different
approaches are used to calculate the embedment strength and find the model yielding
minimum error compared to the experimental data.

2. Materials and Methods
2.1. Materials and CLT Fabrication

Three-ply CLT panels made of air-dried poplar (Populus alba) wood with moisture
content of around 12% and oven-dry density of 400 + 10 kg/m> were used in this research.
CLT panels were produced in four groups. The thickness of the boards was 2 cm. One group
was reinforced with GFRP using a bidirectional (0° /90°) E-glass fiber fabric (fiber tensile
modulus and density of 70 GPa and 2.55 gr/cm?, respectively), as shown in Figure 1. Three
GFRP layers were added to each surface. Two groups were manufactured with densified
wood in two densification ratios (25% and 50%). In order to manufacture densified wood,
lumber panels were placed between heated platens in a hydraulic press and compressed.
Then, CLT panels were made from the densified wood. The last group consisted of CLT
with non-densified wood, considered as a control group (0). A summary of the sample
groups is detailed in Table 1. All components were cold-pressed for 150 min and pressure
of 1 MPa with one-component polyurethane glue.
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Figure 1. GFRP arrangement in CLT layers.

Table 1. Sample groups and repetitions.

Sample Groups Repetitions Description
Control )
(unreinforced) 10 No reinforcement
OL, 0T (Loading direction: L = longitudinal, T = transverse)
Reinforcement with 25% densification (loading
25L 10 N o
direction: longitudinal)
Reinforcement with 25% densification (loading
25T 10 L
direction: transverse)
Reinforcement with 50% densification (loading
50L 10 - oo
direction: longitudinal)
Reinforcement with 50% densification (loading
50T 10 L
direction: transverse)
GFRPL 10 Relnforf:em(?nt with GFRP (loading
direction: longitudinal)
GFRPT 10 Reinforcement with GFRP (loading direction: transverse)

Embedment Strength Modelling and Experiments

After preparing the CLT panel, specimens with dimensions of 15 cm x 8 X cm X 6 cm
(length x width x thickness) were cut from the panel for the embedment strength test
(Figure 2). A lag screw (s) with a diameter of 8§ mm was used as a fastener. The characteris-
tics of the fastener are detailed in Table 2.
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(a) (b)
Figure 2. Loading directions of CLT samples for embedment strength: (a) loading in longitudinal (L)
direction; (b) loading in transverse (T) direction.

Table 2. Characteristics of lag screw.

Length of the Head Height Da Ds Length of the

Lag Screw (DIN 571) Screw (L) (mm) (K) (mm) (mm) (mm) Thread (b) (mm)

54 5.5 8.5 7 44

da

Finally, the embedment strength (o) was calculated using o (%) = £, in which Fis

the yield load obtained from the 5% offset method (N) and A is the embedment area (mm?).

To determine the embedment strength, specimens were subjected to loading in two
directions of longitudinal (L) and transverse (T), as shown in Figure 3 using a Hounsfield
testing equipment model 0308 (Figure 3) and a loading pace of 5 mm/min.

Figure 3. The loading apparatus of CLT samples for embedment strength testing.
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2.2. Statistical Analysis

The data was assessed statistically as a complete factorial design consisting of two
factors using the SPSS 25 program. The densification ratio (in three levels: 0, 25, and
50) and two CLT loading directions (L and T directions) were the two factors that were
taken into consideration for the statistical analysis. ANOVA test used to analyze those
factors statistically through the main and interaction effects. Afterward, the results (means)
of densified CLT samples were compared to those reinforced with GFRP. Four different
sample groups, each with ten replicates, were put through their paces throughout the
testing process. These sample groups included control (unreinforced) CLT specimens,
CLT samples with 25% densified layers, CLT samples with 50% densified layers, and CLT
samples reinforced with GFRP, all of which were loaded in both the longitudinal (L) and
transverse (T) directions. The statistical differences between the means were analyzed
using the multiple range test developed by Duncan with a confidence level of 95%.

2.3. Embedment Strength Equations

Currently, a number of distinct models of computation for CLT embedment strength
are available. The most important calculation models are discussed in this part so that a
comparison can be made between them.

The Kennedy [44], NDS [45], Ubel and Blub [46], Dong [2], and CSA [47] equations
were used in this study to predict the embedment strength of CLT. These equations were
developed based on various factors, such as density, loading direction, and so on.

Kennedy et al. conducted a comprehensive study including about 720 embedment
tests on Canadian cross-laminated timber (CLT) using lag screws, as well as 360 tests
using self-drilling screws. The experiments included a range of screw sizes from 6.0 mm
to 19.1 mm. A regression model that is not influenced by the panel layup and fastener
diameter was constructed. According to Kennedy’s model, the embedment strength is
calculated as follows:

80(p12 — 0.12)111
1.07(p12 — 0.12) " sin6 + cos26

)

f 6,avg,Ken =

where fg 504 is average embedment strength (MPa), p1 is density at 12% moisture content
(g/cm?), and 6 is loading angle relative to the grain of face layer (°).

Based on the NDS model, the strength of the face layer’s embedment is linked to the
“effective” bearing length of the fastener. This bearing length is changed proportionally
based on the embedment strengths of both the transverse layer and the longitudinal layer.

According to the NDS model, the embedment strength is calculated as follows:

; oy 77Go o 77Go
008 NDS 1 "0.36Gy 0B d055in20 + cos20 | Lp 036Gy 025050526 + sin6

()

where Gy is measured relative density for the species or species group based on oven-dry
mass and volume; [ is the lag screw embedment length in parallel layer (s); L. | is the lag
screw embedment length in cross layer (s); 1, is the embedment length of the lag screw in
CLT specimen; and d is fastener diameter (mm).

Ubel and Blub conducted pioneering research on the lateral loading behavior of
dowel-type fasteners in cross-laminated timber (CLT) panels. The researchers conducted
experiments on smooth dowels ranging in diameter from 8 mm to 24 mm. These dowels
were tested in both three- and five-layer cross-laminated timber (CLT) components. The
dowels were strategically placed at gaps of one to three layers and subjected to loading
at angles of 0°, 45°, and 90° with respect to the grain orientation of the face layer. The
model is formulated as a mathematical expression that incorporates the variables of fastener
diameter, overall wood density of the panel, and loading direction in relation to the strength
axis of the panel, namely the grain direction of the surface layers of the cross-laminated
timber (CLT) panel.
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According to Ubel and Blub’s model, the embedment strength is calculated as follows:

n '.1_1 t
i—1to Lj-1 90,j

t(1.25in29 + 60529) " t(1.2c0529 + sin29)

fomvgup = 111.7(1 — 0.016d) p15° x o

where £ is the thickness of the CLT longitudinal layer i, and tgp ; the thickness of the CLT
transverse layer i.
According to Dong’s model, the embedment strength is calculated as follows:

R, 1-R,
) + ) )
1.41c0s20 + sin“0  1.41sin“0 + cos?0

fo.a0g,Dong = 336.4(0.45 — 0.02d) py, x ( 4)

where R; the ratio between the total thickness of the transverse layers and the CLT thickness.
According to the CSA’s model, the embedment strength is calculated as follows:

0.9 x 82,,,(1 — 0.01d)
0.9 x 2.275in%0 + c0s26

fG,avg,CSA = (5)

All of the notation used in all equations is mentioned above. Mean absolute percentage
error (MAPE) values were used to evaluate the prediction performance of each model as
follows (Equation (6)):

i=1 Yi

where y; is the experimental value, y,, is the predicted value, and  is the total amount of
data. The lower the MAPE values, the smaller the difference between experimental and
predicted values.

& (i vyl
MAPE = EZ ( 100 (6)

3. Results and Discussion
Effect of Densification Ratio and Loading Direction on Embedment Strength
With a confidence level of 95% (p-value > 0.05), the results of the analysis of variance

(ANOVA) shown in Table 3 suggest that both the densification ratio and the loading
direction had significant main impacts on embedment strength.

Table 3. ANOVA table for main and interaction effects of densification ratio and loading direction on
embedment strength of CLT samples.

Mean .
Property Source df Scquare F Sig.
Embedment Densification ratio 2 2079.221 124.640  0.000 **
streneth Loading direction 1 151.877 9.104 0.004 **
8 Densification ratio x loading direction 2 4.520 0.271 0.764 18

** significant at 99% confidence level, ™ non-significant.

As can be seen in Table 4, when compared to the control specimens, the embedment
strength of CLT samples improved by 46% and 66.8%, respectively, with a 25% and 50%
increase in densification ratio. Furthermore, it was discovered that the embedment strength
of the CLT samples was 8% greater in the longitudinal (L) direction compared to the
transverse (T) direction when the main effect of the loading direction of the CLT samples
on embedment strength was considered. This was due to the fact that both of these factors
were changed simultaneously. In addition, the findings showed that the embedment
strength of CLT samples with a densification ratio of 0 (control samples), 25%, and 50%
in the longitudinal loading direction of CLT samples was 10.9%, 5.4%, and 8.8% greater,
respectively, compared to the transverse loading direction.
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Table 4. Main and interaction effects of densification ratio and loading direction on embedment
strength of CLT samples with Duncan test results.

Main Effects
0 29.8 (4.65)* Ax*
Densification ratio 25 43.7 (3.4) B
50 49.7 (4.76) C
Loading direction T 39.44 (9.29) A
L 42.62 (9.41) B
Interaction effects
Densification ratio Loading direction Embedment strength (MPa)
0 T 28.24 (4.88) A
L 31.33 (4.07) A
o5 T 42.52 (3.61) B
L 44.8 (2.92) BC
50 T 47.58 (4.19) C
L 51.75 (4.54) D

* The values in parentheses represent standard deviation. ** The letters show Duncan test results.

Comparing the embedment strength of CLT samples manufactured from densified
wood and those reinforced with GFRP was one of the goals of this investigation. The
embedment strength of the GFRP-reinforced CLT samples was compared with that of CLT
samples constructed out of densified wood, and the average embedment strength of the
CLT speciments is illustrated in Figure 4. The highest embedment strength belonged to
the 50L samples (51.75 MPa), while the lowest embedment strength belonged to the 0T
samples (28.24 MPa). The embedment strength of the CLT samples in the L direction was
greater than in the T direction. More specifically, the embedment strength of 0L, 25L, 50L,
and GFRPL samples was 10.9%, 5.4%, 8.8%, and 6.8% more, respectively, than that of their
counterpart samples tested in transverse direction. Reinforcement with 25% densification,
50% densification, and GFRP improved the embedment strength by 43%, 65.2%, and 43.4%,
respectively, compared to the unreinforced samples in the L direction (OL). On the other
hand, reinforcement with 25% densification, 50% densification, and GFRP improved the
embedment strength by 50.6%, 68.5%, and 49%, respectively, compared to the unreinforced
samples in the T direction (0T). In addition, no significant difference was observed in the
embedment strength of reinforced CLT samples with 25% densification and GFRP in both
directions (L and T). Therefore, it can be concluded that CLT with the same embedment
strength can be produced using wood with a densification ratio of 25% rather than rein-
forcing it with GFRP. This alternate method demonstrates more efficiency in terms of both
its cost and implementation. Previously, it was reported that embedment strength perpen-
dicular to the grain was lower than that parallel to the grain [1,2,48,49]. Reinforcement
with densification enhanced the wood density resulting in higher embedment strength of
CLT samples. From a designer’s point of view, wood density and dowel diameter are the
main properties of design. There are also some approaches where density is the only pa-
rameter [22,50]. Concerning face side insertion in CLT, Uibel and Blab [15,46] evaluated the
load-bearing capacity of dowels placed in manufactured with four distinct arrangements
and computed the embedment strength. The CLT embedment strength prediction model
was suggested based on the variable CLT lamination characteristics.
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Embedment Strength (MPa)

60

50

40

30

20

10

=

OL

31.33

0T 25L T  GFRPL GFRPT
28.24 44.80 42.52 .75 47.58 44.93 42.08

Sample Groups

Figure 4. Means and standard deviations of embedment strength of control, densified, and GFRP-
reinforced CLT specimens.

The load displacement of control, densified, and GFRP-reinforced CLT specimens is
shown are Figure 5. Accordingly, the yield points of the CLT samples in the L direction
were more than those in T direction. The yield points of 0L, 25L, 50L, and GFRPL were
8636 (N), 11,900 (N), 16,080 (N), and 13,720 (N), respectively. The highest yield point in the
L direction belonged to the CLT sample reinforced with 50% densified wood. On the other
hand, the yield points of 0T, 25T, 50T, and GFRPT were 7947 (N), 11,450 (N), 13,152 (N),
and 12,120 (N), respectively. The highest yield point in the L direction belonged to the CLT
sample reinforced with 50% densified wood.

The failure modes of CLT specimens are depicted in Figure 6. The typical failure
modes of tested CLT specimens are different in the situation where the lag screw is loaded
in the L and T direction of the CLT specimens. Cracks occurred along the grain when the
load was applied along with the L direction, as shown in Figure 6 (0L, 25L, and 50L). Cracks
in 25L and 50L show that the densification reduced the length of the cracks compared to
the unreinforced samples (OL). However, compression failure occurred in the embedment
surface, as shown in Figure 6 (0T, 25T, 50T, GFRPL, and GFRPT), or cracks appeared on
both edges of the cross layers, as shown in Figure 6 (0T), when the CLTs were loaded in
the T direction. The compression failure might occur layer by layer, which results in stress
redistribution [1].

The results of the prediction models in comparison with experimental results are
shown in Figure 7. NDS showed the most accurate results compared to the experimental
findings, followed by the Ubel and Blub and then the Kennedy and CSA formulas. Finally,
the formula of Dong et al. showed the lowest accuracy in terms of the prediction of experi-
mental results. Previously, all of these equations were applied to predict the embedment
strength of fasteners in EWPs, such as CLT. Accordingly, various results were obtained
regarding the accuracy of these equations. The accuracy of the equations might be related
to factors including moisture content, density, diameter of fastener, or the loading direction.
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GFRP-L GFRP-T
30,000 30,000
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3 15,000 - E »
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5000 5000
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Figure 5. Load-displacement curves of the reinforced and unreinforced CLT samples.
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Figure 7. Comparison of the observed and predicted values of the embedment strength.
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The MAPE of all models is detailed in Table 5. The NDS formula showed the highest
accuracy (10.31%). After that, the Ubel and Blub formula showed the highest accuracy
(21.3%). On the other hand, Dong et al.’s formula showed the lowest accuracy (40.07%).
These findings indicate that the NDS and Ubel and Blub formulas are reliable in predicting
embedment strength in the tests related to loading directions and reinforcement factors.
The MAPE classification approach, which was established by Lewis [51], was used in this
investigation for the purpose of determining how accurately prediction models performed.
This categorization assigns models into one of four accuracy categories based on their mean
absolute percentage error (MAPE): excellent (MAPE < 10%), acceptable (MAPE 10-19%),
fair (MAPE 20-49%), and weak (MAPE > 50%). Future studies could consider developing
machine learning modeling for embedment strength prediction. In addition, nondestructive
testing methods such as acoustic emission monitoring could be used to further investigate
the failure mechanism [52].

Table 5. MAPE of equations for predicting embedment strength of CLT specimens.

MAPE (%)
Ubel and Blab Kennedy Dong et al. NDS CSA
21.30 28.86 40.07 10.31 32.68

4. Conclusions

This work evaluated the embedment strength of 3-ply poplar CLT samples reinforced
with GFRP and densified wood (25% and 50%) in two loading directions (L and T). Over-
all, reinforcement improved the embedment strength of CLT samples. The embedment
strength of CLT samples in the L loading direction (outer layers to the same fiber direc-
tion) was greater than those in the T loading direction. CLT samples made from 50%
densified poplar wood showed the highest embedment strength (50L: 51.75 MPa and
50T: 47.58 MPa). However, there was no significant difference in embedment strength
between CLT samples reinforced with GFRP and CLT samples made from 25% densified
wood (25L: 44.8 MPa, GFRPL: 44.93 MPa, 25T: 42.52 MPa, and GFRPT: 42.08 MPa). Mod-
elling using the NDS formula yielded the highest accuracy (MAPE = 10.31%), followed
by the Ubel and Blub (MAPE = 21%), Kennedy (MAPE = 28.86%), CSA (MAPE = 32.68%),
and Dong (MAPE = 40.07%) equations. Densification can be considered as an alternative
to GFRP reinforcement in order to increase the embedment strength in CLT. Statistical
analysis showed that in terms of main effects, densification ratio and loading direction
significantly affect the embedment strength. However, in terms of interaction effects, both
densification ratio and loading direction at the same time had no significant effect on the
embedment strength.

Further studies are recommended to evaluate the embedment strength of CLT rein-
forced with GFRP and densified wood made of more than three layers. Further studies are
recommended to evaluate the embedment strength of various types of nails and screws
in CLT reinforced with GFRP and densified wood. According to the results of this study,
considering the cost of the products, 25% densification might be used instead of GFRP for
CLT reinforcement. However, further investigations regarding the effects of densification
on CLT properties, such as bending, glue line, and debonding, are required.
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