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ARTICLEINFO ABSTRACT

Keywords: This study developed a lightweight laminated bamboo sandwich panel (BSP) with a grid core,

Bamboo Sandwich Panels using bamboo veneers for both the surface and core layers. The effects of key structural
Grid Core

Four-Point Bending

parameters—including core processing methods, grid count, and layer thickness—on ultimate
load capacity, deflection, strain, specific stiffness, and specific strength were systematically
Specific Strength evaluated via four-point bending tests. Experimental results demonstrated that the core
Sustainable Construction processing method significantly influences mechanical performance. Partition-type sandwich
panels exhibited a 108.9% higher specific strength than interlocked-type panels. Increasing the
number of long grids enhanced the ultimate load capacity by 68.4% and specific strength by
41.7%, whereas the number of short grids had a minimal impact. Reducing the lower layer
thickness from 8 mm to 4 mm decreased specific strength by 24.2%, and decreasing the core
thickness from 48 mm to 32 mm resulted in a 31.2% reduction. Nonlinear load-deflection and
load-strain behaviors were observed, and a finite element simulation model successfully
predicted the structural performance. Compared to traditional construction materials, the
developed BSP offers superior structural efficiency, reduced environmental impact, and lower
cost, demonstrating high potential for applications such as flooring, wall panels, and bridge

decks.

position it as an ideal material for contemporary sustainable

1. Introduction

Rapid urbanization has led to unprecedented demand for
infrastructure and building construction. However, this
expansion has resulted in substantial depletion of natural
resources and energy reserves, imposing a significant
environmental burden globally. In response, sustainable
development has become a critical strategic imperative.
Adopting  eco-friendly construction materials—thereby
reducing reliance on conventional materials such as steel and
concrete—represents a fundamental shift toward meeting
sustainability objectives!'l.

Bamboo, a historically utilized construction material,
possesses remarkable properties including a high strength-to-
weight ratio, superior mechanical characteristics, excellent
structural plasticity, and inherent durability. These qualities
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architecture!?). Furthermore, the wider adoption of bamboo-
based materials could alleviate anthropogenic pressure on
diminishing natural forests in developing countries, thereby
contributing to global conservation efforts.

As a significant non-timber forest product, bamboo is
distinguished by its sophisticated fibrous architecture,
favorable physicochemical properties, and good workability,
making it a compelling alternative to conventional steel and
concretel>#. Its rapid growth cycle, notable ecological
adaptability, and substantial socioeconomic benefits
contribute to carbon sequestration and environmental
amelioration throughout its life cycle. From a holistic life-
cycle perspective, bamboo represents a premium eco-
compatible material with broad application potential, aligning
well with global and national sustainability goals such as
China's dual carbon targetstl.
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In the context of bamboo's sustainability credentials,
sandwich panel technology presents an innovative paradigm
for maximizing its performance. Sandwich structures, known
for their exceptional stiffness-to-mass ratios, have
demonstrated remarkable versatility across aerospace, marine,
and architectural applications[®-!!],

Transforming laminated bamboo into grid-core sandwich
structures offers opportunities to replace conventional floor
and bridge deck components while providing a more
environmentally sustainable alternative for the construction
sector. This innovative application not only reduces the
environmental footprint of building materials but also expands
the potential uses of bamboo in construction, thereby
accelerating the transition toward sustainable and ecological
development (Fig 1).
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Fig 1. Modern bamboo and wood structure. a Laminated bamboo

office building, b modern gluedlaminated timber footbridge

A sandwich panel typically comprises two thin, high-
strength face sheets bonded to a lightweight core. This
configuration enables optimized designs through the strategic
selection of core topologies and face/core materials, thereby
enhancing the mechanical properties of lightweight structures.
Such designs yield superior multifunctional characteristics,
including high stiffness-to-weight and strength-to-weight
ratios, improved thermal insulation, and notable energy
dissipation capacity. Driven by advances in high-specific-
strength materials, sandwich structures have seen widespread
adoption and diversification. Their structural performance
depends critically on several factors: the properties of the face
and core materials, the geometric configuration of the core,
and the quality of the interfacial bond!'>!¢, Consequently,
tailoring face and core thicknesses along with core geometry
provides a versatile pathway to meet diverse functional
requirements. Researchers have proposed various core designs
to develop lightweight structures with enhanced stiffness,
strength, and energy absorption, with growing efforts focused
on identifying optimal geometric configurations and material
compositions for lightweight corest!”-13],

Grid structures, a class of sandwich core configurations,
are generated by periodically extending basic structural units
in two in-plane directions according to defined rules. Their
cellular architecture consists of nodes interconnected by
slender rod elements, resulting in various topologies such as
triangular, honeycomb, square, and Kagome grids. Fan et all']
fabricated carbon-fiber Kagome grid sandwich panels and

subjected them to in-plane compression, out-of-plane
compression, and three-point bending tests. Their
experimental results were compared with theoretical

predictions of bending failure modes, leading to refined
theoretical models. He et al®® derived theoretical formulas for
the bending stiffness and strength of hexagonal grid sandwich
panels made from low-carbon steel (Q235), with three-point
bending tests showing close agreement with predictions. To
enhance stiffness and mitigate interfacial mismatch, Shi et
al?! incorporated aramid fiber-reinforced honeycomb infill
into square grid cores. Bending tests revealed that this infill
improved the structure's strength, specific strength, and energy
absorption capacity. Lu et al?’l employed 3D printing to
design and fabricate quadrilateral, triangular, miter, and
Kagome grid cores. Finite element analysis corroborated by
three-point bending tests indicated that under bending loads,
stress concentrations occurred in the upper face sheet beneath
the loading zone and in the lower face sheet above the
supports, while stress in the core concentrated between the
loading and support zones. Failure modes varied: quadrilateral
grids exhibited face-core interfacial delamination, whereas
triangular, miter, and Kagome grids experienced core shear
failure. Yang et all?*>3] designed and fabricated wood-based
interlocking grid and pyramid sandwich structures,
systematically evaluating their mechanical properties through
flatwise compression and four-point bending tests. Their
results indicated that the tension-dominated interlocking grid
structure offered significant advantages over the bending-
dominated pyramid structure, with compressive strength
increasing by approximately 5.3 times, specific energy
absorption by 79.6%, and bending stiffness by 5.5 times.
Reinforcing OSB face sheets with glass fiber-reinforced
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polymer (GFRP) increased flexural stiffness by 6.2-10.7%
and transformed the failure mode from brittle fracture to
stable plastic deformation. Klimek et al®®! developed a
lightweight wood-based sandwich panel with a Kagome
interlocking grid core and grooved particleboard facings,
comprehensively determining its mechanical properties
through systematic testing. The structure exhibited excellent
performance in compression and bending, with flatwise
compressive  strength reaching 2.64 MPa, edgewise
compressive strength 6.4 MPa, and flexural strength 10 MPa,
though its tensile performance was relatively lower (average
tensile strength of 0.5 MPa). The grooved connection system
effectively enhanced interface stability, and Poisson's ratios
measured via DIC technology provided crucial data for
understanding the structural mechanical behavior. Hao et al?”)
developed a novel wood-based Taiji honeycomb core
sandwich panel and comprehensively analyzed its
deformation and failure mechanisms under three-point
bending through combined theoretical and experimental
approaches. Their analysis showed that compared to
traditional honeycomb cores, the Taiji honeycomb core
exhibited 3.5 times and 3.44 times higher compressive and
shear strength, respectively. In terms of strength-to-weight
ratio, the compressive and shear strength increased by 1.75
times and 1.72 times, respectively. Indentation and core shear
failure were identified as the primary failure mechanisms for
these panels under three-point bending.

While considerable research has focused on the mechanical
properties of sandwich panels, studies on laminated bamboo
sandwich panels with grid cores (BSP) remain relatively
scarce. Specifically, the flexural behavior and failure
mechanisms of such structures are not yet fully understood.
Therefore, this study designed and fabricated laminated
bamboo grid sandwich panels with varying structural
parameters. A combined approach of simulation analysis and
bending tests was employed to rigorously investigate their
flexural behavior and ascertain the underlying failure
mechanisms. The findings are anticipated to provide crucial
theoretical underpinnings for the practical engineering
application of laminated bamboo grid sandwich panels,
offering both significant engineering relevance and scientific
value.

2.Experimental Methodology

This section details the test matrix, material properties,
specimen manufacturing, test setup, and instrumentation.

2.1.Test Matrix

Sandwich panels with grid cores were fabricated from
laminated bamboo, with dimensions of 1200 mm in length
and 384 mm in width. All specimens were tested under four-
point bending conditions and consisted of laminated bamboo
face sheets bonded to both sides of the grid core. Two grid
core processing methods were employed: interlocked and
partition. The number of short grids varied among five levels:
3,5,7, 11, and 15, while the number of long grids was set to 3,
5, or 7. The lower face sheet thickness was 4 mm, 6 mm, or 8

mm, and the grid core thickness was 32 mm, 40 mm, or 48
mm. Three identical specimens were manufactured for each
variable combination.

For identification, each specimen was labeled using a
“BSP-XY” format, where “BSP” denotes laminated bamboo
grid sandwich panel. “X” indicates the structural parameter
category: interlocked triangular grid core (TI), interlocked
square grid core (SI), interlocked Kagome grid core (KI), or
partition square grid core (SP). “S” indicates the number of
short grids; “L” the number of long grids; “T” the thickness of
the lower face sheet (mm); and “H” the thickness of the grid
core (mm). “Y” represents the specific value of the parameter.

¥ Both the long grid and
the short grid are milled

a) Interlocked square grid core (S1) b) Partition square rid core (SP)
Fig 2. Grid core of sandwich panel structure (a) Interlocked square grid core

(SI) (b) Partition square grid core (SP)

384

o

¢) Laminated bamboo interlocked Kagome grid sandwich panel (BSP-KI)

384

d) Laminated bamboo partition square grid sandwich panel (BSP-SP)
Fig 3. Engineered laminated bamboo sandwich panels

The length and width of the BSP were selected at a 1:1
scale based on typical bridge deck dimensions, while the
height was determined according to the requirements of
subsequent projects, considering the limitations of test fixtures,
the stroke length of displacement transducers, and relevant
specification requirements. Detailed structural parameters are
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listed in Table 1, with geometric details illustrated in Figs 2

and 3.
Table 1 Geometric parameters of BSP
Core Lower
. Long Short .
Specimen layer surface layer . . Specimen
number thickness thickness grld, grld, quantity
quantity quantity
(mm) (mm)
BSP-TI 48 8 5 - 3
BSP-SI 48 8 5 15 3
BSP-KI 48 8 4 - 3
BSP-SP 48 8 5 15 3
BSP-S15 48 8 5 15 3
BSP-S11 48 8 5 11 3
BSP-S7 48 8 5 7 3
BSP-S5 48 8 5 5 3
BSP-S3 48 8 5 3 3
BSP-L7 48 8 7 7 3
BSP-L5 48 8 5 7 3
BSP-L3 48 8 3 7 3
BSP-T8 48 8 5 7 3
BSP-T6 48 6 5 7 3
BSP-T4 48 4 5 7 3
BSP-H48 48 4 5 7 3
BSP-H40 40 4 5 7 3
BSP-H32 32 4 5 7 3

2.2.Material Properties

The grid sandwich panels were manufactured from
laminated bamboo. The laminated bamboo was supplied as
single-layer boards measuring 2000 mm in length, 1500 mm
in width, and with thicknesses ranging from 4 mm to 8 mm.
The average density was 0.64 g/cm®. As an orthotropic
material, its key mechanical parameters are listed in Table 2.
To facilitate analysis of the BSP's mechanical behavior under
four-point bending, a trilinear constitutive model (Fig 4) was
implemented based on material test data.

A resorcinol adhesive with a viscosity of 15 Pa-s, procured
from Shanghai Zhiyi New Material Technology Co, Ltd, was
used to bond the face sheets to the core. To ensure optimal
adhesion, the bonding surfaces of both the face sheets and the
grid core were carefully polished. After adhesive application,
the assembly was cured under cold-pressing conditions at 1
MPa pressure and 30 °C for 4 hours using a hydraulic press.
This curing protocol ensured complete adhesive
polymerization and produced robust interfacial adhesion,
imparting the structure with excellent cohesion and durability.

Table 2 Basic properties of laminated bamboo

Tensile Compression Shear
. Density strength strength strength
Material
(grem?) parallel to parallel to parallel to
grain(MPa) grain(MPa) grain(MPa)
Laminated
0.64 114.5 59.7 18.9
bamboo
Coefficient
of 2.5 5.8 6.7 6.0

variation/%

a/MPa y

1145 —

0.0326  0.0038 |

0.0065 | 0.0124
|
|

|
: — 345

)

— =—159.7

Fig 4. Constitutive model of laminated bamboo
2.3.Specimen Manufacturing

The BSP fabrication process is as follows, with the detailed
structure shown in Fig 5.

First, laminated bamboo was precision-cut to the required
dimensions for the face sheets and grid core. A computer
numerical control (CNC) milling machine was then employed
to mill specific grooves with high precision, efficiency, and
repeatability. For the upper and lower face sheets, grooves
with a depth of 3 mm were milled. For the triangular grid core,
component 1-1 featured a groove depth equal to one-third of
the laminated bamboo's width, while components 1-2 and 1-3
had grooves two-thirds of the width deep. For the square and
Kagome grid cores, the groove depth was half the width of the
laminated bamboo. Following the programmed path, the
required grooves were accurately milled. The long and short
grid ribs were then assembled using the interlocking method,
where the grooves were carefully engaged to form a grid core
with parallel upper and lower surfaces, ensuring a robust
structure (Fig 6).

Resorcinol adhesive was uniformly applied to the grooves
of the face sheets at a rate of 260 g/m? to ensure effective
interfacial bonding. The grid core was positioned between the
upper and lower face sheets to form the sandwich structure,
with meticulous alignment maintained throughout assembly.
The assembled panel was cold-pressed in a hydraulic press at
1 MPa and 30 °C for at least 4 hours to facilitate complete
adhesive curing. After curing, the panel was trimmed to the
final dimensions of 1200 mm x 384 mm using a cutting
machine. Finally, the specimens were surface-finished with a
fine sander to achieve a smooth texture, completing the
fabrication process (Fig 7).
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Fig 5. Details of laminated bamboo grid sandwich panel. Note: In this figure,1
represents the grid core, in which 1-1, 1-2 and 1-3 represent the middle,
upper and lower layer of the grid core respectively. 2 represents the upper

layer, 3 represents the lower layer, and 4 to 8 represent the groove positions
between the grid core and the surface layer processed by the CNC milling

machine

Fig 6. Interlocking and installing the grid core

Fig 7. Laminated bamboo grid sandwich panel (a) Triangular grid (b) Square

grid (c) Kagome grid
2.4.Test Procedure and Calculation Methodology

Four-point bending tests were conducted to characterize the
mechanical behavior of all specimens. The loading and
support spans were determined in accordance with established
guidelines, specifically the Standard Test Methods for Timber
Structures. A schematic of the four-point bending test setup is
shown in Fig 8. Tensile strain on the lower surface and
compressive strain on the upper surface were monitored using
strain gauges attached to opposite sides of the BSP.
Additionally, displacement transducers were positioned at
mid-span and at the one-third points to measure structural
deflection.

H | Hydraulic jack

Upper surface layer

Q I Distriputior) beam ] / [;tl
; B I H y )
Laminated bamfjoo Weftice sandwich panel Lattice core layer I

= . - =
%sglaumen—lmﬂﬂb/ Resistance strain gau Lower surfuce lyet
2O | 380 ] 380 30,

JEL ' !

Fig 8. A schematic representation of the four-point bending test apparatus for BSP
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Fig 9. Section of laminated bamboo grid sandwich panel (a) Longitudinal section of BSP (b) Cross section of BSP

Testing was performed using a 10-tonne hydraulic actuator,
with load applied incrementally at a constant rate. After each
load increment, the load was held constant for three minutes,
and readings were recorded once stabilization was achieved.
This loading protocol continued until ultimate structural
failure. The acquired data included load, deflection, and strain
measurements.

The structural behavior of the BSP is analogous to that of
an I-beam. As shown in Fig 9, the upper and lower face sheets
function similarly to the flanges, resisting compressive and

tensile stresses under bending, while the grid core acts like the
web, resisting shear stresses. By placing the high-stiffness,
high-strength face sheets farther from the neutral axis, the
BSP configuration significantly enhances the overall bending
stiffness.

In the figure, / represents the total length of the BSP (mm),
lp denotes the calculated span (mm), b is the width (mm), and
h is the total height (mm). The parameter # is the grid width
coefficient, a is the face sheet thickness coefficient, and S is
the grid core thickness coefficient.
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o bgrid
= (1)
a= sur:aue (2)

hgyi
= (3)

Where bgria is the width of the grid core, Zsuuce is the
thickness of the face sheet, and /core is the thickness of the
grid core.Namely, #b refers to the width of the grid core (mm),
oh indicates the thickness of the surface layer (mm), and fh
represents the thickness of the grid core (mm).

Based on the principles of mechanics of materials, the
bending moment M and shear force F§ acting on the cross-
section can be related to the normal stresss ¢ and shear stress 7

o= 4)
FSt
T ©)

Here, y is the distance from the neutral axis (mm), b is the
width of the section considered for shear flow (mm), and 7 is
the moment of inertia of the cross-section about the neutral
axis z (mm?*). S*; is the first moment of area of the section
beyond the horizontal plane at distance y from the neutral axis
z (mm?).

The expressions for - and S”. for the BSP are:

1 3 402 n
L=1b[a(1-) (1-20+25) +2 (6)

S; =< bh?[4a(1-n) (1+a)+n )
Let Fs and M represent the shear force and bending
moment, respectively, when the BSP reaches its ultimate
shear strength. Similarly, let M; represent the bending moment
when the structure reaches its ultimate tensile strength. The
ultimate load-carrying capacity M is the smaller of M; and M>:
_ 2 a(l—:;)(6—12a+8a2)+i1

Fs 2tbh [ 4a(1-n)(1-a)+n (8)

2 40.2 n
M, =abh?[a(1-n) (1-20+25) +2 9)

_2 2 a(1-))(6-12a+8a2)+y
Mp=37bh7[ porEm s (10)

M=min{M,,M,} (11)
Considering factors such as material quality, structural
integrity, and potential strength variations, the strength values
obtained from small, clear laminated bamboo specimens were
adjusted using a reduction factor:
fo=Kof (12)
Kqo=KqiKq2KqsKas (13)
Where f; is the design material strength for the BSP (MPa),
K, is the comprehensive strength reduction factor, and f'is the
strength of small, clear laminated bamboo specimens (MPa).
Koi, Koz, Kos and Kps are influence coefficients for natural
defects, drying defects, long-term load effects, and size effects,
respectively. Given the short loading duration in these tests,
long-term effects were neglected. Due to strength reduction
caused by milling and grooving, a natural defect impact
coefficient for shear strength Kp; = 0.78 was adopted. Other
coefficients were assigned values in accordance with relevant
standards.

3.Results and Discussion

This section details the failure modes, load-deflection and
load-strain behaviors, and simulation results from the four-

point bending tests. Finite element simulations using
ABAQUS 2020 were conducted to elucidate the deformation
behavior and stress distribution within the BSP.

The entire BSP was modeled using C3D8R hexahedral
elements, a standard choice for simulating composite
structures under bending. This element type employs reduced
integration to mitigate shear locking while maintaining
computational efficiency. The total element count ranged
from 5,000 to 10,000, depending on the core geometry. A
mesh sensitivity analysis was performed by refining the global
element size from 20 mm to 5 mm. Results indicated that an 8
mm element size produced a mid-span displacement deviation
of less than 2% compared to the finest mesh (5 mm),
confirming result independence. This size was adopted for all
models to ensure accuracy without excessive computational
cost. In the simulation, the load was applied at the one-third
points, with model dimensions matching those of the physical
specimens (Fig 10).

Fig 10. Finite element model of four-point bending test

3.1.Test Process and Analysis

3.1.1.Effect of Processing Method and Grid Core
Configuration

This section examines the impact of two fabrication
techniques (interlocked and partition) and three grid core
geometries (triangular, square, Kagome) on the flexural
behavior of BSP. The failure modes observed during four-
point bending tests are shown in Fig 11. Test results are
summarized in Table 3.

Under flexural loading, the stress distribution was as
follows: the upper face sheet experienced compression, the
grid core primarily resisted transverse shear, and the lower
face sheet was in tension. Initially, no visible damage
occurred. As the load reached approximately 65% of the
ultimate load, the structure exhibited brittle behavior without
significant surface cracking. At the ultimate load, a sudden
loud noise was heard. Specimens fabricated using the
interlocked method developed shear cracks within the bending
shear zone, which propagated rapidly. Structural failure
ensued when the grid core reached its ultimate shear strength.
With continued loading post-peak, the laminated bamboo in
the upper face sheet yielded upon reaching its compressive
yield strength, while the lower face sheet failed in tension
upon reaching its tensile strength.

The failure load was defined as the maximum load at the
onset of damage, with the corresponding maximum
displacement  recorded.  Representative  load-midspan
displacement and load-strain curves for each specimen group
are compared with simulation results in Fig 12.
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The curves show excellent agreement in slope during the
elastic stage between experimental and finite element results.
Upon entering the elastoplastic stage, the slopes decreased,
but the overall trends remained broadly consistent with
experimental observations.

The results indicate that grid core configuration and
processing method significantly influence the ultimate load
capacity. Among the interlocked specimens, the triangular
grid core demonstrated the highest ultimate load and bending
stiffness, followed by the Kagome and square grids.
Compared to the square grid, the maximum loads of the
triangular and Kagome grids increased by 71.9% and 22.2%,
respectively. The partition-type square grid BSP showed a
marked increase in maximum load—108.9% higher than the
interlocked square grid and 21.6% higher than the interlocked
triangular grid. However, bending stiffness showed no
significant variation between square grid sandwich panels
processed by different methods.

To quantitatively assess the impact of structural parameters,
the specific stiffness and specific strength were calculated for
each specimen group (Fig 13). Bending stiffness D was
determined using:

D=% (312—402) (14)

where D is the bending stiffness (N-mm?), a is the distance
from the support to the load point (mm), 4P is the load
increment within the elastic regime (N), / is the span (mm),
and f; is the mid-span deflection (mm) corresponding to
AP.The ratio 4P/fl (N/mm) characterizes the linear segment
of the load-displacement curve.

Among the interlocked BSP with different grid cores, BSP-
SI exhibited the highest specific stiffness. The specific
stiffness of BSP-TI and BSP-KI was slightly lower, at 95.2%
and 92.8% of BSP-SI, respectively. The specific stiffness of
square grid panels was largely unaffected by the processing
method (partition vs. interlocked).

Regarding specific strength, BSP-TI (interlocked) showed
the highest value among interlocked types. Notably, the
specific strength of partition-type square grid panels (BSP-SP)
was significantly enhanced—43.6%, 108.9%, and 95.3%
higher than BSP-TI, BSP-SI, and BSP-KI, respectively. This
suggests that the partition method enables more efficient
material utilization for square grid sandwich panels.

Fig 11. Failure modes of BSP under bending loads (a) BSP-TI (b) BSP-SI (c) BSP-KI (d) BSP-SP
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Table 3 Evaluation of test and simulation values for BSP

Test value Simulation value Relative error
. . Mid-span displace . Mid-span displace . Mid-span displace
Specimen number Ultimate load (kN) ¢ (mm) Ultimate load (kN) ¢ (mm) Ultimate load A
ment (mm ment (mm men!
@ ® G=O-BY®
® @ . oReYole)
BSP-TI 38.7 25.144 38.5 25.245 0.5% 0.4%
BSP-SI 22.5 14.731 23.5 15.322 4.4% 4.0%
BSP-KI 27.5 16.793 27.0 16.956 1.9% 1.0%
BSP-SP 47.0 41.991 46.9 41.198 0.2% 1.9%
50 - 50
- ~ 7
40 . - —
N Z
=
.=
g
Z 30 o &
v
-1 —— BSP-TI-Test —=— BSP-TI-Test
3 —— BSP-TI-Simulation —=— BSP-TI-Simulation
~ 20 BSP-SI-Test ~— BSP-SI-Test
—=— BSP-SI-Simulation —— BSP-SI-Simulation
BSP-KI-Test BSP-KI-Test
10 —+— BSP-KI-Simulation —— BSP-KI-Simulation
BSP-SP-Test BSP-SP-Test
«— BSP-SP-Simulation —=— BSP-SP-Simulation
0 " A ‘ 1 . . " 1 . 1 L L 1 yal 1 1
0 10 20 30 40 50 -12000 -8000 -4000 0 4000 8000
Displacement(mm) Strain(x10°)
a) b)
Fig 12. Comparison between test value and simulation value for BSP (a) Load-mid span displacement curve (b) Load-strain curve
200 ¢ 40 ~
_.’.'JJ o — =
3 5
- 3 &0
Eis0f 2 [ =30 |
z | V7 E
o Z
o =
= =
2 100f £020
7 £
£ g | A e
— w
b= 3]
e =
o 50 S0
_1.5 .
D / v
o
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% l |
0 0 '
BSP-TI BSP-SI BSP-KI BSP-SP BSP-TI BSP-SI BSP-KI BSP-SP
Different processing methods and lattice core configurations Different processing methods and lattice core configurations
a) b)
Fig 13. Specific stiffness and specific strength of BSP (a) Specific stiffness of BSP (b) Specific strength of BSP
3.1.2.Effect of Short Grid Quantity failure of the lower face sheet, whereas BSP-S7 and BSP-S5

failed due to shear in the grid core. This indicates that the
number of short grids has minimal influence on the ultimate
load capacity.

Load, deflection, and strain measurements are compared
with simulation results in Fig 15.

The load-displacement curves for the five BSP groups with
different short grid counts were similar, with nearly identical
stiffness and ultimate load capacities. Among them, BSP-S15
had the highest ultimate load, measuring 1.011, 1.056, 1.056,
and 1.044 times the values for BSP-S11, BSP-S5, BSP-S7,
and BSP-S3, respectively.

This section investigates the relationship between the
number of short grids and bending performance. Five
structural groups were tested under similar conditions. The
failure mode is illustrated in Fig 14, and results are
summarized in Table 4.

Initially, specimens behaved elastically. As load increased,
they transitioned into plastic deformation. Failure at the
ultimate load was rapid. While ultimate load values across the
five groups showed negligible variation, failure modes
differed: BSP-S15, BSP-S11, and BSP-S3 exhibited tensile
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Specific stiffness and specific strength are presented in Fig specific strength increased. BSP-S3 exhibited the highest
16. values, with specific stiffness and specific strength 24.9% and
A clear trend emerged: as the number of short grids (and 12.5% higher than those of BSP-S15, respectively.
thus structural mass) decreased, both specific stiffness and

Fig 14. Failure modes of BSP under bending loads (a) BSP-S15 (b) BSP-S11 (c) BSP-S7 (d) BSP-S5 (e) BSP-S3
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Table 4 Evaluation of test and simulation values for BSP

Test value

Simulation value Relative error

Mid-span displace

Mid-span displace Mid-span displace

Specimen number Ultimate load (kN) ¢ (mm) Ultimate load (kN) ¢ (mm) Ultimate load A
ment (mm ment (mm men
@ ® G=O-BID®
® ® e e-R-DI@
BSP-S15 47.0 41.991 46.9 41.198 0.2% 1.9%
BSP-S11 46.5 41.264 46.9 41.483 0.9% 0.5%
BSP-S7 45.0 40.677 46.4 41.419 3.1% 1.8%
BSP-S5 44.5 39.541 459 40.604 3.2% 2.7%
BSP-S3 45.0 40.450 45.4 39.904 0.9% 1.4%
50 | 50
40 + ~ 40 -
Z
o L
o~ —=— BSP-S15-Test —=— BSP-S15-Test =5
E 30 + ~—e— BSP-S15-Simulation s BSP-S15-Simulation 8 30
':%’ «— BSP-S11-Test «— BSP-S11-Test =
3 —— BSP-S11-Simulation —— BSP-S11-Simulation
20 BSP-S7-Test BSP-S7-Test 20
~—+— BSP-S87-Simulation < BSP-S7-Simulation
BSP-S5-Test BSP-S5-Test i
10k +— BSP-S5-Simulation +— BSP-S5-Simulation 0k
—=— BSP-83-Test —=— BSP-S3-Test
—— BSP-S3-Simulation —=— BSP-S3-Simulation r
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Fig 15. Comparison between test value and simulation value for BSP (a) Load-mid span displacement curve (b) Load-strain curve
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Fig 16. Specific stiffness and specific strength of BSP (a) Specific stiffness of BSP (b) Specific strength of BSP

3.1.3.Effect of Long Grid Quantity

This section examines the relationship between the number
of long grids and flexural response. Three configurations were
tested under comparable conditions. Failure modes are shown
in Fig 17, and results are summarized in Table 5.

The loading behavior of the three configurations was
similar, but failure modes differed: BSP-L3 remained
primarily elastic, BSP-L5 transitioned gradually to plastic
deformation, and both ultimately failed in shear as the grid
core reached its shear strength. In contrast, BSP-L7 exhibited
cracking in the lower face sheet after entering the plastic stage,

culminating in tensile failure. This underscores the significant
impact of long grid quantity on ultimate load capacity and
failure mode.

Experimental data are compared with simulations in Fig 18.

Load-displacement curves showed similar initial elastic
responses. However, BSP-L3, with inferior shear resistance,
reached its ultimate capacity first, followed by BSP-L5 and
BSP-L7.

Specific stiffness and specific strength are shown in Fig. 19.

A reduction in long grid number led to a modest decrease
in specific stiffness: BSP-L5 and BSP-L3 were 2.2% and
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8.0% lower than BSP-L7, respectively. While long grid 44.3%, respectively) than BSP-L3. These findings indicate

quantity affected overall stiffness, the effect was relatively that the number of long grids significantly influences flexural
small. In terms of specific strength, BSP-L7 and BSP-L5 performance. Increasing the number up to an optimal point
showed similar values, both substantially higher (41.7% and enhances material utilization and structural performance.

RN e T 1

Fig 17. Specific stiffness and specific strength of BSP (a) Specific stiffness of BSP (b) Specific strength of BSP
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Fig 18. Comparison between test value and simulation value for BSP (a) Load-mid span displacement curve (b) Load-strain curve
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Table 5 Evaluation of test and simulation values for BSP

Test value Simulation value Relative error
Mid- displ Mid- displ Mid-span displace
Specimen number Ultimate load (kN) ! spatn( 1sp) ace Ultimate load (kN) ! spatn( 1sp) ace Ultimate load 1esp . P
ment (Imm ment (Imm ment
® ® B=DO-e)D®
® @ e e-R-DI@

BSP-L7 48.0 40.454 47.5 37.731 1.0% 6.7%

BSP-L5 45.0 40.677 46.4 41.419 3.1% 1.8%

BSP-L3 28.5 22.569 29.1 23.327 2.0% 3.4%
3.1.4.Effect of Lower Face Sheet Thickness exhibited similar behavioral patterns. Characteristic failure
. . . . modes are shown in Fig 20, and results are summarized in

This section examines the correlation between lower face

sheet thickness and flexural performance. All three groups Table 6.

Fig 20. Failure modes of BSP under bending loads (a) BSP-T8 (b) BSP-T6 (c) BSP-T4
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Table 6 Evaluation of test and simulation values for BSP

13

Test value Simulation value

Relative error

Mid-span displace

Mid-span displace

Mid-span displace

Specimen number Ultimate load (kN) ¢ (mm) Ultimate load (kN) ¢ (mm) Ultimate load A
ment (mm ment (mm men
@® ® G=0-B)®
® ® e e-R-DI@
BSP-T8 45.0 40.677 46.4 41.419 3.1% 1.8%
BSP-T6 36.0 30.443 38.0 33.121 5.4% 8.8%
BSP-T4 30.0 27.166 29.0 27.252 3.4% 0.3%

Although BSP-T8 and BSP-T6 had comparable ultimate
loads, the variation in lower layer thickness (and thus total
panel height) led to different failure mechanisms. BSP-TS§
failed due to core shear, while BSP-T6 and BSP-T4 failed due
to tensile failure of the lower face sheet. This demonstrates
that lower face sheet thickness is a critical parameter
governing both flexural performance and failure mode.

Experimental data are compared with simulations in Fig 21.

Load-deflection curves showed progressively shallower
slopes with decreasing lower layer thickness. The 4 mm
configuration (BSP-T4) failed in the elastic regime, while the
6 mm and 8 mm configurations (BSP-T6, BSP-T8)

transitioned through elasticity before failing in the plastic
domain. Reducing the thickness from 8§ mm to 6 mm and 4
mm led to substantial reductions in ultimate load capacity of
20.0% and 33.3%, respectively.

Specific stiffness and specific strength are shown in Fig 22.

Specific stiffness was similar for BSP-T8 and BSP-T6, but
BSP-T4 showed a notable reduction of 12.9%. Specific
strength decreased by 12.5% for BSP-T6 and 19.5% for BSP-
T4 compared to BSP-T8. These findings demonstrate that
increased lower face sheet thickness correlates with enhanced
flexural performance and material utilization efficiency.
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Fig 21. Comparison between test value and simulation value for BSP (a) Load-mid span displacement curve (b) Load-strain curve
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Fig 22. Specific stiffness and specific strength of BSP (a) Specific stiffness of BSP (b) Specific strength of BSP

3.1.5.Effect of Grid Core Thickness

This section investigates the relationship between grid core
thickness and flexural performance. All three configurations
exhibited tensile failure, but variations in core height led to
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significant differences in ultimate load capacity. Failure
modes are shown in Fig 23, and results are summarized in
Table 7.

A direct correlation was observed: increased grid core
thickness enhanced the ultimate load capacity, underscoring
its critical role in determining flexural performance. Greater
core height contributes to superior stiffness and strength.

Experimental data are compared with simulations in Fig 24.

Load-displacement curves were predominantly linear until
failure for all three groups. As grid core thickness decreased,

structural stiffness and ultimate load capacity declined. BSP-
H40 and BSP-H32 retained 68.6% and 57.1% of the ultimate
load of BSP-H48, respectively. Failure in all cases was
attributed to tensile fracture of the lower face sheet.

Specific stiffness and specific strength are shown in Fig 25.

Both specific stiffness and specific strength diminished
markedly with reduced grid core thickness. Compared to BSP-
H48, BSP-H40 showed reductions of 25.4% and 26.8% in
specific stiffness and strength, respectively, while BSP-H32
showed more pronounced reductions of 43.9% and 34.7%.

c)

Fig 23. Failure modes of BSP under bending loads (a) BSP-H48 (b) BSP-H40 (c) BSP-H32

Table 7 Evaluation of test and simulation values for BSP

Test value Simulation value Relative error
. . Mid-span displace . Mid-span displace . Mid-span displace
Specimen number Ultimate load (kN) Ultimate load (kN) Ultimate load
@ ment (mm) ment (mm) E-0-0)D ment
® @ ©=@-@y®
BSP-H48 45.0 40.677 41.419 3.1% 1.8%
BSP-H40 36.0 30.443 33.121 5.4% 8.8%
BSP-H32 30.0 27.166 27.252 3.4% 0.3%




Bamboo and Wood Structures 15

35 35 ~
30 |- -
25 i
Z 20| L
i~ 20 - P g
B i - 4
215k = L d
~ —— BSP-H48-Test /" —=— BSP-H48-Test
e —— BSP-H48-Simulation /~  —=— BSP-H48-Simulation
o | - ~— BSP-H40-Test I '/ ~— BSP-H40-Test
Z —— BSP-H40-Simulation 4 —=— BSP-H40-Simulation
S — BSP-H32-Test W [ BSP-H32-Test
. ~—e— BSP-H32-Simulation —— BSP-H32-Simulation
W
(1] =i SO S N T W P —— L # 1 :
0 5 10 15 20 25 30 35 40 -4000 0 4000 8000
Displacement(mm) Strain(*107)
a) b)
Fig 24. Comparison between test value and simulation value for BSP (a) Load-mid span displacement curve (b) Load-strain curve
200
o a0
=0 =
=4 Toh
w -
E 150 - Az ;
7 L =
z /5/// 2 2 %0 7
< 7 Z %
= /’"/ E / // -
- N L 5 v
AN & 7
@ ) o 20 VA
o / 77! = //‘
£ 7 Z v
= 7 9 V///
= = V 1
Q2 50+ 4// D10} 7
o | 7 (=% [/777/A
'3 ,// W //‘ /;
2 ////’ ? 7
- ?/4 v 4
/,
0 0 e A |
BSP-H48 BSP-H40 BSP-H32 BSP-H48 BSP-H40 BSP-H32

Different lattice core thickness

a)

Different lattice core thickness

b)
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3.2.Parametric Study

The flexural capacity of each specimen group was
calculated by substituting the corresponding BSP parameters

into the derived formulas; results are presented in Table 8.
Table 8 Comparison between test value and theoretical value of BSP

Ultimate load-carrying capacity

Specimen (kN-m) Relative error
number Test value @ Theoretical @=®-@/®
value @

BSP-L3 5.4 5.4 0.4%
BSP-LS 8.6 8.9 3.8%
BSP-L7 9.1 8.6 6.2%
BSP-T4 5.7 5.1 10.3%
BSP-T6 6.8 6.7 1.4%
BSP-T8 8.6 8.9 3.8%
BSP-H32 3.8 33 13.5%
BSP-H40 4.6 42 8.8%
BSP-H48 5.7 5.1 10.3%
Experimental and theoretical values show strong

correlation, with relative discrepancies within 15%. For BSP-
L3, BSP-L5, BSP-L7, BSP-T6, and BSP-T8, deviations were

predominantly within 5%, demonstrating the reliability of the
theoretical approach for predicting ultimate load capacity. For
BSP with equal upper and lower face sheet thicknesses,
experimental findings indicate that specific strength is
maximized with five long grids, a face sheet thickness of 8
mm, and a grid core thickness of 48 mm—a configuration that
optimally leverages material properties. Based on these
findings, further investigations explored the influence of
various structural parameters.

3.2.1.Influence of Grid Core Width

The effect of grid core width was investigated by varying
the width coefficient # (Fig 26).

When 7 is below a critical threshold, BSP failure is
governed by the material's ultimate shear strength (core shear
failure). When # exceeds this value, failure is controlled by
the ultimate tensile strength. As # increases, ultimate load
capacity also increases, but the rate of increase diminishes
significantly beyond the critical threshold. In the shear-
dominated region, specific strength increases with #; in the
tension-dominated region, it declines. This trend suggests
maximum specific strength occurs in the transitional region
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between shear and tensile failure. Based on the analysis, an
optimal grid core width of 38 mm is identified.
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Fig 26. Influence of grid core width

3.2.2.Influence of Face Sheet Thickness

The influence of face sheet thickness was investigated by
varying the coefficient o (Fig 27).

When « is below a critical value, failure is governed by
tensile strength. Once a surpasses this value, failure
transitions to shear strength control. As « increases, ultimate
load capacity increases at an accelerating rate. In the tension-
dominated region, specific strength improves with increasing
a; in the shear-dominated region, it declines. Peak specific
strength occurs in the transitional region. The optimal face
sheet thickness is determined to be 8 mm.
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3.2.3.Influence of Grid Core Thickness

The effect of grid core thickness was examined by varying
the coefficient 8 (Fig 28).

When /£ is below a critical value, failure is shear-dominated;
above it, failure is tension-dominated. Ultimate load capacity
increases with £, with a more pronounced rate in the shear-
dominated region. Specific strength increases with £ in the
shear-dominated region but decreases in the tension-
dominated region, peaking at the transition. The optimal grid
core thickness is identified as 62 mm.
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Fig 28. Influence of grid core thickness

3.2.4.Influence of Height-to-Span Ratio

The influence of the overall structural height-to-span ratio
h/l was also analyzed (Fig 29).

When /4/] is below a critical threshold, failure is shear-
dominated, with both ultimate load capacity and specific
strength increasing as /// decreases. When 4/l exceeds the
critical value, failure is tension-dominated, and both metrics
remain relatively invariant. Optimal performance is achieved

when the height-to-span ratio is maintained below 1/18.
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4.Conclusions

This study developed an innovative laminated bamboo grid
sandwich panel (BSP) and fabricated a series of specimens
with  varying structural parameters. Their bending
performance was investigated through four-point bending
tests. Based on the empirical data, a theoretical formula for
calculating the load-carrying capacity of BSP was formulated
and compared with experimental results. A finite element
model was constructed in ABAQUS to perform a nonlinear
analysis, which was benchmarked against experimental
findings. The main conclusions are as follows:

(1) Grid configuration and fabrication method profoundly
influence the bending performance of BSP. Among the three
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interlocked grid types studied, the triangular grid exhibited the
highest specific strength, surpassing the square and Kagome
grids by 45.5% and 36.0%, respectively. The partition-type
square grid panel demonstrated markedly superior ultimate
load capacity and specific strength compared to the
interlocked triangular grid, with enhancements of 21.6% and
43.6%, respectively, indicating optimal utilization of
bamboo's material properties. The quantity of short grids has a
negligible impact on flexural performance, whereas the
number of long grids significantly modulates structural
behavior. Reducing the thickness of the lower face sheet and
the grid core leads to a concomitant decrease in ultimate load
capacity and specific strength. Increasing the number of long
grids from three to seven enhanced ultimate load capacity and
specific strength by 68.4% and 41.7%, respectively. Reducing
the lower face sheet thickness from 8§ mm to 4 mm decreased
specific strength by 24.2%, while reducing the grid core
thickness from 48 mm to 32 mm resulted in a 31.2% decline.

(2) A theoretical formula for the load-carrying capacity of
BSP was derived. The calculated values show good agreement
with experimental results, with relative errors not exceeding
15%. Through comparative analysis of flexural capacity and
specific strength under varying parameters, and considering
structural cost, material utilization, and performance, the
optimal cross-sectional configuration for BSP was identified:
a grid core width of 38 mm, face sheet thickness of 8 mm,
grid core thickness of 62 mm, and a height-to-span ratio
below 1/18. Increasing the three key parameters—grid core
width, face sheet thickness, and grid core thickness—
enhances the ultimate load capacity and specific strength of
BSP. However, beyond critical thresholds related to tensile
and shear failure, the failure mode transitions. Concurrently,
specific strength diminishes with increases in grid core width
and face sheet thickness beyond their optimal points, while
both ultimate load capacity and specific strength increase with
a reduction in the height-to-span ratio below its critical value.

(3) The ABAQUS finite element model showed high
consistency with experimental results. The simulated flexural
capacity matched test values with errors primarily within 5%
(maximum 8.8%). Trends in mid-span displacement and strain
distribution aligned closely with experiments. The model
confirmed the failure modes: tensile failure in the lower face
sheet at mid-span within the bending zone, and shear failure
near the neutral axis of the grid core in the bending-shear
section, validating experimental observations.
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