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Abstract: Cross-laminated timber (CLT) is an innovative wood panel composite that has been
attracting growing interest worldwide. Apart from its economic benefits, CLT takes full advantage
of both the tensile strength parallel to the wood grain and its compressive strength perpendicular
to the grain, which enhances the load bearing capacity of the composite. However, traditional CLT
panels are made with glue, which can expire and lose effectiveness over time, compromising the CLT
panel mechanical strength. To mitigate such shortcomings of conventional CLT panels, we pioneer
herein nail-cross-laminated timber (NCLT) panels with more reliable connection system. This study
investigates the flexural performance of NCLT panels made with different types of nails and explores
the effects of key design parameters including the nail incidence angle, nail type, total number of
nails, and number of layers. Results show that NCLT panels have better flexural performance than
traditional CLT panels. The failure mode of NCLT panels depends on the nail angle, nail type,
and quantity of nails. A modified formula for predicting the flexural bearing capacity of NCLT panels
was proposed and proven accurate. The findings could blaze the trail for potential applications of
NCLT panels as a sustainable and resilient construction composite for lightweight structures.
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1. Introduction

Cross-laminated timber (CLT) is a wood panel product made by gluing layers of solid wood
together. Each layer is orientated perpendicular to adjacent layers and glued on the wide faces of each
panel, usually in a symmetric scheme so that the outer layers have the same orientation [1]. Regular
timber is an anisotropic material with physical properties depending on the direction at which a force is
applied [2]. By gluing layers of wood at perpendicular angles, the panel can achieve structural rigidity
in both directions. CLT panels are distinct to glued laminated timber, a product having all laminations
orientated in the same direction [3]. Because of its structural properties, ease of prefabrication and
lightweight compared with other construction materials, CLT panels have gained wide use in high-rise
buildings [4].

CLT panels were first developed in Europe, then quickly promoted in other countries. Several
studies on CLT panels have been conducted in Canada, Finland, the United States, Germany, and other
countries [5,6]. Moreover, CLT panels have been used in diverse projects, which greatly stimulated
further development of this industry. Amini et al. [7] studied the application of CLT panels in shear wall
systems and proposed factors that affect its performance. Mayencourt and Mueller [8] introduced the
unidirectional bending state of CLT panels and proposed a structural optimization scheme. He et al. [9]
further studied cross-laminated timber panels under bending and compression. Their results showed
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that the bending stiffness and ultimate load resisting capacity of CLT panels can be predicted by
numerical models.

CLT panels have numerous advantages, making it attractive as a building material [10–12].
This includes design flexibility since they can be applied in walls, roofs, ceilings, etc. The thickness
of the panels can easily be increased by adding more layers, and the length of the panels can
be augmented by joining panels together. Other benefits include eco-friendliness, prefabrication,
and thermal insulation. Yet, CLT panels have shortcomings including: (i) most glues are susceptible to
environmental exposures, which compromises service life [13]; (ii) large amounts of glue are used,
causing environmental pollution [14].

Therefore, Nail-Cross-Laminated Timber (NCLT) panels are proposed in this study as an alternative.
Compared to CLT panels, NCLT panels have numerous benefits including: (i) longer service life;
(ii) high yield; (iii) pipelines can be integrated; (iv) superior recovery ability after large deformation;
and (v) NCLT panels can be used with many cavities, which requires less raw materials [15]. Several
studies have previously shown that steel-CLT composite connection panels have good connection
properties and long service life in buildings [15,16]. The orthogonal staggered laminated staple
structure of the glulam-CLT shear connections with double-sided punched metal panel improved
the shear load carrying capacity [17,18]. There are still no detailed experimental studies in the open
literature to demonstrate this concept. Moreover, there is no analysis or discussion on the extent to
which different nails and other design parameters affect the NCLT panel structural performance.

Accordingly, the present study reports experimental results of six groups of NCLT panels subjected
to four-point load bending. The flexural performance of the NCLT panels was discussed, and the
effects of influential parameters including the nail incidence angle, nail type, total number of nails,
and number of layers have been explored, discussed, and analyzed. Based on the test results, a modified
formula for predicting the flexural bearing capacity of NCLT panels was proposed and proven accurate.
This work could blaze the trail for future research on NCTL panels and its introduction in building
codes and full-scale construction.

2. Experimental Program

2.1. Test Specimens

Six groups of specimens were investigated in this flexural test. All specimens were made of
Canadian SPF (including spruce, pine, and fir), namely spruce-pine-hemlock mixed standard material.
All specimens were connected by nails. The details of the test specimens are outlined in Table 1.
The material properties of the wood used in this test are summarized in Table 2. Vertically and
horizontally textured solid wood panels were interlaced orthogonally to each other, thus forming the
new NCLT panels. Vertically textured solid wood panels were 2350 mm in length and 235 mm in width
with 38 mm thickness. The horizontally textured solid wood panels were 705 mm in length, 235 mm
in width, and 38 mm in thickness. The 3-layer and 5-layer NCLT panels were nailed from bottom to
top, that is, the nail was nailed from the bottom layer to the first layer. When the nailing angle was 0◦,
the nail gun was positioned perpendicular to the surface of the nail panels. When the nail was shot at
30◦, an auxiliary nailing bracket was used. Figures 1a–d and 2a–e show partial detail views of the
longitudinal section of each set of test specimens and a partial detail of the top view. In the 5-layer CLT
panel structure, the arrangement of nails between the first and second layers was the same as the one
between the third and fourth layers, as shown in Figure 2d. The nail arrangement between the second
and third layers was the same as that between the fourth and fifth layers, as shown in Figure 2e.
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Table 1. Details of test specimen.

Test
Sequence

Specimen
Number

Number
of Layers

Nail
Incidence Angle

Types
of Nails

Nail
Specifications\mm

Total Number
of Nails Size\mm

1 KWL30070235480 3 0◦ Threaded nail 2.5, 70 480 2350 × 705 × 114
2 KWG30070235240 3 0◦ Polished rod 3.5, 70 240 2350 × 705 × 114
3 KWG33080235240 3 30◦ Polished rod 3.5, 80 240 2350 × 705 × 114
4 KWS30070235240 3 0◦ Screw 3.0, 70 240 2350 × 705 × 114
5 KWL30070235240 3 0◦ Threaded nail 2.5, 70 240 2350 × 705 × 114
6 KWL50070235480 5 0◦ Threaded nail 2.5, 70 480 2350 × 705 × 114

KW indicates the bending resistance; L indicates the nail type; G indicates polished rod type; S indicates screw type;
the first digit is the number of layers; the second and third digits represent the nail incidence angle; fourth and five
digits represent the length of the nail; the last three digits represent the total number of nails.

Table 2. Physical properties of spruce, pine, and fir (SPF).

Species Bending
Strength/MPa

Horizontal
Texture

Compressive
Strength/MPa

Vertical
Texture

Compressive
Strength/MPa

Tensile
Strength/MPa

Elastic
Modulus/103 MPa

Density
(kg/m3)

Water
Content

(%)

Spruce 12.5 37.8 4.1 92.39 11.2 430 15
Pine 10.9 43.2 3.6 83.66 10.9 455 15
Fir 12.1 38.9 3.8 88.26 11.4 440 15
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2.2. Test Setup and Experimental Procedures

The bending behavior was investigated using the four-point loading method. The different
stress states of pure bending and bending shear zones are shown in Figure 3a–c. During the test,
the displacement of each section of the specimen was measured by linear variable displacement
transducers (LVDTs) of different ranges, arranged as per the scheme shown in Figure 4. Large
displacement gauges were required at mid span since wood is an elastic-plastic material that can
undergo considerable deformation. Since vertical displacement at both specimen’s ends near the
support is small, small-range LVDTs were selected. Strain gauges were attached at the lower surface
at mid-span, one-third, two-thirds, quarter, and three-quarters of the section and staggered at the
centerline on both sides of the specimen, as shown in Figure 5. The various strain gauges on the lower
surface were labelled as illustrated in Figure 5a. The strain gauges on both sides were sequentially
numbered from top to bottom and left to right, i.e., from C1 to C10. Strain gauges were also mounted
on the side of the 3-layer panel and the 5-layer panel, as shown in Figure 5b,c.
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mounted on the side of the 5-layer panel.

The test was carried out under four-point loading, and the specimen was loaded via an I-beam.
To prevent local shear failure, a steel support panel was placed at the loading point to strengthen the
load contact area. The total weight of the I-beam, support, and steel panel (220 kg) were converted to
a preload. The load was held for 3 min to check whether all strain and displacement gauges functioned
properly. Each level of load was incrementally increased by 2 kN, and the load at each stage was
maintained for 3 min. Data were recorded using a data acquisition system until specimen failure.
The loading set-up is shown in Figure 6a,b.
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3. Experimental Results and Analysis

3.1. General Behavior

During the initial stage of loading, the NCLT panels were in the elastic stage, and the specimen
occasionally emitted slight sound. When the load was about 30 kN, the specimen started to emit
continuous soft sound, and the average mid-span displacement reached 50–60 mm. In the later stage
of loading, the specimen entered the plastic deformation phase with significantly larger deformation
and continuous fracture sound. The bottom tensile side of the pure bending part of the specimen
also began to emit wood powder, indicating that wood fibers were continuously braking. When the
specimen reached its limit load bearing value, the veneer at the bottom tension zone was suddenly
pulled off and lifted, emitting a loud breaking sound. At this stage, the bearing capacity of the CLT
panels sharply decreased, and specimens became ductile. Load-displacement curves of the six panels
are shown in Figure 7a–f. Values of mid-span displacement and the corresponding ultimate bearing
capacity results are summarized in Table 3.
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Table 3. Load test results.

Specimen Label
Maximum Mid-Span Displacement/mm Bearing Capacity/kN

No. 3 Measuring Point No. 4 Measuring Point Average Value F Fmax F/Fmax

KWL30070235480 126.44 121.74 124.09 44.9 52.0 0.85
KWG30070235240 106.48 100.61 103.55 39.0 45.8 0.85
KWG33080235240 124.58 129.67 127.13 49.9 54.4 0.92
KWS30070235240 104.22 105.95 105.09 37.4 43.3 0.86
KWL30070235240 133.54 127.84 130.69 52.7 55.2 0.95
KWL50070235480 133.24 131.70 132.47 83.9 85.7 0.98

F is the theoretical bearing capacity; Fmax is the maximum bearing capacity from the experiments.

3.2. Load Resistance and Failure Modes

Typical deformation of a NCLT test specimen is shown in Figure 8. The mid-span displacement
of specimen 2 was the smallest, yet exceeded 100 mm; specimen 5 had the largest displacement at
mid-span, exceeding 130 mm, far beyond the floor deformation limit of L/200 according to the Chinese
Standard GB 50010-2002 [19] under normal use conditions, indicating that NCLT panels have very
large deformation capacity. The failure mode of specimens was primarily through tensile failure of the
panel in the extreme tension zone, while the horizontally pressed wooden panels did not undergo
failure. The test specimens exhibited overall ductile behavior. Damage of specimens originated from
weak links in the tension zone, such as wood knots and defects, which caused stress concentration,
leading to crack initiation and growth. Such cracks further developed into diagonal shape, which
eventually caused the veneer to be broken. Some specimens warped in the width direction during
processing, which resulted in larger gap between plates. As a result, the depth at which the nails were
nailed into the wood decreased, and the nail force between the layers weakened. It was also observed
that threaded nails in NCLT panels pulled out. Damage then occurred right at the part where the nails
were pulled out, indicating that the pullout force of the threaded nails needed to be strengthened, for
instance by increasing the nail diameter. When using veneers, previous experience with conventional
CLT panels showed that they exhibited slippage and rolling shear. However, NCLT panels in this
study experienced no slippage or rolling shear, demonstrating that the interlaminar combination and
integrity can be largely improved by using nail connections rather than glue.
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3.3. Effects of Different Panel Design Parameters

3.3.1. Effect of Nailing Angle

Specimens KWG30070235240 and KWG33080235240 were used as comparative test specimens
to explore the effect of the nailing angle, as shown in Figure 9a,b. From analysis of the failure mode,
the NCLT panels having 0◦ nailing angle incurred more serious damage than that of NCLT panels
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with 30◦ nailing angle. The 30◦ nailing could better bite the vertically and horizontally textured solid
wood panels, which limited cocking of the wood slabs during the progress of damage. It also limited
the development of rupture cracks along the slanting direction, maximizing structural integrity of the
NCLT panels. From Figure 9a,b, the ultimate bending moment capacity increased by 18.8% when
testing specimen KWG33080235240. In addition, the maximum displacement at mid-span increased by
22.8%, and the ultimate bearing capacity and mid-span displacement were significantly improved,
indicating that 30◦ nailing could indeed improve the bending resistance of NCLT panels. The slatted
wood at the bottom tension zone was deformed faster than that of the 0◦ NCLT panels when deploying
30◦ nailing, and the difference of strain in the pure bending and bending–shear zone increased with
loading. This caused the wood in the bottom tension zone to deform at a faster rate, which was
detrimental to the wood material.
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3.3.2. Effect of Nail Type

Test specimens KWG30070235240, KWS30070235240, and KWL30070235240 were used for
comparison of the effect of the nail type. It can be deduced from Table 4 that the ultimate bearing
capacity, deflection, and strain of the threaded nail NCLT panels were the largest, followed by the
polished rod NCLT panels, then the screw NCLT panels. From morphological analysis, the polished
rod NCLT panels incurred the most serious damage, followed by the screw NCLT panels, then the
threaded nail NCLT panels. Accordingly, the threaded nails seemed to be most beneficial at improving
the bending resistance of the NCLT panels; the strong pullout force of the threaded nails could prevent
cracks from developing from the outside towards the inside, thereby protecting the inside structure
and preventing panels from being completely bent and broken.

Table 4. Ultimate bearing capacity, deflection, and strain.

Specimen Number Ultimate Bearing Capacity/kN Deflection/mm Maximum Strain Value

KWG30070235240 47.96 106.42 4293
KWL30070235240 58.46 133.72 5503
KWS30070235240 45.46 104.22 3844

According to the Canadian CLT handbook [20], the actual experimentally measured ultimate
bearing capacities of the three types of NCLT panels were greater than the corresponding theoretically
calculated values expected for conventional CLT panels, indicating advantages of the nailing method
versus using glue. The ultimate bearing capacities of the three types of panels were 47.96 kN for polished
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rod NCLT panels, 58.46 kN for the threaded nail NCLT panels, and 45.46 kN for the screw NCLT panels.
The threaded nail NCLT panels achieved best bending resistance. As shown in Figure 10a,b, the three
types of NCLT panels (KWG30070235240, KWS30070235240, and KWL30070235240) displayed superior
ductility and large deformation capacity. While threaded nails appeared to be most beneficial for
increasing the deflection of the NCLT panels, under similar load, strains of the three NCLT panels
were rather comparable, indicating that the type of nail had little effect on strain of the NCLT panels.
Generally, the load versus deformation of NCLT panels exhibited desirable linear elastic relationship
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3.3.3. Effect of Number of Nails

Specimens KWL30070235480 and KWL30070235240 were used to investigate the effect of the
number of nails. As the number of nails doubled, the ultimate bearing capacity, ultimate bending
moment, and maximum displacement at mid-span decreased by 6%, 5.8%, and 5%, respectively.
From Figure 12a, the maximum displacement of specimen KWL30070235240 with 240 nails was
130.69 mm. The maximum displacement of specimen KWL30070235480 with 480 nails was 124.09 mm.
An increase of the number of nails could effectively reduce deformation under same load of the NCLT
panels. From the analysis in Figure 12b, Strain in the tension zone of the specimen KWL30070235480
was lower than that of specimen KWL30070235240 under similar load at both mid-span section and
one-third section. This indicates that an increase in the number of nails improved the interlaminar
force of NCLT panels, making their composite behavior more effective. Therefore, the integrity of
NCLT panels was consequently enhanced, which is advantageous for maintaining their effective
bending rigidity.
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3.3.4. Effect of Number of Nailed Layers

Specimens KWL30070235240 and KWL50070235480 were used to examine the influence of the
number of nailed layers. When the number of nailed layers increased by two, the ultimate bearing
capacity of the NCLT panels increased by 55.3%, and the ultimate bending moment increased by 55.2%.
In addition, the maximum displacement at mid-span slightly increased by 1.2%. It can be deduced
from the aforementioned results that increasing the number of nailed layers can greatly improve the
load resistance of NCLT panels. According to Figure 13a, the maximum displacement of the 3-layer
NCLT panels was 130.69 mm, while that of the 5-layer NCLT panels was 132.47 mm. The effective
bending stiffness also increased when the number of nailed layers increased. Strain of the 5-layer
NCLT panels was significantly smaller than that of the 3-layer panels (Figure 13b). This implies that
the increase in number of nailed layers improved the overall rigidity of the NCLT panels and decreased
the deformation rate in the bottom tension zone.
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3.4. Ultimate Bending Capacity

FP Innovation theory system refers to the simplified theoretical analysis of conventional CLT
panels of Canada’s FP Innovation: mechanical connection theory and combined K-factor theory [20].
Mechanical connection theory and European standard “Eurocode 5” [21] were combined, thus the
maximum bending stress in the CLT panels can be considered as:

σmax = σglobal + σlocal (1)

σglobal is the overall stress and can be calculated by Equation (2):

σglobal =
γ1E1a1M
(EI)e f f

(2)
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σlocal is the local stress and can be calculated by Equation (3):

σlocal =
0.5E1h1M
(EI)e f f

(3)

In Equations (2) and (3): γ is the connection coefficient (0 < γ ≤ 1); a1 is the distance between the
center of the first layer and the neutral axis of the CLT panels; and h1 is the thickness of the first layer
of slatted wood. From Equations (1) to (3), we can get:

σ =
ME1

(EI)e f f
(γ1a1 + 0.5h1)max (4)

If the material of each layer is the same, in other words, E1 = E2 = E3 = E, then:

σ =
M

Ie f f
(γ1a1 + 0.5h1)max (5)

The following assumption has been made per the Canadian Standards CSA-O86:

σmax = σglobal + σlocal ≤ ϕ fb (6)

where, ϕ is the resistance coefficient, and f b is the flexural strength of the wood.
Then the theoretical bending moment of the CLT panels can be calculated by:

Mr = ϕ fb
Ie f f

(γ1a1 + 0.5h1)
(7)

The effective bending stiffness (EI)eff of the CLT panels using the mechanical connection theory is
calculated as:

(EI)e f f =
n∑

i=1

(
EiIi + riEiAiIia2

i

)
(8)

where, Ei is the modulus of elasticity of the i-th layer; Ii is the moment of inertia of the i-th layer;
Ai is the area of the i-th layer; ai is the distance between the center of the i-th layer and the neutral
axis of the CLT panels; ri is the combination coefficient of the i-th layer. According to the general
combination structure theory, the size of the combination degree between the combination plates
defines the combination coefficient r, where (a) r = 0 indicates no combination; (b) 0 < r < 1 indicates
partial combination; and (c) r = 1 represents complete binding.

3.4.1. Calculation for 3-Layer CLT Panels

As shown in Figure 14: b = 705 mm, h1 = h2 = 38 mm, h1 = 38 mm, htot = 114 mm, L = 2150 mm,

E = 11,200 MPa, fb = 11.8 MPa, GR = 50 MPa. Hence: E1 = E2 = E, Ai = bi × hi, Ii =
bih3

i
12 , γ1 = 1

1+
(
π2 E1A1

L2
h1

GRb

) ,

γ2 = 1

1+
(
π2 E2A2

L2
h2

GRb

) , a1 =
h1
2 +

h1
2 − a2, a3 =

h2
2 +

h2
2 +a2. In this case, A1 = A2 = A, a2 = 0, I1 = I2 = I.
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Accordingly, A = b × h = 705 × 38 = 26,790 mm2, a = 38
2 + 38

2 = 38 mm.
γ1 = γ2 = 1

1+
π2 ·11200(705·38)

21502 ·
38

50·705

= 0.59

I = bh3

12 = 705×383

12 = 3.22 × 106 mm4

Hence, EIe f f =
2∑

i=1

(
EiIi+γiEiAia2

i

)
= 2EI

(
1+

γAa2

I

)
= 2× 11,200× 3.22× 106

(
1+ 0.59·26790·382

3.22×106

)
= 584.24

× 109 N·mm2

Ieff = 52.16 × 106 mm4

Thus, Mr = ϕ fb
Ie f f

(γ1a1+0.5h1)
= 0.9 × 11.8 × 52.16×106

0.59×38+0.5×38 × 10−6 = 13.37 kN·m

3.4.2. Calculation for 5-Layer CLT Panels

As shown in Figure 15: b = 705 mm, h1 = h2= h3 = 38 mm, h1 = h2 = 38 mm, htot = 190 mm,

L = 2150 mm, E = 11,200 MPa, fb = 11.8 MPa, GR = 50 MPa. In this case E1 = E2 = E3, Ai = bi hi, Ii =
bih3

i
12 ,

γ2 = 1, γ1 = 1

1+
(
π2 E1A1

L2
h1

GRb

) , γ3 = 1

1+
(
π2 E3A3

L2
h2

GRb

) , a1 =
h1
2 +h1 +

h2
2 − a2, a3 =

h2
2 +h2+

h3
2 +a2.
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Since, A1 = A2 = A3 = A, a2 = 0, I1 = I2 = I3 = I
Hence, A = b × h = 705 × 38 = 26,790 mm2, a = 38

2 +38+ 38
2 = 76 mm

γ1 = γ3 = 1

1+ π2×11200(705×38)
21502 ·

38
50×705

= 0.59

I = bh3

12 = 705×383

12 = 3.22 × 106 mm4

Hence, EIe f f =
3∑

i=1

(
EiIi+γiEiAia2

i

)
= E

[(
I1+γ1A1a2

1

)
+I2+

(
I3+γ3A3a2

3

)]
= EI

(
3+

2·γAa2

I

)
= 11,200 ×

3.22 × 106 ×
(
3 + 2×0.59×26790×762

3.22×106

)
= 2153 × 109 N·mm2.

Ieff = 192.234 × 106 mm4

Hence, Mr = ϕ fb
Ie f f

(γ1a1+0.5h1)
= 0.9 × 11.8 × 192.234×106

0.59×76+0.5×38 × 10−6 = 31.98 kN·m
Table 5 summarizes the ultimate bending moment of test specimens using the ultimate bearing

capacity of each test specimen listed in Table 4. For the three-layer NCLT panels, the measured ultimate
bending moment of specimen 4 was 15.41 kN·m, slightly larger than the theoretical value Mr = 15.11
kN·m. Due to the large size of the 5-layer NCLT panel, the probability of wood defects increased.
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In addition, cracks between plates caused by processing were also larger, and the NCLT panels were
slightly warped. Therefore, the 5-layer NCLT panels test values were lower than the corresponding
theoretical values, but the difference was within error range.

Table 5. Ultimate bending moment of all specimens.

Specimen Moment Theoretical
Calculation (Mr)/kN·m

Measured Bending
Moment (Ms)/kN·m Ms/Mr (Ms −Mr)/Mr (%)

KWL30070235480 13.37 18.49 1.38 38.29
KWG30070235240 13.37 16.30 1.22 19.45
KWG33080235240 13.37 19.36 1.45 44.80
KWS30070235240 13.37 15.41 1.15 15.26
KWL30070235240 13.37 19.64 1.47 46.90
KWL50070235480 31.98 30.49 0.92 −4.66

It can be observed that the difference between theoretical and measured ultimate bending moment
values of the three-layer panel bending moment were large, with error ranging between 15.26% and
46.90%. This indicates that the bending moment calculated according to the mechanical connection
theory Formula (7) was larger compared to corresponding experimental values, and thus needs to
be corrected. It can be observed from the test results that the nail connection scheme improved the
bending capacity of NCLT panels. Hence, a nail connection influence coefficient α as a mathematical
adjustment was introduced in the bearing capacity formula to correct for the bending moment value of
the limit state, as shown in Equation (9). The adjustments are shown in Table 6.

Mr = αϕ fb
Ie f f

(γ1a1 + 0.5h1)
(9)

Table 6. Correction of bending moment.

Specimen Moment Theoretical
Calculation/kN·m

Measured Ultimate
Bending Moment/kN·m

Measured Bending
Moment/Theoretical

Bending Moment

(Measured Bending
Moment—Theoretical

Bending Moment)/Theoretical
Bending Moment (%)

α

KWL30070235480 17.78 18.49 1.06 3.99 1.33
KWG30070235240 17.78 16.30 0.92 −8.32 1.33
KWG33080235240 17.78 19.36 1.08 8.87 1.33
KWS30070235240 17.78 15.41 0.87 −13.33 1.33
KWL30070235240 17.78 19.64 1.10 10.46 1.33

After this correction was implemented, the error was greatly reduced, and ratio between the
average value of the measured bending moment and the corresponding theoretical bending moment
was x = 1.006. Based on this, the theoretical calculation formula of the mechanical connection was
modified as:

Mr = 1.33ϕ fb
Ie f f

(γ1a1 + 0.5h1)
(10)

The European standard “Eurocode 1” [22] stipulates that the standard value of the live load of
building floors for domestic and residential activities is 2 kN/m2. The ultimate bearing capacity of
NCLT panels made with screws, which is the smallest, was converted to its plane load value of 26.1
kN/m2, which is 13 times the value required by the standard. This underscores that the bearing capacity
of the NCLT panels far exceeds the required value in specifications, demonstrating the great potential
of NCLT panels in diverse structural engineering applications.
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4. Conclusions

To mitigate shortcomings of conventional cross-laminated timber (CTL) composites, this study
introduces nail cross-laminated timber (NCTL) panel composites. The behavior of NCLT panels
under four-point bending load was studied experimentally in this study. Test parameters included
the nail penetration angle, nail type, number of nails, and number of nailed layers. In addition,
a modified formula for calculating the bending moment of NCLT panels was proposed. From this
study, the following conclusions can be drawn:

1. NCLT panels are characterized by tensile failure. The stress-carrying process of NCLT panels is
divided into elastic phase and elastic-plastic phase. The elastic phase typically extends longer
compared to the elastic-plastic phase.

2. The failure mode of NCLT panels depends on the angle, type, and quantity of nails. When the
nailing angle was 30◦ or larger (less than 45), cracks mainly developed along the transverse
direction; when the nail type was threaded nails and screws, cracks mainly develop along the
direction of the grain; when the number of nails was larger, cracks developed primarily along the
horizontal direction.

3. Comparing the theoretically calculated bending capacity of NCLT panels to corresponding
experimentally measured values, the test values for three-layer NCLT panels were larger than
the theoretical values. Hence, the bending moment calculation formula for CLT panels can be
corrected with a nail connection influence coefficient α = 1.33.

4. The effective bending stiffness of NCLT panels was positively correlated with the force between
layers. Strong interactions between panel layers improved the bending stiffness, and the
interaction between the layers was positively related to the nail pullout force. The greater the nail
pullout force, the greater was the force between the layers.

5. From the nailing angle analysis, 30◦ nailing angle increased inter-panel force, and the ductility of
NCLT panels also increased by 2.27%. The 30◦ nailing mitigated both the cocking of the wood
slabs during damaged and the development of rupture cracks along the direction of the grain.

6. In terms of the type of nailing, the damage was ranked from worst to least in the order: polished
rod NCLT panels, threaded nail NCLT panels, and screw NCLT panels. The ultimate bearing
capacity was 47.96 kN, 58.46 kN, and 45.46 kN for the polished rod nail NCLT panels, threaded
nail NCLT panels, and screw NCLT panels, respectively.

7. The increase in number of nails seemed to cause stress concentration in weak parts of the NCLT
panels but also enhanced the interlaminar connection force, which was beneficial to improving
the effective bending stiffness of the NCLT panels.

8. The effective bending stiffness increased with the number of nailed layers, and the deformation
rate of the wood at the bottom tensile zone was greatly decreased. Under the same displacement,
the force performance and the damage form were both greatly increased with increased number
of nailed layers.

9. NCLT panels are more sustainable and more resilient compared to conventional glued CLT panels.
Hence, NCLT panels can be a strong contender for diverse structural applications. This work
should blaze the trail for further research towards the development of pertinent design provisions
for NCLT panels and their wide implementation in full-scale construction.
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