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Abstract: Poplar laminated veneer lumber (poplar LVL) is made of fast-growing poplar veneer
and structural adhesive, which owns the advantages of sustainability and stable quality. Here an
innovative poplar LVL floor diaphragm is presented, mainly made up of orthogonal rib beams fitted
together using L-shape steel connectors. The paper mainly deals with an experimental study on the
bending behavior of the floor under transverse uniform load. Full-scale testing on eight 3.6 m× 4.8 m
specimens shows that the damage phenomena of the floor mainly exhibited as the separation between
the rib beams and pulling out from the rib beam for the tapping screw. Though some local damage
phenomena appeared before the preset maximum loading level, the load-deflection curves basically
kept linear for most of the specimens. Under the service load level of 2.5 kN/m2, the distribution
of deflection and strain for the full-length rib beam substantially exhibited the characteristic of a
two-way slab. In contrast, for the segmented rib beam, the situation was much more complex. Due to
the parametric design of the specimens, testing results illustrated that the rib beam height played the
most important role in floor stiffness. Next was the sheathing panel, while the role of segmented rib
beam spacing was relatively unremarkable. At last, a revised pseudo-plate method was proposed
to evaluate the maximum deflection of the novel floor, which considered the composite action by
rigidity factors.

Keywords: poplar LVL; floor diaphragm; orthogonal rib beam; bending behavior; experimental tests

1. Introduction

In the mid-1970s, Siyang county in northern Jiangsu province of China successfully
introduced the Italian poplar (the hybridization of populus deltoides and populus nigra)
and planted it extensively. This tree grows very fast and is generally used as packing
material. Its application in construction has just begun recently [1]. Nowadays, the modern
industrial development pattern has been established from seed selection and cultivation
to income expansion reproduction. As a sustainable modern engineering wood product,
the poplar laminated veneer lumber (LVL) is made of Italian poplar log by rotary peeling,
drying, gumming, veneer parallel lay-up, and hot pressing. Due to its sustainability and
availability by mass industrial production, the application of poplar LVL in light wood
frame construction will greatly promote the development of timber buildings in China.

As one of the main components for the light-frame wood buildings, the paper mainly
focuses on applying poplar LVL in the floor diaphragm. The traditional floor diaphragm
is generally composed of the beam, the joist, the blocking, and the panel, so it is basically
a one-way load transferring system. For this type of diaphragm, most of the research
was concerned with the in-plane performance. Early tests done by Countryman [2] used
monotonic loading to study the in-plane stiffness of the plywood-sheathed diaphragm
specimens. It was found that the stiffness of the specimens was mainly determined by the
strength of the plywood-to-frame nail connections. Another monotonic loading research
by Countryman and Colbenson [3] on 7.3 m × 7.3 m wood diaphragm specimens showed
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that the plywood thickness and the nailing schedule were also key factors in determining
the strength and stiffness.

Tissell [4] tested nineteen 4.9 m × 14.6 m diaphragms with monotonic loading by
hydraulic jacks spaced at 0.9 m to approximate uniform in-plane load. The sheathing of
different wood species was found to have an accountable effect on shear strength and
stiffness. Cyclic tests and theoretical research by Corda [5] and Zagajeski et al. [6] on
4.9 m × 7.3 m diaphragm specimens showed that nail yielding could greatly decrease
the stiffness of the diaphragm while increasing the plywood thickness and corner open-
ings could reduce the strength but had little effect on the stiffness. Filiatrault et al. [7]
conducted in-situ quasi-static tests on a full-scale wood floor diaphragm in a two-story
wood frame house, with variations including nail schedule, panel-edge blocking, sub-floor
adhesive et al., it was found that the panel-edge blocking and the presence of perpen-
dicular walls could significantly increase the shear and the flexural stiffness of the floor
diaphragm respectively.

Many kinds of research have been done on the structural type of the floor diaphragm.
To investigate the action of the wood panel during bending deformation, Xiong et al. [8]
performed bending tests on 42 composite timber beams, including 12 rectangular beams,
24 T-shape beams, and 6 I-shape beams, it was shown that compared with the pure
rectangular joist, I-beam and T-beam could greatly improve the bending stiffness and
bearing capacity. The relative slip between the web and the flange was small enough to
ensure the flexural composite action. Awaludin et al. [9] also tested and compared the
bending performance of two types of built-up joists made of Paraserianthes falcataria LVL.
It was found that the Box-shape joist had better flexural stiffness and resistance than the
I-shape joist. Wan Abdul Rahman et al. [10] studied the bending strength behavior of the
I-joist produced from three types of jointed technique (finger, L-butt, and nail plate) and
found that the I-joist specimen with a finger-jointed web was the strongest compared with
other joints. Wang [11] designed and tested a two-way wood truss floor system by replacing
conventional joists with trusses in two perpendicular directions; the test and numerical
simulation results showed that the main factor affecting the floor stiffness and bearing
capacity was the degree to which the trusses in different directions could work together.

The composite timber structure can utilize the advantages of different materials,
such as the timber-concrete composite (TCC) floors [12–15] and the steel-timber com-
posite (STC) systems [16–19]. Recently, the push for reducing the carbon and energy
footprint of the buildings has been generating renewed interest in hardwood-hardwood
solutions, or timber-to-timber composite (TTC) floors [20–25]. For this type of floor beam,
Giongo et al. [20] put forward an innovative cambering and pre-stressing technique (CP
procedure) which exploited the compression force produced by screw fasteners and applied
it to seventeen TTC floor specimens [21]. It was observed that the camber values could go
from approximately 1/900 to 1/250 of the floor span, while the vertical force required to
eliminate the camber ranged from 2.4 kN/m2 to 13.8 kN/m2. Shahnewaz [25] presented
experimental research on composite CLT-glulam floors with three types of connectors,
whose findings supported the construction of CLT-glulam composite floors for two new
school buildings. Besides, the push for low environmental impact also accelerates the
reutilization of recycling wood from construction and demolished structures [26].

Considering that the traditional light wood floor systems all belong to an out-of-plane
one-way load transferring system, an innovative two-way poplar LVL floor diaphragm is
presented in this research to improve the flexural stiffness and integration, which is made
of orthogonal rib beams connected by L-shape steel plates, as shown in Figure 1. Different
beam heights and spacing between the rib beams were considered in the test. Meanwhile,
three types of specimens were constructed to analyze the action of the OSB sheathing:
(1) diaphragm without panel; (2) diaphragm with only the top panel; (3) diaphragm
with the top and the bottom panels. At the same time, a traditional one-way diaphragm
specimen was also fabricated and tested for comparison with the two-way diaphragm.
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Figure 1. Poplar LVL orthogonal rib beam floor diaphragm.

2. Methods
2.1. Specimen Design

The design of the poplar LVL floor diaphragm specimen was in accordance with
GB50005-2017 [27]. There were eight 3.6 m × 4.8 m specimens in total, and the spacing
between the full-length rib beams (parallel to the short edge of 3.6 m) was 600 mm. The
other details are shown in Figure 2 and Table 1. The sheathing panel for specimens
L6 and L7 was a domestic OSB/2 grade (in accordance with LY/T1580-2010 [28]) plate
with a thickness of 18.3 mm, which was connected to the rib beam by a nail of type
P2.80 × 50LXL (in accordance with GB27704-2011 [29]), here the nail spacing for the inner
beam and the edge beam were 300 mm and 150 mm respectively. For the traditional one-
way floor specimen L8, the diagonal blocking was connected to the rib beam by 2 nails of
type P2.80 × 60LXL (in accordance with GB27704-2011 [29]) at each end.
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Figure 2. Details of floor diaphragm specimens; (a) Novel orthogonal rib beam two-way diaphragm;
(b) Traditional one-way diaphragm with blocking.

Table 1. Parameters for floor diaphragm specimens.

Specimen Type s (mm) h (mm) Top Panel Bottom Panel

L1 Two-way 600 185 None None
L2 Two-way 600 235 None None
L3 Two-way 600 285 None None
L4 Two-way 900 235 None None
L5 Two-way 1200 235 None None
L6 Two-way 600 235 Yes None
L7 Two-way 600 235 Yes Yes
L8 One-way 1200 235 None None

The L-shape connector and the corner connector were made of Q235 grade steel
with a thickness of 3 mm, which were connected to the inner beam and edge beam by
cross-recessed countersunk head tapping screws of type ST5.5 × 19 and ST5.5 × 38 (in
accordance with GB/T846-2017 [30]) respectively, the details of the connectors are illustrated
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in Figures 3 and 4 shows the photo of the finished specimens. The basic physical and
mechanical properties of poplar LVL are shown in Table 2 [31].
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Table 2. Physical and mechanical parameters of poplar LVL.

Moisture Content
(%)

Density
(g/cm3)

Tensile Strength Parallel
to Grain
(MPa)

Compression Strength
Parallel to Grain
(MPa)

Compression Strength
Perpendicular to Grain
(MPa)

Bending Strength (MPa) Flexural Elastic Modulus (MPa)

Adhesive Layer
Horizontal

Adhesive Layer
Vertical

Adhesive Layer
Horizontal

Adhesive Layer
Vertical

12.8 0.576 39.4 37.03 6.3 61.56 64.8 9877.3 10,135.4

2.2. Test Setup

The floor diaphragm specimen was loaded with a self-designed water tank device,
composed of a steel frame and thick PVC-coated canvas bag, as shown in Figure 5. The
height of the steel frame was 1.5 m, while the net height of the canvas bag was 1.6 m;
the height difference of 100 mm was to ensure tight contact between the water bag and
the specimen to transfer the load uniformly and deform with the specimen. To be more
accurate, the water was metered by the flowmeter shown in Figure 5d.

2.3. Loading Scheme

The test loading was in accordance with GB/T503296-2012 [32] and ASTM E2322-03 [33],
where step loading was adopted. A preloading at the level of 5% ultimate bearing capacity
(which was evaluated by a numerical simulation) was first applied to the specimen, which
would be sustained for 15 min. During the preloading stage, the loading device and the
measuring instruments were checked to ensure proper working condition, and then the
water tank would be evacuated. The formal loading stage began immediately after the
preloading, in which the first loading level was set at 10% of the ultimate bearing capacity.
The following loading steps were set at 5% of the ultimate bearing capacity; each loading
step was sustained for 15 min, and the data was recorded after the reading of the measuring
instrument became stable.
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2.4. Measurement Points

To capture the global load-deformation behavior and the local stress and strain state,
two kinds of measuring instruments were adopted: the displacement transducer and the
strain gauge. Considering the symmetry characteristic for the load and structure, the layout
of measurement points only covered 1/4 of the specimen, as shown in Figure 6.
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3. Test Results

According to GB50009-2012 [34], the service loading level for the floor of the dwelling
house is 2.5 kN/m2, and it could be observed that under the action of this loading level,
there was no damage to any of the specimens. To investigate the possible failure pattern
while ensuring the safety of personnel and instrument simultaneously, the maximum
loading level was set at 7.5 kN/m2 for specimens L1~L5 & L8, set at 12 kN/m2 for specimen
L6, and set at 13.5 kN/m2 for specimen L7, all much greater than the service loading level.

3.1. Testing Phenomena under the Maximum Loading Level

There was no overall failure for all the specimens till the maximum preset loading
level, yet some local damage phenomena were observed as follows.

For specimens L1~L5 & L8, due to flexural deformation of the rib beam, the damage
phenomena mainly exhibited as a separation between the rib beams (or between the
diagonal blocking and the rib beam) and pulling out from the rib beam for the tapping
screw, as shown by Figure 7a–c. It should be noted that for specimen L3 with the highest
beam height of 285 mm, there wasn’t any damage till the maximum preset loading level of
7.5 kN/m2. For specimens L6 & L7, besides separation between the rib beams, slip also
occurred between the beam and the panel (Figure 7d), which led to separations between
the top panels and the bottom panels (Figure 7e,f).
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3.2. Load-Deflection and Load-Strain Curves

Figure 8 shows the load-deflection and load-strain curves for the specimens. To
illustrate the deformation of the floor (except for specimen L8), the deflection and strain
distribution for 1/4 of the specimen under a service load of 2.5 kN/m2 is also presented in
the figure.
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Based on the variations between the curves of Figure 8, some loading characteristics
of the specimens can be observed and inferred as follows:

• Under the service load of 2.5 kN/m2, the distribution of deflection and y-direction
strain for the measuring points of 1/4 specimen is much more regular than that of
x-direction strain (except for specimen L6), which generally demonstrates the typical
shape of a “bowl” for the two-way slab under the action of transverse load. So for
this type of floor diaphragm, the stress state of the segmented rib beam is much more
complex than that of the full-length rib beam, which can also be reflected by the
trend of the curves. Yet, for specimen L6 with only the top panel, due to a stronger
integration for the top flange than for the bottom flange of the rib beam, the distribution
of x-direction strain (Figure 8r) becomes much more regular.

• Compared with the load-strain curves, the load-deflection curves are generally more
“smooth”. This illustrates that for the wood floor, the load-strain curve can reflect
some of the local damage phenomena, such as the separation between the beams and
the panels, the pulling out of the tapping screw, etc., while some of the local damage
doesn’t influence the global trend of the load-deflection curve.

• The load-deflection curves for specimens L1~L4 & L6~L8 are linear before the max-
imum preset loading level, except that the curves for specimens L1 & L6 emerge
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unremarkable inflection point at the loading level of 6.5 kN/m2 (Figure 8a) and
10.5 kN/m2 (Figure 8p) respectively, which reflects a slight decrease of the stiffness.
The load-deflection curves for L5 show a remarkable decline stage between the loading
levels of 3.3 kN/m2 and 4.3 kN/m2 (Figure 8m), then the slope recovers like before.
Combined with the load-strain curve (Figure 8n,o), a credible explanation for this
phenomenon is that the slope decline is due to the separation between the top edges
of the full-length inner beam and the edge beam. In contrast, the slope recovery is due
to the restraint for the beams’ lower edge by the segmented rib beam and the edge
beam (the slope of the y-direction load-strain curve declines, and the x-direction strain
becomes negative); therefore, something such as stiffness hardening happens.

4. General Discussion

Based on the parametric design of the specimens, the following discussion will be
presented at the service loading level of 2.5 kN/m2.

4.1. Two-Way Slab Effect of the Floor Diaphragm

Four points of the specimen will be taken on the symmetry axis along the x-direction
to illustrate the two-way slab effect (i.e., transmit transverse load along two orthogonal
directions), as shown in Figure 9a. The deflection distribution for specimens L1~L8 is
plotted in Figure 9b.
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Due to the two-way slab effect, the deflections from point 1 to point 4 should decrease
gradually, especially for points 3 and 4. So here we can find that the traditional type
specimen L8 presents the weakest two-way effect, whose deflections for point 1~4 distribute
nearly evenly (i.e., one-way slab effect), while specimens L1~L7 all exhibit typical two-way
slab effect. Besides, the maximum deflection for specimen L8 is 10.96 mm, greater than
specimen L5 with the same rib beam height and spacing.

4.2. The Role of Beam Height in Floor Stiffness

The difference between specimens L1, L2 & L3 only lies in the rib beam height h,
which is 185 mm, 235 mm & 285 mm, respectively. Here we will take the deflection of
point 1 (Figure 9a) as the reference to compare the stiffness of the specimens, as shown
in Figure 10. As it can be seen from Figure 10, when the rib beam height changes from
185 mm to 235 mm, and then to 285 mm, the transverse stiffness of the floor increases by
71.6% and 193.3%, accordingly.

4.3. The Role of Segmented Rib Beam Spacing in Floor Stiffness

The distances between the segmented rib beams for specimens L2, L4 & L5 are 600 mm,
900 mm & 1200 mm, respectively. If we still take the deflection of point 1 (Figure 9a) as
the reference to compare the stiffness of the floor, the result is shown in Figure 11. It can
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be found that the stiffness of the floor simply reduces by 8.5% when the rib beam spacing
changes from 600 mm to 1200 mm.
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4.4. The Role of Top and Bottom Panels in Floor Stiffness

Specimens L2, L6 & L7 own the same rib beam height and spacing, while L6 is sheathed
with top panel and L7 is sheathed with top and bottom panels. Referring to the deflection of
point 1, Figure 12 illustrates the stiffness change for three specimens. What can be observed
from the figure is that the top and bottom panels can significantly affect the stiffness of
the floor, especially the top panel. Furthermore, Figure 8r shows that the distribution of
x-direction strain is very regular for specimen L6 with only the top panel, which makes the
floor more like a two-way slab. In other words, the segmented rib beams of specimen L6
demonstrate a more reasonable stress state.
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5. Theoretical Evaluation and Analysis

Pseudo-plate method [35] will be adopted here to evaluate the maximum deflection
(point 1, Figure 9a) of the innovative orthogonal rib beam floor analytically. According to
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this method, if the poplar LVL floor diaphragm is assumed to be an orthotropic plate, the
flexural and torsional rigidity can be determined by

D1 = EIx
c1

D2 =
EIy
c2

D3 =
2Eh3

p
12(1−ν2)

+ 0.5G
(

Jtx
c1

+
Jty
c2

) (1)

where D1 & D2 are the flexural rigidity along x and y directions, respectively, N·m; E is
the elastic modulus, N/m2; Ix & Iy are the inertia moment of the rib beams along x and y
directions, respectively, m4 (notice that for the sheathed floor, the OSB panel will be taken
as the flange of the rib beam with a width of bb + 12h′f [36], where bb is the width of the rib
beam, h′f is the thickness of the flange); c1 & c2 are the distance between the rib beams along
x and y directions, respectively, m; D3 is the torsional rigidity, N·m; hp is the thickness
of the panel, m; ν is the Poisson’s ratio; G is the shear modulus, N/m2; Jtx & Jty are the
torsional rigidity of the rib beams along x and y directions, respectively, m4, which can be
calculated by Equation (2):  Jtx =

b1h3
1+b3

1h1
12

Jty =
b2h3

2+b3
2h2

12

(2)

in which b1 & b2 are the rib beam width along x and y directions, respectively, m; h1 & h2
are the rib beam height along x and y directions, respectively, m.

According to elastic orthotropic plate theory, the bending differential equation is

D1
∂4W
∂x4 + 2D3

∂4W
∂x2∂y2 + D2

∂4W
∂y4 = q (3)

The dual-trigonometric series solution for Equation (3) can be expressed as

W =
16q
π6 ∑

m
∑
n

sin
(mπx

a
)

sin
( nπy

b
)

mn
(

D1m4

a4 + 2D3m2n2

a2b2 + D2n4

b4

) (m, n = 1, 3, 5, . . .) (4)

Here m & n will be taken as 1 under the action of uniformly distributed load, and the
evaluated deflection results are shown in Figure 13a. It can be observed from Figure 13a
that, due to the relatively poor integration of the wood structure, the evaluated deflections
are all smaller than the experimental results, especially for the sheathed specimens L6 &
L7. To consider the composite action due to connectors between the members of the floor,
the rigidity factor can be introduced into Equation (1), which should be less than 1.0 (full
composite action or full rigid connection), so we have

D1 = k1
EIx
c1

D2 = k2
EIy
c2

D3 = k3
2Eh3

p
12(1−ν2)

+ 0.5G
(

k1
Jtx
c1

+ k2
Jty
c2

) (5)

where k1 and k2 are rigidity factors for x and y directions, respectively; k3 is the rigidity
factor for the sheathing panel. For convenient, Ix & Iy can be calculated by I = k4k5 Ib for
the sheathed floor, in which Ib is the inertia moment of the rib beam, k4 & k5 are effective
inertia moment factors for the top and bottom panels, respectively. Here the recommended
values for the factors are k1 = k3 = 0.5, k2 = 0.7, k4 = 1.7, k5 = 1.3, and the revised results
are shown in Figure 13b, which are much more consistent with the experimental results.



Sustainability 2022, 14, 10481 13 of 15

Sustainability 2022, 14, x FOR PEER REVIEW 13 of 15 
 

the sheathed floor, in which 𝐼𝐼b is the inertia moment of the rib beam, 𝑘𝑘4 & 𝑘𝑘5 are effective 299 
inertia moment factors for the top and bottom panels, respectively. Here the recom- 300 
mended values for the factors are 𝑘𝑘1 = 𝑘𝑘3 = 0.5, 𝑘𝑘2 = 0.7, 𝑘𝑘4 = 1.7, 𝑘𝑘5 = 1.3, and the re- 301 
vised results are shown in Figure 13b, which are much more consistent with the experi- 302 
mental results. 303 

  
(a) (b) 

Figure 13. Theoretical evaluation for the maximum deflection of the floor; (a) Pseudo-plate method; 304 
(b) Revised pseudo-plate method. 305 

6. Conclusions 306 
This paper proposes an innovative poplar LVL orthogonal rib beam floor diaphragm. 307 

The main purpose of the paper was to draw attention to the bending behavior of the floor 308 
under a uniformly distributed load. The local strain of the rib beam and the floor deflec- 309 
tion as a whole were studied via full-scale experimental tests, and some conclusions can 310 
be summarized as follows. 311 
(1) Under the service loading level of 2.5 kN/m2, there was no overall damage to any 312 

specimen. Under the preset maximum loading level, which is much greater than the 313 
service load, the local damage phenomena are mainly exhibited as a separation be- 314 
tween the rib beams, pulling out from the rib beam for the tapping screw, and sepa- 315 
ration between the top panels and between the bottom panels. This means that for 316 
this kind of novel floor, evident phenomena before collapse can ensure the resident’s 317 
safety. 318 

(2) Despite some local damage, the global load-deflection curves for the specimens keep 319 
linear on the whole before the maximum preset loading level. Under a service load, 320 
the distribution of deflection and strain of the full-length rib beam substantially pre- 321 
sent the characteristic of a two-way slab, while the distribution of strain along the 322 
segmented rib beam is much more complex. 323 

(3) As to the transverse stiffness of the novel floor, taking specimen L2 as the reference 324 
shows that when the beam height changes from 235 mm to 285 mm, the bending 325 
stiffness increases by 71%; when the segmented rib beam spacing changes from 600 326 
mm to 1200 mm, the bending stiffness decreases by 8.5%; and when the top panel is 327 
sheathed, the bending stiffness increases by 65.8%. So here, we can conclude that the 328 
rib beam height has the most important impact, followed by the top panel, while the 329 
role of spacing between the segmented rib beams is not particularly remarkable. 330 

(4) Considering the relatively poor integration of the wood construction, a revised 331 
pseudo-plate method based on the rigidity factor is proposed to evaluate the maxi- 332 
mum deflection of the novel floor. Compared with the experimental values, the re- 333 
vised method reduces the mean error from 44% to 5%, which results meet well with 334 
the testing values. 335 

Author Contributions: Conceptualization, Y.L.; methodology, Y.L. and X.S.; validation, C.W., H.M. 336 
and S.T.; formal analysis, X.S.; investigation, C.W. and S.T.; resources, Y.L.; data curation, X.S.; writ- 337 
ing—original draft preparation, S.T.; writing—review and editing, X.S.; visualization, X.S.; 338 
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6. Conclusions

This paper proposes an innovative poplar LVL orthogonal rib beam floor diaphragm.
The main purpose of the paper was to draw attention to the bending behavior of the floor
under a uniformly distributed load. The local strain of the rib beam and the floor deflection
as a whole were studied via full-scale experimental tests, and some conclusions can be
summarized as follows.

(1) Under the service loading level of 2.5 kN/m2, there was no overall damage to any
specimen. Under the preset maximum loading level, which is much greater than
the service load, the local damage phenomena are mainly exhibited as a separation
between the rib beams, pulling out from the rib beam for the tapping screw, and
separation between the top panels and between the bottom panels. This means
that for this kind of novel floor, evident phenomena before collapse can ensure the
resident’s safety.

(2) Despite some local damage, the global load-deflection curves for the specimens keep
linear on the whole before the maximum preset loading level. Under a service load,
the distribution of deflection and strain of the full-length rib beam substantially
present the characteristic of a two-way slab, while the distribution of strain along the
segmented rib beam is much more complex.

(3) As to the transverse stiffness of the novel floor, taking specimen L2 as the reference
shows that when the beam height changes from 235 mm to 285 mm, the bending
stiffness increases by 71%; when the segmented rib beam spacing changes from
600 mm to 1200 mm, the bending stiffness decreases by 8.5%; and when the top panel
is sheathed, the bending stiffness increases by 65.8%. So here, we can conclude that
the rib beam height has the most important impact, followed by the top panel, while
the role of spacing between the segmented rib beams is not particularly remarkable.

(4) Considering the relatively poor integration of the wood construction, a revised pseudo-
plate method based on the rigidity factor is proposed to evaluate the maximum
deflection of the novel floor. Compared with the experimental values, the revised
method reduces the mean error from 44% to 5%, which results meet well with the
testing values.
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