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ABSTRACT

This paper presented construction and strain distributions for light-weight wood-fiber-based

structural panels with tri-grid core made from phenolic impregnated laminated paper

composites under bending. A new fastening configuration of slots in the faces and tabs on

the core was applied to the face/core interfaces of the sandwich panel in addition to epoxy

resin. Both normal strain gages and shear strain gages were attached on these panels to

analyze inside strain distributions by third point load bending test. The purpose of the

bending test was to investigate the various strain distributions of panels with different face/

core configurations that identified the critical failure modes for future design. In this research,

four panels with different configurations were constructed to analyze the influence of strain

distributions for bending behavior. Either maximum localized normal strain or shear strain

were used to judge failures and associated failure modes through observation. Test results of

strain distribution showed normal strain was primarily carried by both top and bottom faces.

As bending load increased, compression buckling occurred on the top surface of some panels

with thinner faces. Face thickness and stiffness significantly affected the strength of the panel

as evident by nonlinear strain behavior. Meanwhile, the shear strain was primarily taken by

the ribs in the structural core, and shear failure always occurred in the longitudinal linear ribs

of core with thicker faces. The shear strain in the cross ribs was approximately half that of the

longitudinal linear ribs in the same section of shear zone, which was consistent with the

geometric formula. The problem of panel imperfections resulting in either face compression

buckling or rib shear buckling could be overcome by further design optimization, and the

analytical modeling for bending design and evaluation was presented.
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Introduction

Sandwich composite construction is generally used where the

strength-to-weight ratio is the predominant design criterion.

Usually the panels are composed of a low density core and stiff

and strong faces. Sandwich composite structural panels are used

for a wide range of applications including aircraft, ships, build-

ings, infrastructure, transportation, furniture, and packaging

[1–5]. However, each specific application dictates different per-

formance requirements, and thus, there is a need to provide

flexible structural design for both core and faces to meet these

requirements. Several types of traditional structural core such as

foam core, honeycomb core, corrugated core, or truss core have

been widely used in sandwich composites. They are typically

sandwiched between two face layers made from fiber-reinforced

polymers (FRP) or other stiff metals. Allen et al. conducted

early investigations on the fundamental mechanical models of

structural panels and reported the mechanical behaviors of

sandwich structures with a honeycomb core [6]. During the last

several decades, a number of researchers have explored multi-

functional lattice structures characterized by mechanical per-

formance, efficient energy dissipation, and wave absorption

[7–9]. For instance, Evans et al. showed that lattice cores not

only lead to lower density than traditional solid materials but

also produce better mechanical performance compared with

that of honeycomb or foam cores at the same cost [10]. Chen

and Tsai established an integrated equivalent stiffness model on

the static behavior of lattice grid structures with or without faces

[11]. Fan et al. demonstrated the advanced mechanical perform-

ance of lattice sandwich panels under static mechanical testing

[12]. Several manufacturing approaches have been proposed to

fabricate these lattice structures using variable materials and for

various applications [13,14]. Han et al. introduced a typical

manufacturing process for an interlocked composite lattice grid

arrangement that could offer improved performance for some

applications [15]. However, most of these sandwich structures

reported were made from metal or FRP rather than renewable

materials such as wood fiber or paper. As the demand for sus-

tainability increases, there is a unique challenge and opportu-

nity to develop green composites as lightweight materials for a

wide range of applications. These wood-fiber-based composite

materials from renewable forests with various performance

based on the flexible design could be used in tactical shelters, air

pallets, packaging, building materials, transportation, and etc.

Our aim is to develop high-performance engineered struc-

tural panels using a significant portion of wood-fiber-based

composite materials. Previously, we reported on a wood-fiber-

based structure panel made of high-performance and water-

resistant phenolic impregnated laminated paper [2,16]. A stiff,

interlocking tri-axial core structure was developed for these

composites assembled as a linear continuous rib double-slotted

at 1/3 the width or single-slotted at 2/3 the width of the rib. As

shown in Fig. 1, the double-notched ribs were used in the main

rib orientation, and the 2/3 notched ribs were inserted from

either the top or bottom side to create a tri-grid core structure

that bonded both top and bottom laminated paper faces with

epoxy resin. The initial static mechanical testing showed that

the quality of adhesive interfaces between the core and the faces

significantly affected the panel stability. Premature peeling at

the face and core interface of the panels is an unacceptable fail-

ure mode for engineering applications. Therefore, it is essential

to improve the shear transfer capacity of the face and core inter-

face of the panel.

A new fastening configuration with slots in the faces and

tabs on the ribs was developed and investigated as an approach

to reduce failure caused by the initial weak adhesive interface

between the face and core of the panel (Fig. 2). The goal was to

increase shear transfer to the core through this tab/slot configu-

ration. This paper reports the construction of sandwich com-

posite structural panels with a fastening configuration and the

distribution of both normal and shear strains inside of each

panel with four different configurations using a third point load

bending test.

Material Properties

The mechanical properties of the materials used for fabricating

the wood-fiber-based sandwich composite structural panels

were obtained by in-house material testing according to ASTM

FIG. 1 Fabrication of tri-axial core structure using linear material [2].
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D695-10 [17], ASTM D638-14 [18], ASTM D5868-01(2014)

[19], and ASTM D3846-08 [20]. NP610, Norplex-Micarta Inc.

(Postville, IA), phenolic impregnated laminated paper was used

for the core and faces of the structural panels. The laminated

paper had orthogonal properties, namely the machine direction

(MD) and the cross-machine direction (CD). The in-plane

compression and tensile properties of the laminate papers along

the MD and CD directions were obtained from in-house testing

using the ASTM D695-10 [17] and ASTM D638-14 [18] stand-

ards, respectively. Poisson’s ratios vxy and vyx were also obtained

from the tensile tests by measuring both axial and transverse

strains using biaxial extensometers. The in-plane shear proper-

ties of laminated paper were obtained from in-house material

testing using ASTM D3846-08 [20]. Epoxy from U.S. Compo-

sites (West Palm Beach, FL) was used to bond the laminated

paper faces and the core of the structural panels together. The

ratio of epoxy to hardener was 3:1. The shear strength of the

epoxy was determined using the lap shear test based on ASTM

D5868-01(2014) [19]. The average epoxy shear strength was

17.9 MPa between the laminated papers. The material proper-

ties of the individual components used in the structural panels

are listed in Table 1.

Design and Construction

of the Wood-Fiber-Based

Structural Panels

The wood-fiber-based structural panels were constructed from a

tri-axially fabricated core using laminate paper as linear ribs in

each of three axes with an interlocked structure (Fig. 1). The

core or linear rib height was 33.0 mm. The slots in the linear

ribs were cut slightly oversized to accommodate the 60� angular

orientation between the ribs when assembled. The slot spacing

for all pieces was 117.3 mm, thus, creating an equilateral trian-

gle. The thickness of the ribs was 2.36 mm. Two configurations

were used to analyze the effect of alignment of the core with the

MD or CD alignment of the laminated paper faces. In order to

enhance panel stability and avoid early failure due to weak

interface between faces and core, a new fastening configuration

of tabs and slots was applied to the ribs and faces and combined

with the adhesive in order to obtain a better interfacial stress

transfer into the core for the wood-fiber-based structural panels.

The tabs on the interlocked triangular structural core were

inserted into the slots on the top faces and bottom faces after

the epoxy resin was poured on the faces. An additional lami-

nated paper face was bonded on top of the slotted faces. Initial

testing had shown the face stress capacity was reduced due to

the slots in the faces that had reduced the cross-sectional area,

so the added layer was to improve stress transfer to the entire

face. The tab/slot fastening configuration was assumed as a fixed

joint that modified the boundary condition to improve mechan-

ical performance of either compression buckling in the face or

shear in the core. The tab length on the ribs was 19.1 mm, the

spacing distance between each tab was 38.1 mm, and each tri-

grid repeatable element had six pairs of tabs and slots in both

the face and core interfaces of the panel. The slot on the face

was 20.3 mm in length and 2.54 mm in width, which was a little

larger than the tab size in order to facilitate assembly (Fig. 2).

All these components were cut using digitally controlled

machines. Epoxy was used to bond the interfaces between the

core and the inside face layers. Two additional panels were

FIG. 2

The design of the tab/slot wood-based

structural panel.

TABLE 1 The material properties of components used in the composite structural panel.

Materials
Density
(kg/m3)

Compressive
Strength

MD (MPa)

Compressive
Strength
CD (MPa)

Tensile
Strength

MD (MPa)

Tensile
Strength
CD (MPa)

In-Plane
Shear

Strength (MPa)

MOE
MD
(GPa)

MOE
CD

(GPa)

In-Plane
Shear

Modulus (GPa)

Poisson
Ratios
MDa

Poisson
Ratios
CDb

Laminated paper 1387 195.1 168.7 173.9 118.6 77.3 11.6 8.3 3.4 0.36 0.22

Epoxy resin 1101 105.9 — 31.0 — 17.9 1.4 — — 0.42 —

aMD: machine direction.
bCD: cross-machine direction.
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fabricated for testing by adding an outer face layer to each side

on top of the slotted faces. The nominal thickness of both the

inside and outside face layers was 2.36 mm. Before applying

epoxy resin, all laminate paper face surfaces were first prepared

by lightly sanding on the glue side, and then the epoxy resin

was spread on the faces for fabrication.

Table 2 shows the configuration and dimensions of the four

wood-fiber-based structural panels tested for this study. One

replicate for each type of wood-fiber-based structural panel was

manufactured partly due to the cost associated with the produc-

tion of these large panels and partly due to the reasonable

repeatability. Panel 1 was made from a laminated paper tri-grid

core in MD and faces without tabs or slots and was used as a

control for Panel 2. Panel 2 was made from the same core and

face structure as Panel 1 but with the tabs and slots. Panel 3 had

the same main configuration as Panel 2; however, it had an

additional laminate paper on top of the outer face layer. Panel 4

was made from the laminated paper tri-grid core in CD, with

the rest of the components the same as Panel 3.

Third Point Load Bending Test

The four structural panels listed in Table 2 were subjected

to third point load bending according to ASTM C393/

C393M-11e1 [21]. The structural panels were constructed and

cut so that the ribs were centrally located to include three cen-

trally located linear ribs. The spacing of the linear ribs was

101.6 mm. The span of the simple supported panel was 914 mm

as shown in Fig. 3(a). The width of the panel was 267 mm. The

thicknesses of the panels ranged from 37.7 to 43.3 mm. Detailed

dimensions for the four panels investigated are given in Table 2.

Five linear variable differential transformers (LVDTs) were

used for measuring the bending deflection at positions of 1/6,

1/3, 1/2, 2/3, and 5/6 span. The test setup is shown in Fig. 3(b).

Two types of strain gages including normal strain sensor

CEA-06-250UN-350 and shear strain sensor CEA-06-187UV-

350 were from Micro-Measurements Inc. M-Bond 200 adhesive

from Micro-Measurements Inc. was used to bond strain gages

to the panels after preparing localized surfaces on the panels.

The specific positions of strain gage installations are shown in

Fig. 4. In this test, 6 normal strain gages were attached to the

mid-span section, including the outside top face (Gage 4), inside

top face (Gage 1), upper linear rib in the core (Gage 5), lower

linear rib in the core (Gage 6), inside bottom face (Gage 2), and

outside bottom face (Gage 3), to measure the normal strain dis-

tribution and define the position of maximum normal strain.

Another two normal strain Gages 7 and 8 were attached to mea-

sure the cross rib in the same section of the core, which was

used to compare the relative positions by normal strain (Gage 5

and Gage 6) on complete linear ribs. Two shear strain gages

were attached on a complete linear rib in mid-span (Gage 9)

and in the shear zone (Gage 12), respectively. Another two

shear strain gages were attached on the same section but on

cross ribs (Gage 10 and Gage 11). The strain gage measurement

program was built using LabVIEW. Twelve signal conditioners

were connected to a 300-kN Instron 5587 test instrument to

record the strain gage data. The 6 mm/min head load speed was

used in the test.

TABLE 2 The configuration and dimensions of the four structural panels used for the third point bending tests.

Panel Panel size, l by w by t (mm) Fastening Configuration Rib Fiber Direction Skin Thickness (mm)

1 1117.6 by 266.7 by 37.7 No tab and slot MD 2.5

2 1117.6 by 266.7 by 37.8 Tab and slot MD 2.6

3 1117.6 by 266.7 by 43.3 Tab and slot MD 5.3

4 1117.6 by 266.7 by 43.0 Tab and slot CD 5.2

FIG. 3 The set-ups for the third point bending test of the structural panel.
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Discussion

PANEL BENDING CURVE AND FAILURE MODE

Figure 5(a) shows the typical plot of bending load versus

mid-span deflection for structural Panels 1, 2, 3, and 4. Their

bending failure loads were 11.5, 5.2, 18.4, and 21.8 kN, respec-

tively. The panels began to make pinging noises around 5 kN

and ended around 11 kN. Micro-cracking of the glue most likely

caused this sound. Peak loads for thick Panels 3 and 4 with a

two-layer face on each side were significantly higher than Panels

1 and 2 that had only a one-layer face on each side. The failure

load for Panel 4, with CD core, was 15.6 % higher than that of

Panel 3, which had linear ribs aligned with the panel. We

believe that the fiber direction of the off-axis ribs has higher

shear strength; thus, the shear capacity of the CD core is stron-

ger than that of the MD core. Additionally, the failure load for

Panel 3 with thick faces was 37.5 % and 72 % higher than that

of Panel 1, which had a thinner face without a tabs or slots con-

figuration, and that of Panel 2 with a tabs and slots configura-

tion, respectively. This factor is likely because Panel 3 had two

times the face thickness of Panels 1 and 2. Panel 2 had a lower

failure load than Panel 1 because the slots in the faces reduced

the actual bending cross-sectional area.

The bending failure modes for each panel are shown in

Fig. 5(b). Panel 1 exhibited compression buckling failures on the

top face between load heads. We assumed core thickness had

no vertical geometric change during the test, and the displace-

ment of comparative compression buckling can be obtained

from the displacement of load heads minus LVDT displacement

in the same section. Panel 1 had a 2.5 mm comparative com-

pression buckling on the top face at the loading point which

represented 6.7% of the panel thickness. Panel 2, with the new

fastening configuration, only buckled 1.6 mm on the top face.

Panels 3 and 4, with thicker faces, both buckled 1.75 mm. This

was due to thicker faces having higher stiffness to resist buck-

ling over an effective core. Panel 2 stiffness and load-carrying

capacity were lower than those of Panel 1 due to a bottom face

tensile failure as shown in Fig. 5(b). This was primarily due to

the lower ultimate strength of the bottom face. Thus, the addi-

tional face layer bonded to the surface of the slotted faces

should help to avoid premature failure of the face/core interface.

Nevertheless, Panel 2 displacement of relative vertical buckling

was 36 % less than that for Panel 1 at the same loading condi-

tions. The tab and slot configuration at the face/core interface

acted as a clamped boundary that had better performance for

resisting buckling. Panels 3 and 4 had the same tab and slot

configuration and core dimensions except for the orientation of

FIG. 4

The positions for the strain gages within the

structural panel.

FIG. 5 The bending curves and failure modes of the four wood-based

structural panels with different configuration.
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the tri-grid core. The failure modes of Panels 3 and 4 were simi-

lar, which had a core shear failure. The thickness of the faces for

Panels 3 and 4 provided an increase in relative strength for the

current tri-grid core, even for the stronger core that was aligned

with CD. In this test, there were no premature peel failures by

the initial bonding defect. Comparing Panels 1, 2, 3, and 4, we

conclude that the stiffness and strength of wood-fiber-based

structural panels significantly increases with face thickness com-

bined with an effective structural core and vice versa. Both core

shear failure and face failure either on compression or on tensile

were the main failure modes for the panels with the tab and

slots only. The observations show the fastening configuration

design with epoxy resin in the face/core interface and additional

outside faces may improve overall panel stability.

PANEL NORMAL STRAINS

Maximum Normal Strains on the Faces

Figure 6 plots the bending load versus maximum normal strain

of both compression and tension in the mid-span section of

each panel. The positive strains were tensile strain obtained

from Strain Gage 3 at the bottom of each panel, and the nega-

tive strain curves were compression strain obtained from Strain

Gage 4 at the top of each panel. The curves for Panels 1 and 2

have a similar trend; however, they have different maximum

normal strains on both tension and compression due to the pre-

mature face failure for Panel 2 that occurred at the slots. Panel 2

maximum load was lower because of premature adhesive failure

in tension in the slots causing the shear stress concentration at

the bottom interface. Failure occurred suddenly due to the

reduced face cross-sectional area. The cross-sectional area of the

slotted faces of Panel 2 was 42.9 % less than that of the solid

faces without slots as on Panel 1. As a result, the peak bending

load of Panel 2 decreased by 54.7 % compared with the load of

Panel 1. This can be explained based on the simple bending

equation where the moment of inertia decreased due to the

lower cross-sectional area, subsequently increasing the stress in

the face of Panel 2. Compared with Panels 3 and 4, this indi-

cates that the mechanical direction of the structural core made

from orthotropic laminated paper had no noticeable effect on

FIG. 6 Load versus max normal strains for the faces in the mid-span section for the four panels.

FIG. 7 Load versus normal strains in the mid-span section of the longitudinal rib and cross rib. The solid lines represent the load and strain in the linear rib of each panel

and the dashed lines represent the load and strain measured in the cross ribs of each panel.
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the normal strain, and the curves of load versus maximum nor-

mal strain are similar. However, panel thickness significantly

influenced the normal strain distributions in the bending test

according to a comparison of Panels 1 and 2 and Panels 3 and

4, which had different face thicknesses but the same dimen-

sional height and spacing for the core. The normal face strains

were lower in Panels 3 and 4 than the normal strains in Panels

1 and 2 under the same bending load due to the larger moment

of inertia.

Maximum Normal Strains in the Core

Figure 7 plots load versus normal strain on both longitudinal

and cross ribs of the structural core in the mid-span section of

each panel. The positive curves are tensile strains measured via

Strain Gages 6 and 7 for each panel on the lower ribs close to

the bottom face. The negative curves are compression strains by

Strain Gages 5 and 8 for each panel on the upper ribs close to

the top faces. Solid lines are shown for Strain Gages 5 and 6 that

measured strains in the complete linear rib. The dashed lines

are shown for Strain Gages 7 and 8 that measured strains for

the off-axis cross rib. Results yield a solid curve for each panel

showing that normal strains in core for either compression or

tension are smaller than the resulting maximum normal strains

on the faces shown in Fig. 6 that were due to normal stresses.

The panels with thin faces also exhibited slight compression

buckling in the core such as shown for Panel 1 as evident with

the nonlinear effects of the load versus strain curves (Fig. 6).

According to the moment of inertia of the panel, the faces had

90 % more contribution in bending than the structural core;

therefore, the normal stress failure should occur first in the faces

before they occur in the core, which was consistent with test

results. Comparing the solid curve of longitudinal ribs to

the dash curve of cross ribs demonstrates that cross ribs only

minimally shared any stress during bending because of their

predominant cross-direction orientation. Nevertheless, it is

thought that the cross ribs of tri-grid core provide additional

stiffness to the whole structure for plate applications with full

side supports.

FIG. 8 The normal stress distributions in the mid-span section of each panel.
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Normal Stress Distributions in the Mid-Span Section

Figure 8 plots normal stress distributions in the mid-span sec-

tion of each panel by Strain Gages 4, 1, 5, 6, 2, and 3, which are

attached from the top face to the bottom face under different

load conditions. The vertical axis in the coordinate shows strain

gage positions along with the panel thickness. The geometrical

neutral axis of the panels is zero in the plot and the horizontal

axis shows either (positive) tensile stress or (negative) compres-

sion stress. Panel 1 displays compression stress and tensile stress

increasing as load increased up to 4.5 kN, and then the neutral

axis begins to shift to a lower position as buckling begins to

occur. Compression stress on the top face occurs in a nonlinear

fashion and develops additional buckling deformation until the

failure load. Tension stress on the bottom face increased linearly

compared with the top face. Normal stress observed in the rib

was not uniform, as load increased because the rib displayed a

small amount of buckling on top. Therefore, we conclude that

Panel 1 failed primarily due to compression buckling on the top

face. It was also noticed that the neutral axis shifted down as

evident with the increase shear stress starting from the faces

and continuing into the core. Panel 2 core stress had similar ini-

tial stress behavior until brittle failure occurred between the

slotted faces. Additional outside faces were applied to Panels 3

and 4. The tab into the slot configuration provided additional

stability for the rib (prevention of buckling) and, thus, helped to

increase stress transfer between the core and faces. The addi-

tional area from the tabs inserted into the slots increased

the stability of the ribs compared with only an epoxy-bonded

face/core interface. Panels 3 and 4 both show similar trends of

normal stress transfer, but the maximum stress of Panel 4 was

about 10 % higher. This was because the core for panel 4 had

the MD properties of the laminated paper oriented across the

rib with the CD properties aligned along the length of the ribs.

This cross direction would have increased the shear stiffness of

the resulting core material. The CD direction allowed for

increased core shear transfer as evident in Fig. 5(a) with higher

load capacity for Panel 4. The normal faces stress for either

Panels 3 or 4 did not reach the maximum materials properties

(Table 1) at failure load due to weakness in the core or core shear

failure. The differences of the core orientation had only a slight

effect on the normal stress distributions and final load-carrying

capacity. However, the thickness and material mechanical

properties of the faces are the primary factors that affected the

normal stress distributions of the panels.

PANEL SHEAR STRAINS

Panel Shear Strains in the Core of the Shear Zone

Figure 9 plots the bending load versus shear strains in the pan-

el’s shear zone (between the load point and edge support) for

each panel for both the linear rib and a cross rib. The solid

curves measure shear strains in the linear rib using Gage 12,

and the dashed curves measure shear strains in the cross rib

using Gage 11. The results indicate the shear strain in the longi-

tudinal rib was approximately 50 % larger than shear strains in

the cross rib. These results are consistent with the theoretical

transformation of cosine 60� between the linear rib and cross

rib. We can define the relationship of shear strain between the

linear rib and cross rib in terms of cosine transformation func-

tion with related angle of the ribs. In Fig. 9, the shear strains in

the ribs of both Panels 1 and 2 were obviously less due to the

failure in the faces than for the shear strains for Panels 3 and 4,

where failure occurred in the core. The CD material property

alignment ribs in Panel 4 provided improved shear load

capacity for the core resulting in higher maximum load than the

FIG. 9

Load versus shear strains in the core in the shear zone.

The solid lines represent the load and strain in the linear

rib of each panel and the dashed lines represent the

load and strain measured in the cross ribs of each panel.
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MD property alignment for the ribs of Panel 3. The CD fiber

alignment in the rib perpendicular to the shear stress allowed

for an increase in shear load across the ribs as well as within the

tab. The shear strains increased with increasing load, and the

maximum shear strain of Panel 4 reached 0.005 at 21.8 kN. The

failure modes in Fig. 5(b) and strain distribution data for each

panel reveal that Panel 1 and 2 had normal stress failure on

the faces and Panel 3 and 4 were shear failures in the core.

Therefore, the configuration of the panels appears to drive

the primary critical failure modes for the wood-fiber-based

structural panels.

Panel Shear Strains in the Core in the Mid-Span

Figure 10 plots shear strains in the mid-span section of the core

of each panel. The solid curves for each panel were obtained

from Gage 9 and measured strain for the linear rib while the

dash curves for each panel were obtained from Gage 10 that

measured strains for the cross ribs. The results illustrate the

trends of each solid or dash curve changing irregularly, which

are 10 times lower than results of the shear zone strains in Fig. 9.

Based on the simple beam shear force diagram, there is a no

shear zone between the two load legs, so we can assume equal

shear in this zone is caused by noise. Therefore, the shear in this

zone between the two load legs can be ignored in the design.

Conclusion

The third point load bending test of the panels with different

face and core configurations exhibited significantly different

bending behavior and strain characteristics measured by strain

gages at several locations. The core shear failure and face failure

either in compression or in tensile were two critical failure

modes of the panels for the bending test. The failure modes

were controlled by either the specific stiffness of the core/face or

the structural configuration for the panels. The panel thickness

also significantly influenced the strain distributions in the bend-

ing test, and the tab and slots configuration could improve the

bonding stability in the core/face interface by these observa-

tions. For Panels 1 and 2, the normal stress failure occurred on

the faces. The moment of inertia for Panel 2 is decided by the

reduced section that illustrates the drop in peak load compared

with Panel 1. For thicker Panels 3 and 4, the shear strain domi-

nantly controlled the shear failure in the core, and the maxi-

mum shear stress occurred in the linear ribs in the shear zone,

which was approximately twice as large as the shear strains in

the cross rib in terms of the theoretical angle transformation.

Either linear ribs or cross ribs in the mid-section of the core

had little strain shown by the strain gages due to the no-shear

zone between the two legs. For future study, the improved effi-

ciency of the wood-fiber-based structural panels could be opti-

mized based on ultimate normal strain in the face and ultimate

shear strain in the core.
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