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Abstract 

This study presents an experimental and numerical comparison between the mechanical performance of a light-
weight corrugated sandwich panel based on the tea oil camellia shell (TOCS). Hence, TOCS was mixed in two groups 
with Poplar particles and fibers. After that, in the experimental part, the conventional mechanical tests, includ-
ing the 3-point bending test, flatwise compression, dowel bearing, and screw resistance, and in the numerical part, 
finite element analysis (FEA), including the normal, maximum principal, and equivalent (von Mises) stress by Ansys 
Mechanical software carried out. The specimens for experimental and numerical tests were prepared in transverse 
and longitudinal directions. Before that, the engineering data (shear modulus, Young’s modulus, and Poisson’s ratio) 
for improving the FEA simulation were obtained from TOCS-based flat panels fabricated with a mixture of Pop-
lar particles and fibers. The results of FEA are used to compare the mechanical behavior and failure mechanism 
with the results of experimental tests. According to the mean values of bending stiffness and maximum bending 
moment, sandwich panels made with 100% particles demonstrated an advantage in both directions. Neverthe-
less, the compression strength and screw resistance showed the same trend, but the dowel bearing showed higher 
values for panels made with fibers. The observed results of equivalent (von Mises) stress indicated a coloration 
with the results of failure mechanisms.
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Introduction
Sandwich panels provide excellent mechanical properties 
compared with their lightweight and require low main-
tenance costs, while can be utilized in a variety of com-
plex projects. Concerning the mentioned advantages, the 

usage of these engineering products has grown steadily 
in the construction, transportation, aerospace, automo-
tive, and marine industries [1, 2]. In the last decades, 
wood has played a vital role in the development of new 
sandwich panels [3]. Therefore, different types of raw 
wood or wood composites in a variety of geometries have 
been investigated by numerous studies. These structures 
mainly were distinguished by foam core particleboard 
[4], honeycomb core [5], low-density wood species [6], 
interlocking lattice core [7], modified wool-polypropyl-
ene [8], cork agglomerate [9], and so on. In addition to 
the aforementioned structures, corrugated core layer 
with a lightweight structure, excellent strength, high stiff-
ness, and shock resistance properties showed relative 
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superiority compared to other sandwich structures [10]. 
In this context, various approaches have demonstrated 
functional results, including corrugated structure with 
wood veneer [11], biaxial corrugated core based on 
low-quality spruce-pine-fir strands [12], sinusoidal cor-
rugated concept for the core layer of plywood sandwich 
panels [13], forming the Black cherry (Prunus serotina) 
veneer into corrugated structure [14], and corrugated 
sandwich panel based on balsa wood stands [15].

According to the FAO report, from 2018 to 2022, China 
produced 30 million cubic meters of particleboard each 
year, and a recent study has reported that the produc-
tion of one cubic meter of particleboard required about 
1216 kg of wooden raw materials [16]. Therefore, the 
circular economy (CE) concept has led academia and 
industry to develop the construction materials based on 
using sustainable or unused agricultural wastes. A con-
siderable amount of information is available regarding 
the fabrication of conventional flat wood-based panels 
using agricultural wastes [17]. However, severely limited 
literature exists regarding to corrugated panels based on 
agricultural wastes. In this direction, tea oil camellia shell 
(TOCS) as a by-product of oil extraction has the poten-
tial to provide approximately 4 million tons of raw mate-
rials every year in the southern province of China and it 
is undergoing continuous expansion [18]. These aban-
doned raw materials were introduced as a viable alter-
native resource for manufacturing wood-based panels, 
particularly particleboards [19, 20], which are tradition-
ally produced in a flat shape with a variety of thicknesses. 
Concerning that fact, utilization of TOCS for a new 
shape configuration of sandwich panels can be a benefi-
cial way regarding to high strength and stiffness of sand-
wich structure [21]. The geometry configuration of the 
corrugated core has a significant impact on the ultimate 
strength, failure mode, and impact-absorbing capabilities 
of sandwich panels [22, 23]. The corrugated cores have 
few prevalent geometries, including the arc-shaped core, 
sinusoidal core, rectangular core, trapezoidal core, and 
triangular shape [24].

This study aims to provide an eco-friendly sandwich 
panel with a lower density than conventional wood-
based panels but with higher mechanical properties for 
structural application. Specifically, aligning with the CE 
concept, trapezoidal corrugated sandwich panels were 
developed based on TOCS particles in combination with 
Poplar (Populus) particles or fibers. The work has been 
focused on achieving a complete understanding of the 
mechanical behavior and failure mechanism of the newly 
developed corrugated lightweight sandwich panels by 
conducting comprehensive experimental and numerical 
analyses. In the experimental part, mechanical proper-
ties including the quasi-static bending strength, flatwise 

compression, dowel bearings, and screw resistance were 
tested on samples prepared in transverse and longitudi-
nal directions by following ASTM criteria. The numeri-
cal part was carried out with the help of finite element 
analysis (FEA), which is a computerized method for pre-
dicting how a material reacts to real forces. To improve 
the accuracy of numerical modeling, engineering data 
(shear modulus, Young’s modulus, and Poisson’s ratio) 
were measured for each panel type in this study. Solid-
Works software was used to develop the 3D geometries 
of trapezoidal corrugated panels, and Ansys Mechanical 
software was used for performing the FEA in terms of the 
normal stress, maximum principal stress, and equivalent 
(von Mises) stress.

Materials and methods
Raw materials and preparation
The TOCS was sourced from a camellia oil factory and 
the Poplar (Populus) fibers and particles were sourced 
from a local factory in Guangdong province, China. Poly-
meric methylene diisocyanate (pMDI) of Wanhua Chem-
ical Group, Yantai, China with a solid content of 99.2%, 
a viscosity of 150–250 mPa s, and a density of 1.22–1.25 
g/cm3 at 25 °C was used as a resin for fabricating the flat 
and corrugated panels. To assemble the sandwich struc-
ture, conventional polyvinyl acetate (PVA) was used. 
TOCS were chipped using a grinder (Grinder CM200, 
Beijing Grinder Instrument Co., Ltd., Beijing, China), 
and the particles were then screened according to ASTM 
standards with a mesh size of + 3 to − 30. For achieving 
an approximate moisture content of 3%, all raw materials 
were oven dried for 24 h at 65 °C. Figure 1 shows the raw 
materials used in this research.

Fabrication of flat and corrugated panels
Flat panels
In this study, all panels (flat and corrugated) were manu-
factured by a computer-controlled laboratory hot press 
(XINXIELI Enterprise Development Co., Ltd., Suzhou, 
China), with a density of 580 kg/m3 (lightweight panels 
based on ASTM D1554 [25]) and a nominal thickness 
of 10 mm. Using a ratio of 50% TOCS particles to 50% 
Poplar particles or fibers, two concepts of panels (parti-
cle based (PBP) and fiber based (FBP)) were fabricated. 
The particles and fibers were resonant with 6% pMDI in 
a rotary lab blender, while their moisture was adjusted 
to 10% by spraying water. Following that, the materials 
were formed into a square box measuring 480 × 480  mm2. 
A manual pre-pressing was performed and hot-pressing 
was adjusted to be 200 s with a picking pressure of 3.5 
MPa and a temperature of 180 °C.
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Corrugated panels
For the fabrication of corrugated panels, the hot-pressing 
variables, mixing ratio, and resin content were similar to 
those for flat panels. The materials mixture was formed 
into a box and then transferred via aluminum foil into a 
trapezoidal corrugated mold that was already connected to 
the hot-press machine. A detailed description of the corru-
gated mold and the produced corrugated panels is shown 
in Fig. 1.

Assembly of corrugated sandwich panels
In the following steps, the corrugated core was attached to 
flat panels with a thin layer of PVA glue (400 g/m3) which is 
a conventional type of adhesive for furniture manufacture 
and joinery, and assembled sandwich panels were placed 
into a cold press which adjusted with a 7 cm distance 
between plates until glue curing (2 h) completed. Later, the 
sandwich panels were cut into specimens for mechanical 
test and conditioned for seven days in a climatic chamber 
at 20 °C and 65% relative humidity.

Characterization of flat and corrugated panels
ASTM standards were used to characterize several neces-
sary mechanical properties of flat and corrugated sandwich 
panels, six specimens were considered for each test. The 
mechanical properties were measured using a universal 
testing machine (CMT5504, Shenzhen Rethink Coopera-
tion, Shenzhen, China).

Flat panels

Bending strength (modulus of rupture (MOR) and mod-
ulus of elasticity (MOE)), internal bonding (IB), and 
face screw withdrawal resistance (FSW) were measured 
according to ASTM D1037 [26]. As required by the test-
ing protocol, specimens for bending strength were pre-
pared in the dimension of 290 × 76 × 10  mm3; while for 
the other tests, square specimens were prepared in the 
dimension of 50 × 50 × 10  mm3. Moreover, the shear 
modulus (G) and Young’s modulus (E) plus Poison’s ratio 
(υ) of flat panels were obtained using ASTM D3044 [27] 
and ASTM D1037 [26], respectively, as a requirement for 
FEA. Figure  2 shows the test setup for measuring these 
parameters. The tests were conducted following the XYZ 
axes of flat panels and six specimens were considered for 
each test. To determine the shear modulus the Eq. (1) 
and Young’s modulus the Eq. (2) were used.

 where G is the shearing modulus (MPa), u is distance 
from the center of the panel to the point where the 
deflections are measured (mm), P is load applied to each 
corner (N), h is thickness of the panel (mm), and ∆ is 
deflection relative to the center (mm).

(1)G =
3u2P

2h3�
,

Fig. 1 A Raw materials used in this study, B Details of trapezoidal corrugated mold, C Fabricated panels (unit: mm)
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where lg is gage length or distance between the gage 
points of extensometer (mm), b is width of the reduced 
cross section of the specimen measured in dry condition 
(mm), d is thickness of specimen measured in dry condi-
tion (mm), and �p

�y is slope of the straight-line portion of 
the load–deformation curve (N/mm).

Corrugated sandwich panels
Before assembling the sandwich panels, tensile test was 
conducted on the corrugated panels by ASTM D1037 [26]. 
To study the tensile strength of the core layer, samples with 
dimensions of 254 × 51 × 10  mm3 were prepared according 
to standard procedures and this property was calculated 
according to Eq. (3).

(2)E =
lg

bd
×

�p

�y
,

(3)R =
Pmax

bd
,

where R is maximum tensile stress (MPa), Pmax is maxi-
mum load (N), b is width of the reduced cross section of 
specimen (mm), and d is the thickness of specimen (mm).

Later on, according to ASTM D3043 [28], quasi-static 
three-point bending test was conducted on samples 
which prepared in transverse and longitudinal directions 
(Fig.  3). The sample size for bending test 330 × 110 × 70 
 mm3 and using Eqs. (4) and (5), the bending stiffness (EI) 
and maximum bending moments (FbS) were calculated, 
respectively. It must be noted that some adaptations are 
considered due to the particular shape of the corrugated 
panels.

where EI is bending stiffness (N-mm2 / mm), P is the 
load applied (N), Ls is the span length, Δ is the deflection 
(mm), b is specimen width (mm), and FbS is maximum 
bending moment (N-mm / mm).

The core shear ultimate strength of sandwich pan-
els was calculated in accordance with ASTM C393 [29] 
using Eq. (6).

where Fult
s  is core shear ultimate strength (MPa), d is 

sandwich panel thickness (mm), c is core layer thickness 
(mm), and b is sandwich panel width (mm).

Additionally, flatwise compression was con-
ducted based on ASTM D143 [30]. The sample size of 
110 × 110 × 70  mm3 was considered for sandwich panels 
and 110 × 110 × 50  mm3 for the corrugated panels. The 
test setup is shown in Fig.  3. Using the load and cross-
head deflection data, compressive stress was calculated 
according to Eq. (7).

where σ is compressive stress, P2.5 is load (N) at 2.5 mm 
of compressive displacement, and A is total area of the 
facing  (mm2).

To assess the performance of fasteners, a sample size of 
110 × 110 × 70  mm3 was prepared for each test. Initially, 
ASTM D5764 [31] was used to assess the dowel-bearing 
properties of sandwich panels in two directions of ver-
tical and horizontal to corrugated geometry. This was 
accomplished using a dowel with a diameter of 10 mm. 
Additionally, the FSW resistance was determined accord-
ing to ASTM D1761 [32] standard.

(4)EI =
P × L

3
s

�× 48× b
,

(5)FbS =
P × L

3
s

4 × b
,

(6)F
ult
s =

Fmax

(d + c)b
,

(7)σ =
P2.5

A
,

Fig. 2 Test setup for FEA requirements, A Shear modulus test; 
B Tension parallel to surface test to obtain Young’s modulus 
and Poisson’s ratio
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Finite elements analysis
The most commonly used simulation method in sci-
ence and engineering research is FEA, which can predict 
the mechanical performance of a material through com-
puter modeling, and it is an effective tool for optimizing 
parameters during the design process. Thus, by adopt-
ing Ansys Mechanical software, the normal stress, maxi-
mum principal stress, and equivalent (von Mises) stress 
are simulated for both panel types. The purpose of these 
simulations was to compare panel types in terms of bend-
ing performance and achieve a better understanding of the 

mechanical behavior and failure mechanisms. The samples 
were designed for FEM simulation in 2 directions (trans-
verse and longitudinal) with a 280 mm distance between 
the center of spans. The load was applied in the center 
of upper surface with a half-cylinder which had 70 mm 
length and 28 mm diameter. To perform the FEA simula-
tions, segmented 3D models with complex microstructural 
arrangements need to be discretized into geometry-based 
tetrahedral mesh structures. For discretizing each sam-
ple, the three-dimensional SOLID185 elements were used 
with eight nodes and three degrees of freedom per node 

Fig. 3 Test setup for quasi-static bending (A Transverse and B Longitudinal direction) and flatwise compression (C Corrugated panels and D 
Sandwich panels)

Table 1 Deflection to each mesh applied to check the computational modeling convergence

Def. is deflection

Mesh size 
(mm)

PBP FBP

Transverse direction Longitudinal direction Transverse direction Longitudinal direction

Elements
number

Def. (mm) Elements
number

Def. (mm) Elements
number

Def. (mm) Elements
number

Def. (mm)

20 1254 7.15 1246 2.23 1254 4.99 1246 1.68

15 1526 7.24 1502 2.42 1526 5.09 1502 1.83

10 2976 7.26 2238 2.78 2976 5.19 2238 2.09

5 13,316 7.42 10,910 3.31 13,316 5.26 10,910 2.50

3.3 49,350 7.74 46,194 3.68 49,350 5.45 46,194 2.89

2.5 90,778 7.81 80,158 3.75 90,778 5.53 80,158 2.94
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(translation according to X, Y, and Z axes), and stiff adhe-
sion was considered between corrugated core and flat sur-
faces (without slippage). Different variations of mesh sizes 
(20, 15, 10, 5, 3.3, and 2.5 mm) were applied to understand 
the effect of mesh size on element numbers and deflec-
tion (Table 1). By decreasing the mesh size, more accurate 
results could be obtained; however, it may increase the 
computational analysis duration [33]. After applying each 
mesh size, the specimen deflection was measured using a 
bending test. This step was intended to ensure mesh size 
does not significantly affect specimen properties. Accord-
ing to the observed results, mesh 3.3 and 2.5 mm showed 
a similar deflection regardless of specimen direction or raw 
material type. As a result, the mesh size for the geometry 
structure (trapezoidal) in this study was 3.3 mm. By select-
ing this mesh size, it is possible to optimize processing time 
and obtain accurate output. In addition, the simulation was 
solved using a number of 10 load steps with an end time of 
1 s in to match the quasi-static loading condition. The engi-
neering data for simulating PBP and FBP were taken from 
Table 2. For the load cell and spans, due to their materials, 
structural steel (Density: 7850 kg/m3, Poisson’s ratio: 0.3, 
shear modulus: 76,923 MPa, and Young’s modulus: 200,000 
MPa), which is the default material of Ansys Mechanical 
software was adjusted.

Specific energy absorption

The specific energy absorption (SEA) is the energy 
absorption ratio to the sandwich specimen’s mass [34] 
and commonly used to characterize the bending and 
compression worthiness of a structure with the help of 
Eqs. 8 and 9.

(8)SEA =
E

m
,

 where E is the energy absorbed by specimen (J), m is 
the mass of specimen (g), def is the specimen deflection 
(mm), and F(x) is the maximum load (N).

Statistical analysis
Two-sample t-tests were performed to investigate differ-
ences between variables at the 5% significance level. All 
analyses were performed using SPSS (Statistical Package 
for the Social Sciences) software.

Results and discussion
Engineering data of flat panels for FEA
The results of engineering data measured of flat panels 
are demonstrated in Table 2. To simplify the analysis for 
the orthotropic model, the properties for thickness direc-
tion (Z-axis) are considered to be 10 times smaller than 
those experimentally obtained in the X-axis [35]. It was 
observed that FBP had a higher Young’s modulus than 
PBP along all axes. In general, fibers may provide better 
mechanical properties in terms of elasticity as a result of 
their morphology, which is primarily determined by their 
aspect ratio and their content of cellulose [36]. A higher 
Young’s modulus induced higher strain, which resulted in 
a higher Poisson’s ratio (the ratio between transverse and 
axial strains); hence, this phenomenon can be described 
by a higher aspect ratio and likely lower lignin content 
of fibers. A similar trend was observed in the results of 
the shear modulus, the PBP indicated a value of 311 N/
mm2; whereas, the FBP indicated a value of 351 N/mm2. 
Alternatively, FBP’s higher values in observed data could 
be also explained by the density of the panels. Whereas, 
the mean value for PBP’s appearance density was 563 kg/
m3 and the average density for FBP was 588 kg/m3.

(9)E =

∫ def

0

F(x)dx,

Table 2 Engineering parameters of TOCS-based flat panels

The values in parenthesis are COV%

Panel type Density (kg/m3) Test direction Young modulus E
(N/mm2)

Poisson’s ratio (υ) Shear modulus G
(N/mm2)

PBP 563 X-axis 930 (7.6) 0.12 (2.1) 311 (9.3)

Y-axis 578 (8.4) 0.15 (2.4)

Z-axis 93 (7.3) 0.15 (2.4)

FBP 588 X-axis 1363 (15.4) 0.18 (1.9) 351 (4.1)

Y-axis 759 (16.3) 0.21 (2.7)

Z-axis 136 (14.8) 0.21 (2.7)

Sample size  (mm3) 254 × 51 × 10 254 × 51 × 10 260 × 260 × 10
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Mechanical properties of flat panels
Table  3 presents the mean values for the common 
mechanical properties of flat panels. Understanding the 
mechanical properties of flat panels as a part of sandwich 
structure may provide useful information for further dis-
cussion. The results of bending strength test indicated 
that PBP could have better properties in MOR, while 
FBP demonstrated a higher elastic response, resulted in 
slightly higher MOE. It should be noted that both panel 
types demonstrated similar IB strength; however, results 
of Korai et  al. indicated slightly higher IB in fiberboard 
[37]. It was found that fibers due to higher aspect ratio 
than particles could provide a higher mean value when it 
came to screw holding [38]. In summary, all properties of 
PBP and FBP met the minimum requirement for a light-
weight panel according to ANSI A208 [39] (Table 3).

Tensile and ultimate strength of corrugated geometry
According to mean values of maximum tensile stress 
(Table  4), PBP samples indicated a tensile stress of 0.46 
MPa with a COV of 7.3%, and this value for FBP samples 
was 0.35 MPa with a COV of 6.8%. All samples exhibited 
a failure behavior upon tension, where specimens flat-
tened toward the loading handles, and then collapsed 
completely until failure occurred in the reduced section. 
It should be noted that the slope area of corrugated in 
FBP samples had lower strength, consequently, failure 
occurred with a lower tensile load. The reason behind 
this phenomenon could be due to an inappropriate 
mixture of fibers with TOCS particles, which probably 

caused some of the raw materials to lose access to contact 
with the adhesive. The FEA results for the tensile simu-
lation of corrugated panels are indicated in Fig.  4. The 
equivalent (von Mises) stress for PBP and FBP revealed 
a coloration between numerical and mechanical tests. 
There is a maximum tension in the reduced section of 
specimens that failure occurred in that region. In align-
ment with that, the higher tension (yellow color) is more 
dominant for FBP. However, using fibers for flat panels 
indicated higher tensile properties than those fabricated 

Table 3 Mechanical characterization of flat panels

The values in parenthesis are COV%
* LD-1 stands for low-density panels (generally less than 640 kg/m3)

Test type MOE (N/
mm2)

MOR (N/
mm2)

IB (N/mm2) FSW (N)

PBP 825 (17.9) 4.98 (3.9) 0.77 (6.6) 499 (14.2)

FBP 870 (11.7) 3.95 (3.6) 0.72 (7.1) 545 (12.7)

LD-1* (ANSI 
A208)

500 2.8 0.10 360

Table 4 The quasi-static 3-point bending tests

The values in parenthesis are COV%
* The results of tensile stress were considered just for corrugated panels

Treatment Direction Fmax (N) EI (N-mm2/mm) 
(×  106)

FbS (N-mm/mm) Deflection (mm) Tensile  stress* (MPa)

PBP Transverse 1596 (4.6) 2.27 (3.5) 1015 (4.5) 2.92 (5.9) 0.46 (7.3)

Longitudinal 1664 (7.5) 2.01 (4.9) 1059 (7.4) 3.45 (3.6)

FBP Transverse 1430 (9.9) 2.21 (7.4) 893 (8.8) 2.63 (3.3) 0.35 (6.8)

Longitudinal 1566 (6.2) 1.78 (6.4) 996 (6.2) 3.66 (5.7)

Fig. 4 Test setup and FEA simulation of tensile properties 
for corrugated panels
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by particles. The tensile results of a corrugated structure 
suggested that a mixture of TOCS particles with Poplar 
particles would provide stronger slopes in this structure. 
In addition, results of core shear ultimate strength indi-
cated a value of 0.127 and 0.121 MPa for transverse and 
longitudinal PBP samples and 0.119 and 0.108 MPa for 
FBP specimens. These results also may be related to the 
geometry of raw materials. The weaker slope strength in 
corrugated panels made with fibers is caused by a lower 
ultimate strength.

Mechanical properties of corrugated sandwich panels
Quasi‑static bending properties
The mean value of the bending stiffness and maximum 
bending moment are presented in  Table  4. After com-
paring the results, it was found that Fmax either for PBP 
(1664 N) or FBP (1566 N) had higher values for samples 
prepared in longitudinal direction. Regarding linear rela-
tions between load and deflection, the samples subjected 
to bending force exhibited changes in Z axial direction 
until failure [40]; hence, higher Fmax for samples pre-
pared in longitudinal direction resulted in slightly higher 
deflection compared with transverse direction Fig. 5A. In 

general, deflection is linearly proportional to the applied 
load, meaning that higher loads lead to greater deflec-
tion [40] and consequently as deflection is an influential 
variable (Eq.  4), higher deflection could result in lower 
bending stiffness of a sandwich panel. The mean values 
of bending stiffness for PBP were 2.01 ×  106 N-mm2/
mm for longitudinal samples and 2.27 ×  106 N-mm2/
mm for transverse samples, while these values for FBP 
were 1.78 ×  106 and 2.21 ×  106 N-mm2/mm, respectively. 
In the elastic range, the total deflection of a sandwich 
panel can indicate its stiffness. Regarding maximum 
bending moment, PBP demonstrated superior values 
compared with FBP. The mean value of FbS for PBP indi-
cated 1059 N-mm/mm in longitudinal and 1015 N-mm/
mm in transverse samples. These values for FBP showed 
about 10% lower. Higher FbS value for longitudinal sam-
ples of trapezoidal corrugated sandwich panels was also 
reported by other studies focused on trapezoidal corru-
gated structure [15, 41]. It is worth to mention that the 
sandwich panels in this study are mechanically (bend-
ing stiffness and maximum moments) suitable for use as 
structural material based on the criteria classified in APA 
PS 2–10. In this class, bending stiffness was determined 

Fig. 5 Load–deflection graphs, A Bending test and B FEA simulation
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to be 0.7 and 1.8 (N-mm2/mm) for TD and LD, respec-
tively. In addition, the FbS was determined to be 650 and 
920 (N-mm/mm) for TD and LD, respectively.

To simulate the bending performance of corrugated 
sandwich panels, normal stress, and maximum principal 
stress (Fig. 6) were run on 3D specimens in both trans-
verse and longitudinal directions. The FEA method was 
carried out to achieve a better understanding of differ-
ent raw material behavior and comparison with actual 
mechanical tests. The maximum tension stress is shown 
in red. According to the obtained results of normal stress, 
the concept of a corrugated sandwich panel based on 
TOCS mixed with poplar particles indicated slightly bet-
ter performance than those with fibers. The structure of 
transverse samples appeared to have a higher number 
of maximum tension regions with failure potential. The 
same trend was observed in terms of maximum principal 
stress. PBP was capable of bearing more tension in both 
directions. It is noteworthy that maximum tension stress 
for transverse samples occurred primarily in the bottom 
region around the support area as well as at the corner 

region of the trapezoidal core slope area of corrugated 
that bonded to the bottom flat panel. Additionally, when 
it comes to longitudinal samples, maximum tension 
stress occurred primarily at the support area and center 
of the panels in the bottom flat panel. Moreover, the 
results of the bending stiffness and maximum moment 
agree with the results of the normal stress and maximum 
principal stress.

In a sandwich panel, the total deflection is made up of 
bending components (surface layers) and shear compo-
nents (core layers). As shown in Fig.  5B, the maximum 
deformation (numerically) for PBP and FBP was higher 
for samples prepared in transverse direction. These 
results were opposite to obtained deflection of bend-
ing test (Table  4). A reason for this phenomenon could 
be related to density distribution, in laboratory scale is 
hard to control density distribution of panels and it may 
affect the mechanical properties of sandwich panels. In 
the study about OSB sandwich panels manufactured with 
trapezoidal core, the same phenomenon was reported 
[15].

Fig. 6 Bending properties simulation by FEA, A Normal stress and B Maximum principal stress
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The failure map for the bending test is shown 
in Fig. 7. As can be seen, the different failure mechanisms 
were observed for transverse samples. The failure in PBP 
samples was due to a rip across the bottom layer. This 
type of failure is classified as type (C) according to ASTM 
C 393 [29]. The undamaged corrugated core indicated the 
excellent bending properties of this structure with poplar 
particles. It is interesting to mention that in the concept 
of a sandwich, generally, surface layers have a higher den-
sity than core layers [42]. While in this study, the core 
and surface layers were fabricated in even density. Hence, 
increasing the density of flat panels can significantly 
improve the bending properties of corrugated particle-
boards. On the other hand, the failure in FBP samples 
occurred at the slope area of corrugated, which is classi-
fied as a type (F) failure. Most likely mixing Poplar fibers 
with TOCS particle resulted in weak slope for the cor-
rugated core due to different geometry and aspect ratio 
[43]. In samples prepared in longitudinal (Fig.  7B), the 
failure mechanisms indicated similar mode for the PBP 
and FBP. The failures occurred at the region where sam-
ples were placed on the span supports (bottom layer). An 
explanation for this type of failure could be related to the 
smaller size of spans than the sample width. Interestingly, 
the failure mechanism was correlated with the maximum 

tension stress observed in FEA calculations. The failure 
maps of samples prepared in transvers direction was sim-
ilar to region with maximum tension based on equivalent 
(von Mises) stress (Fig. 7C). The FEA method is useful for 
the analysis of the failure mechanism in complex struc-
tures such as a corrugated sandwich panel [44].

Flatwise compression properties
The results of the flatwise compression test for corru-
gated and sandwich panels are presented in  Table  5. 
Considering the corrugated panels used as the core, 
after the force reached the maximum moment, the 
specimens gradually collapsed at slope area of cor-
rugated (for both panel types). The mean values indi-
cated 0.39 MPa with a COV of 9.1% for PBP and 0.25 
MPa with a COV of 8.6% for FBP. The difference may be 
attributed to the fact that particles are able to provide a 
stronger slope in the trapezoidal corrugated structure 
than fibers, and thus, PBP could provide a better flat-
wise compression. Regarding the results of corrugated 
sandwich panels, the mean values indicated the same 
trend as mentioned above. The compression strength 
for PBP was 0.63 (8.9%), and for FBP was 0.45 (8.4%). 
Burrito et  al. reported a compression strength of 0.77 
MPa for corrugated sandwich panels fabricated with 

Fig. 7 Failure map of bending test, A Transverse direction and B Longitudinal direction

Table 5 The mean value of mechanical tests for TOCS-based sandwich panels

The values in parenthesis are COV%

Panel type Compression strength (MPa) FSW resistance (N) Dowel bearing (N)

Corrugated panel Sandwich panel Vertical Horizontal

PBP 0.39 (9.1) 0.63 (8.9) 2249 (7.8) 6853 (9.3) 2826 (12.2)

FPB 0.25 (8.6) 0.45 (7.4) 2204 (9.5) 8076 (11.4) 3271 (8.6)
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balsa wood waste, TOCS claimed to be a proper alter-
native for wooden species [45]. However, a different 
failure mode was observed (Fig.  8A) for these speci-
mens compared with corrugated panels. It was found 
that the bonding between the core layer and surface 
layers helped the slope area of corrugated to provide a 
static condition and consequently transferred the stress 
to the bottom layer. Hence, in both PBP and FBP, the 
bottom layers close to the bonding area ripped by the 
applied tension, whereas the slope area of corrugated 
was undamaged. It should be noted that in some FBP 
specimens, a negligible crack was observed at the slope 
area of corrugated. These findings are aligned with the 
results of FEA (equivalent (von Mises) stress), as shown 
in Fig. 8B, there is a strip of mesh with a higher tension 
(green color).

Fastener properties
The design of structural members when using this type 
of panel may be determined by the fastener connections 
[46]. Consequently, having basic information regard-
ing the mentioned properties may be helpful for future 
research and development. Several factors could affect 
screw holding resistance, including screw type and diam-
eter, pilot hole size, screw penetration depth, and direc-
tion, the size of raw materials, apparent bulk density, 
shear strength, and IB properties [47, 48]. The measured 
FSW resistance indicated a similar value for both PBP 
(2249 N with a COV% of 7.8) and FBP (2204 N with a 
COV% of 9.5) as shown in Table 5.

The mean values and test setup for dowel-bearing tests 
are presented in Table 5. This test was carried out in two 
directions (vertical and horizontal to corrugated struc-
ture). Based on the results, FBP specimens indicated a 
higher dowel bearing in both directions. The maximum 

Fig. 8 Failure map of flatwise compression, A Experimental test, B Theoretical test
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force for vertical dowel bearing (Fig. 9A) was 6853 N for 
PBP and 8076 N for FBP specimens. In addition, the hor-
izontal dowel bearing indicated a value of 2826 for PBP 
and 3271 N for FBP specimens. The failure mechanism 
after removing the load is shown in Fig. 9B. The vertical 
load indicated a normal trend, with increasing the load, 
the dowel was penetrated in samples deeper until failure 
happened. On the other hand, the horizontal samples 
had a slight delamination in the bottom layer. The applied 
load caused a break in the glue line resulting in the sep-
aration of layers. This phenomenon appeared in both 
panel types and a simple solution for that is increasing 
the glue usage for bonding the core layer to surfaces or 
using some other glues such as polyurethane based [41].

Specific energy absorption analysis
The results of SEA for specimens under bending and 
compression tests are listed in Table  6. It was observed 
that PBP could absorb more energy in both tests. In 
detail, the specimens prepared in the longitudinal 

direction indicated a higher SEA. This value for PBP and 
FBP was 6.94 and 6.91 J/g, while transverse specimens 
had a value of 5.56 and 4.54 J/g, respectively. The energy 
absorption capability of a sandwich panel is related to 
the failure mechanisms of the core and surface layers. 
The failure map of specimens based on fibers revealed a 
weaker slope in the core layer (Fig. 7). Hence, lower SEA 
values were expected. In addition, results for the com-
pression test showed a SEA value of about 40% higher for 
PBP specimens.

Conclusions
This study investigated the mechanical properties of 
trapezoidal corrugated panels using agricultural waste 
(TOCS) in combination with Poplar particles and fib-
ers. Experimental findings indicated that a mixture of 
TOCS with Poplar particles yielded superior mechani-
cal properties, which were supported by numerical FEA 
results. Specifically, Poplar particle-based panels exhib-
ited enhanced bending stiffness, maximum bending 

Fig. 9 Test setup and failure map of dowel-bearing test, A Vertical to corrugated, B Horizontal to corrugated

Table 6 The mean value of energy absorption of bending and compression tests

BS is bending strength test

Test type Particle-based specimens Fiber-based specimens

Weight (g) Fmax (N) SEA (J/g) Weight (g) Fmax (N) SEA (J/g)

BS (transverse) 838 1596 5.56 830 1430 4.54

BS (longitudinal) 826 1664 6.94 829 1566 6.91

Compression test 356 7659 48.4 349 5279 33.8
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moments, flatwise compression strength, and resist-
ance to screw withdrawal. However, fiber-based pan-
els showed stronger dowel-bearing strength. Analysis 
of failure maps underscored the predictive capability of 
FEA in identifying failure regions. Overall, the study sug-
gests that the combination of TOCS with Poplar particles 
offers a promising avenue for producing lightweight, eco-
friendly panels with improved mechanical performance, 
aligning with sustainability objectives.
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