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Abstract:

Summary: Equipment support is the premise and foundation for maintaining and strengthening emergency rescue
capabilities. Under the background of informatization and intelligence, airdrop has become a means of efficient
equipment supply support coupled with new styles such as coupling joint emergency rescue and distributed
support. Considering the comprehensive support requirements of equipment, strengthening the support design of
airdrop equipment, planning and developing support resources. This paper focuses on the mechanical behavior of
CFRP dovetail structure under the bending action of airdrop equipment, explores the tensile properties of the
structure, and designs and manufactures three carbon fiber dovetail structures with different tenon numbers. Four-
point bending and three-point bending tests are performed. Combined with the DIC strain test system, the
mechanical properties and failure modes of the structure under bending were analyzed, and a finite element
progressive damage model was established based on the LaRCO5 criterion to analyze the influence of the
interlayer bond strength of carbon fiber and different ply angles on its bending performance, so as to provide

reference for effectively improving the comprehensive support efficiency of airdrop equipment.
Keywords: Equipment Support, Bending Action, CFRP Dovetail Tenon, Mechanical Behavior

1. Introduction

To a certain extent, rescue depends on support,
and stable and reliable equipment support is the
source of the rescue team's ability to perform tasks
for a long time. In the new era, the characteristics
of  three-dimensional  deployment, precise
implementation, and multi-domain alliance of
equipment support are becoming more and more
obvious, and the requirements for the overall
comprehensive integration of various elements are
getting higher and higher. In modern emergency
rescue, the airdrop equipment quickly forms a
support force and maintains the combat
effectiveness of the team, but the structure of the
airdrop equipment support materials has a very
prominent impact on the comprehensive support
efficiency. The effectiveness of equipment
support resources does not exist in isolation, but is
deeply reflected in every link of equipment

development. From the initial design concept, to
the selection and application of materials, to the
fine polishing of the production process, every
step of the decision is directly related to the
performance of the equipment on the future
battlefield and the difficulty of its support.
Therefore, in the early stage of equipment
development, it is necessary to take into account
the support factors to ensure that the equipment is
easy to maintain and repair while having excellent
performance, so as to build a set of efficient and
flexible support system.

Among the various types of airdrop equipment
support components, the mortise and tenon
structure in traditional carpentry techniques has
high research value, and this technique of
achieving a stable connection without nails or
glue shows the subtlety of material structure
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design. When the mortise and tenon structure is
skillfully applied to modern military equipment,
its characteristics of easy disassembly and
convenient maintenance have been vividly
brought into play. When the equipment suffers
damage, especially to a large extent, the parts with
mortise and tenon structure can be replaced or
repaired quickly and accurately, which greatly
shortens the maintenance cycle of the equipment
and improves the overall support efficiency. More
importantly, the application of mortise and tenon
structure reflects a change in the concept of
equipment support—from passive response to
injury to active prevention and maintenance. By
designing a structure that is easy to disassemble
and maintain, equipment users and maintenance
personnel can more intuitively understand the
status of the equipment, find and deal with
potential problems in time, thus effectively
avoiding major failures caused by the
accumulation of small problems and ensuring the
continuous performance of the equipment.

In this paper, we focus on the mechanical
behavior of material structures around the airdrop
equipment support of mortise and tenon joints,
and carbon fiber, as a composite material with
excellent mechanical properties, has been widely
used in aerospace, marine, vehicles, and
construction fields ™. In the production of
carbon fiber structure, the method of molding can
reduce the generation of cracks, to ensure that it
has excellent strength, but it is necessary to make
the corresponding metal mold, in the face of large
and medium-sized complex structures, the
processing difficulty of the mold increases so that
the production time and cost are significantly
increased, so the researchers assemble and form
the simple carbon fiber structure by making a
simple carbon fiber structural part by connecting.

At present, the main connection methods of
carbon fiber are mechanical connection and glue
connection, of which mechanical connection is
divided into bolt and rivet connection. According
to the existing literature ©7!, bolted joints have
attracted a lot of attention from scholars because
of their high strength, stability and reliable
connection performance. For example, Scattina et
al. ® polted the composite material and the
aluminum plate, and found that creep tends to
cause a significant reduction in the bolted joint
performance. Liu et al. ™ investigated the effects

of bolted joints of different sizes on the bearing
performance of carbon fiber plates, and finally
established a model for predicting the dimensional
strength of bolted holes based on the Weibull
distribution theory. Although rivet connections are
less reliable than bolted joints in mechanical
connections, rivet connections are more suitable
in some specific occasions, such as aircraft
structural parts that do not need to be
disassembled frequently, and the connection of
specific structures on automated lines for rapid
production ™% The advantages of adhesive
joints over mechanical connections are that they
can avoid the stress concentration problems in
bolted joints and do not consider electrochemical
corrosion, so the research on adhesive joints has
also attracted the attention of some scholars 3¢,
and Calik et al. ™ have carried out research on
single lap joints in adhesive joints, using fiber
fabrics and aluminum alloys as bonding materials,
and found that carbon fiber fabrics can
significantly improve the bonding performance
compared with other fiber fabrics through tensile
tests. Ashong et al. ™ investigated the effect of
hydrofluoric acid on the interface bonding
properties of aluminum alloys with carbon fibers,
and found that the formation of MgO and C-F
chemical bonds is essential for joint strength. Sun
et al. ™ used a new suture joint to increase the
joint strength of carbon fiber glue joints, and the
test results showed that suture joints can
effectively improve the tensile strength of sin?le
lap and double lap joints. Whitehouse et al. *”
developed a novel profile concept that effectively
improves the mechanical properties of the bonded
joints between metal adherents and composite
substrates.

At present, mechanical and glued joints are still
the mainstream of carbon fiber connections, but
their application in carbon fiber structures still
faces many difficulties, such as aerospace,
construction, military fields, in the face of
irregular and complex large and medium-sized
structures, the above connections are faced with
difficult design and complex manufacturing
processes, high cost and other problems.
Therefore, it is of great significance to propose a
carbon fiber connection method that can adapt to
different complex situations. After consulting a
large number of documents %! a kind of
connection structure with good connection
stability, durability and seismic performance was
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found from ancient Chinese buildings-mortise and
tenon structure, which is not only varied, but also
basically used in large-scale buildings, so scholars
have begun to deepen its research, Chen et al. 1!
have studied the mechanical properties of the ring
head mortise and tenon joint. Through the
experiment, it can be seen that when the width of
the tenon is 0.4D, the horizontal splitting failure
occurs on the outside of the tenon except for the
tensile failure on the top or bottom surface of the
tenon on the plane node and the space node.
Zhang et al. *® explored the influence of different
inclination angles on the joint performance of
mortise and tenon structures, and according to the
test results, it can be seen that the larger the
inclined rotation, the smaller the size of the
hysteresis loop of the inclined joint, and the more
obvious the initial negative slip and pinching
effect, which leads to the degradation of the
ultimate bending moment, initial elastic stiffness
and ductility of the specimen. Lu et al. *™ studied
the effects of different environmental humidity on
the joint performance of mortise and tenon
structures, and found that the rotational stiffness
of the tenon was significantly reduced in the
humid environment, resulting in an increase in the
gap at the mortise and tenon joints and a decrease
in durability.

For a long time, the mortise and tenon structure
has been basically used in wood, and as its
excellent properties are gradually known, it has
begun to appear in many materials, and carbon
fiber composites have similar anisotropic
characteristics with wood ?#%%, so there is reason
to believe that the mortise and tenon structure can

2
-—__

(b)

also be applied to carbon fiber composites, which
not only provides a new research direction for the
connection mode of carbon fiber. Qin et al. %
designed a carbon fiber dovetail structure and
conducted a tensile test on it, and found that the
structure has good tensile performance and good
designability, Agel et al. B! tried to use the
dovetail structure as the connecting node of the
composite sandwich, and carried out bending
experiments on it, and established a parametric
finite element model. It is found that the ultimate
strength of the composite sandwich with dovetail
characteristics is greatly improved.

2 CFRP Dovetail Joint Bending Test
2.1 Specimen Making

As shown in Fig. 1(a), T300 carbon fiber
unidirectional prepreg cloth of 0° and 90° is
produced by prepreg material, respectively. The
prepreg cloth is placed in the hot press according
to the layup sequence of [0°/90°]2s. The carbon
fiber sheet is produced after being kept at a
temperature of 120 °C and a pressure of 0.1MPa
for 12h. Then the three-axis CNC machine tool
(model CNC-850) is used to cut it, as shown in
Figure 1-1(b), where (1) and (2) are called male
and female tenon respectively, and the male and
tenon are inserted into the female tenon slot to
obtain the CFRP dovetail tenon structure, whose
total length (L) is 208+£1lmm, and width (w) is
45+0.2mm. The thickness (T) is 10+£0.1mm. A
total of three kinds of specimens were produced.
The schematic diagram of the size marks of the
tenon is shown in Fig. 1(c), and the specific size
parameters are shown in Table 1.

Figure 1 CFRP dovetail structure (a) Production process (b) Three different specimen sizes (c) tenon
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Table 1 Specimen sizes
ID 0 n, /mm n,/mm ng /mm n,/mm N, /mm Ng/mm h/mm
C1 71° 4 9.51 6 3.25 10.5 4.99 8
C2 71° 4 9.51 6 3.25 25 19.49 8
C3 71° 4 9.51 20.5 17.75 8

2.2 Four-Point Bending Test

As shown in Fig. 2, four-point bending test of the
CFRP dovetail specimen was carried out using an
Instron 5982 material testing machine according
to ASTM D7264 test standard. There is only pure
bending between the two indenters. The indenter
is made of No. 45 steel. The radius (R) is 3mm.
The span (La) of the support is 160mm. The
relationship between the two indenters' distance
and the support's span in the four-point bending

test is La/2, and is placed symmetrically. Head
drop rate is set to 2mm/min. The strain condition
of the specimen during bending was obtained and
tested by the digital speckle method (DIC). Make
the speckle pattern first : Brush the surface of the
specimen with white paint and spray with black
spots. Then an industrial camera (Filier, GS3-
PGE60SM-C) was used to set up automatic
shooting at a rate of 1 frame/SEC to capture the
entire test process.

l = -

(a)

Bending moment diagram

By

i Shear force diagram

(b)

Figure 2 Test setup (a) four-point bending test diagram (b) bending moment diagram and shear
diagram

2.3 Three-Point Bending Test

Based on the four-point bending test, the failure
mechanism of the CFRP dovetail structure under
the action of non-pure bending was studied
through a three-point bending test. As shown in
Fig. 3(a), the indenter with radius (R) of 3mm is

placed at the center of the specimen. According to
the shear diagram and bending moment diagram
shown in Fig. 3(b), it can be determined that the
tenon has not only bending but also shearing
action. Other boundary conditions are the same as
four-point bending, and DIC tests are also used to
analyze the strain throughout the test process.
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Figure 3 Test setup (a) three-point bending test diagram (b) bending moment diagram and shear
diagram

3 Analysis of Test Results
3.1 Analysis of Four-Point Bending Results

Fig. 4(a) shows the load-displacement curve of
specimen #C1 under four-point bending. When
the load reaches the peak point A, according to
Fig. 4(b), it can be seen that the common tenon far
away from the indenter end will have debonding
damage, and the local bulge near the indenter end
will appear. As the head drops, the load plummets
to point B. Fig. 4(c) shows that in addition to the
desticking damage and increased deformation of
the tenon, the shoulder and the female tenon near
the indenter end are extruded to cause desticking,
resulting in delamination damage. At the same
time, it can be determined that a relatively mild
drop before the load reaches point B is caused by
the extrusion between the shoulder of the tenon
and the tenon, and the continuous decline of the
indenter increases the extrusion pressure and
intensifies the layered failure, resulting in the
sudden drop of the load again. When the load
reaches point C, the load rise stage appears in
section BC. According to Fig. 4(d), the middle
tenon of the common tenon is obviously
unsticking. It can be seen that the carrying
capacity of the tenon at the left and right ends of

the common tenon decreases after layered failure,
which makes the middle tenon act as the main
bearing force and causes the load to rise briefly.
As the load continues to decrease, it can be seen
that the main failure forms of the CD segment are
the dissticking of the tenon and tenon, and the
layered failure caused by the extrusion of the
female tenon and shoulder. When point D is
reached, it can be seen from Fig. 4(e) that the
tenon far from the indenter end is pulled out, and
it is interesting that the load does not sudden drop.
According to the final failure of the structure
shown in Fig. 16(a), it can be seen that before
pulling out the tenon far from the indenter end,
serious stratified failure occurred, resulting in loss
of original carrying capacity, so there was no
significant impact on load reduction. When the
load reaches point E, it can be seen from Fig. 4(f)
that the tenon in the middle of the tenon has been
pulled out, and there are cracks in the tenon near
the end of the indenter. First, it can be determined
that the middle tenon acts as the main bearing
force after the tenon is pulled out away from the
indenter end. Secondly, according to the final
failure situation of the structure, the load
decreases sharply due to the continuous expansion
of cracks causing the fracture of the tenon.
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Figure 4 Four-point bending test of specimen #C1 (a) Load displacement curve (b) Structural damage
at point A (c) Structural damage at point B (d) Structural damage at point C (e) Structural damage at
point D (f) Structural damage at point E

Fig. 5(a) shows the load-displacement curve of
specimen #C2. When the peak point A is reached,
the main failure form is the unsticking of the male
tenon and the middle tenon away from the
indenter end. Then the load dropped dramatically.
According to Fig. 5(b), it can be seen that
debonding failure is still the main reason for the
decrease of structural carrying capacity. When the
load drops to point C, it can be seen from Fig. 5(c)
that the tenon away from the indenter is pulled
out. The situation of specimen #C2 is similar to
that of specimen #C1, and no sudden drop of load

occurs when the tenon is pulled out. The principle
is the same as above, so | will not repeat it.
However, it can be determined that the main
failure mode of the BC section is the interlayer
disbonding away from the end of the tenon and
the middle of the tenon. The final load drops
sharply at point D. According to Fig. 5(d), the
tenon near the end of the indenter has a significant
fiber fracture. Combined with Fig. 5(a), the
fracture of the tenon is the main cause of the
sudden drop in load.
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Figure 5 Four-point bending test of specimen #C2 (a) Load displacement curve (b) Structural damage
at point A (c) Structural damage at point B (d) Structural damage at point C (e) Structural damage at
point D

Fig. 6(a) shows the load-displacement curve of
specimen #C3. When the load reaches the peak
point A, the main failure form is still the
unsticking of the tenon. As the indenter drops, the
desticking phenomenon intensifies and the load
decreases. According to Fig. 6(b), it can be seen

12000

that the shoulder and the female tenon are
squeezed due to the pulling out of the tenon.
Therefore, in the final failure situation, the tenon
of specimen #C3 not only showed obvious layered
failure, but also showed slight layered damage to
the shoulder and tenon near the indenter end.
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Figure 6 Four-point bending test for specimen #C3 (a) load-displacement curve (b) Structural damage
at point A

Fig. 7-9 shows the DIC strain test results under
four-point bending. It can be found that debonding
is the main failure mode under the action of four-
point bending. Therefore, the DIC analysis results
of the three specimens at the moment when the
debonding damage occurred were taken. At this
time, the female mortise and tenon shoulder near
the indenter end of the three specimens have a
large compressive strain in the x direction.
Therefore, this is the most vulnerable area for

Le ! XX

18423.8
7217.0
-3989.8
-15196.6

-26403.4

(a) 376102 (b)

unbonding damage except for the tenon away
from the indenter end, and all three specimens are
compressive strains in the x direction away from
the indenter end tenon. On the other hand, the y
direction shows tensile strain. According to the
strain-resolved cloud image in the xy direction,
the resultant strain is the tensile strain. Therefore,
the tensile deformation of the tenon under the
action of four-point bending is the cause of the
desticking damage in this part.

uelYY uel XY
71987.1 68890.4
497138 113692
27440.5 61520
5176.3 -103673.2
-17106.0 -161194.4
©

-39379.3 -218715.6

Figure 7 Analysis of DIC test results of four-point bending test of specimen #C1 (a) strain distribution
cloud map in x direction (b) strain distribution cloud map in y direction (c) strain distribution cloud
map in xy direction
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Figure 8 DIC test result analysis of specimen #C2 in four-point bending test (a) strain distribution
cloud map in x direction (b) strain distribution cloud map in y direction (c) strain distribution cloud
map in xy direction
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3.2 Analysis of Three Point Bending Results

Fig. 10(a) shows the load-displacement curve of
specimen #C1 under three-point bending. When
the load reaches the peak point A, according to
Fig. 10(b), the mortise and tenon away from the
indenter end and the mortise at the pressure end
are obviously detached. Therefore, the load drop
is caused by the disadhesion damage. As the load
descends to point B, a slight rise occurs.
Observation of Fig. 10(c) shows that at this time,
in addition to the aggravation of the debonding
damage, the compression end of the tenon has a
local bulge. It can be inferred that the pressure end
of the mortise and tenon shoulder compression to
some extent to alleviate the load drop, resulting in
a temporary load rise. When the indenter
continues to drop and the load reaches point C,
observe Fig. 10(d). At this moment, the female

el XY
45671.8

34414.7
23157.7
11900.6

643.6

-10613.5

-5887.4

Figure 9 Analysis of DIC test results of four-point bending test of specimen #C3 (a) strain distribution
cloud map in x direction (b) strain distribution cloud map in y direction (c) strain distribution cloud
map in xy direction

tenon of the compression end appears layered
damage and the male tenon cracks. It can be seen
that the dominant failure mode of the CD segment
is the lamination damage of the mortise on the
pressure end due to serious debonding, while the
stationary segment is caused by crack
propagation. And then the load goes down to
point D. As can be seen from Fig. 10(e), at this
time, the tenon away from the indenter end is
pulled out, resulting in a slight load drop.
Meanwhile, according to Fig. 10(f), the dominant
failure mode of section CD is crack propagation at
the neck of the tenon. When the final load reaches
point E, it plummets. According to Fig. 10(e), it is
mainly caused by the fracture of the tenon in the
middle of the tenon and the tenon near the
indenter, and the dominant failure mode of the DE
section is the crack propagation of the neck of the
tenon in the middle of the tenon.
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Figure 10 Three-point bending test of specimen #C1 (a) Load displacement curve (b) Structural
damage at point A (¢) Structural damage at point B (d) Structural damage at point C (e) Structural
damage at point D (f) Structural damage at point E

Fig. 11(a) shows the load-displacement curve of
specimen #C2. According to Fig. 11(b), when the
load reaches the peak, the mortise near the
indenter end and away from the indenter end have
obvious dissticking phenomenon. When the load
reaches point B, it can be seen from Fig. 11(c) that
the mortise far away from the indenter end has
obvious delamination due to debonding.
Therefore, it can be concluded that the cause of
load drop is still debonding. After passing point B,
the load drop slows down. When point C is
reached, it is found in Fig. 11(d) that the mortise

and tenon shoulder near the indenter end are
squeezed, resulting in local protruding. The
indenter continues to drop and the load reaches
point D. By observing Fig. 11(e), it is found that
the tenon far from the indenter end is pulled out at
this time, and the situation is similar to that of
specimen #C1 without sudden load drop.
Combined with Fig. 11(a), it can be seen that the
dominant failure mode of section CD is the
stratified failure near the mortise and tenon
shoulder of the indenter end and the disbonding of
the mortise and tenon away from the indenter end.
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Delamination

Figure 11 Three-point bending test of specimen #C2 (a) Load displacement curve (b) Structural
damage at point A (¢) Structural damage at point B (d) Structural damage at point C (e) Structural
damage at point D

Fig. 12(a) shows the load-displacement curve of bearing force. Finally, according to the final
specimen #C3. When the load reaches the peak failure mode of three-point bending in Fig. 16(b),
point A, the mortise and tenon have the the tenon fracture and serious layered failure
phenomenon of unsticking. As the indenter occurred in specimen #C1. However, specimens
descends, the mortise and tenon shoulder near the #C2 and #C3 mainly failed in stratification and
indenter end compresses. At point B, the tenon did not fully exert the load-bearing performance
basically loses its carrying capacity. Next near the of the tenon. Therefore, the design of multi-tenon
end of the indenter, the mortise and tenon can give full play to the mechanical properties of
shoulder squeeze each other to act as the main dovetail tenon.
5000
4500 -
4000 A
3500
Z. 3000 |-
"8
S 2500 |-
=
2000
1500
1000 |- B
L | Tenon pulled up |
500 | ——————
O 1 1 1 1 1 1 1 ]
0 2 4 6 8 10 12 14 16
Displacement/mm
(a)

Debonding

Figure 12 Three-point bending test of specimen #C3 (a) Load displacement curve (b) Structural
damage at point A position (c) Structural damage at point B position

nephogram at the moment when the structure has

Fig. 13-15 shows the DIC strain test results under just appeared disadhesion damage is taken for

four-point bending. In the same way, DIC strain
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analysis. Under the action of three-point bending,
obvious compressive strain also appeared in the
three specimens near the end of the indenter. It
was also caused by the pressing of the mortise and
tenon shoulder. Different from the pure bending

shows tensile strain in the x direction,
compressive strain in the y direction, and tensile
strain in the combined strain. Therefore, no matter
it is four-point bending or three-point bending, the
desticking damage is caused by the tensile

action, the tenon far away from the indenter deformation of the tenon.
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Figure 13 Analysis of DIC test results of three-point bending test of specimen #C1 (a) strain
distribution cloud map in x direction (b) strain distribution cloud map in y direction (c) strain
distribution cloud map in xy direction
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Figure 14 DIC test results of three-point bending test of specimen #C2 were analyzed for (a) strain
distribution cloud map in x direction (b) strain distribution cloud map in y direction (c) strain
distribution cloud map in xy direction
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Figure 15 DIC test results analysis of specimen #C3's three-point bending test (a) strain distribution
cloud map in the x direction (b) strain distribution cloud map in the y direction (c) strain distribution
cloud map in the xy direction
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Figure 16 Final failure result (a) four-point bending test (b) three-point bending test
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4 Simulation Analysis of Bending of CFRP
Multi-Dovetail Joint

4.1 Damage Initiation and Damage Criterion

In order to determine the damage initial of various
f(F.n)=F -r=0;1={ftfcm}

In the formula: F, is the loading function of
different failure modes; 1, is the damage
threshold, and the initial value is 0. When 1, =1,

the material damage is defined; When 1, >1, the

damage development of the material is defined.
Using LaRCO5 criterion as the damage failure
criterion of carbon fiber composites, it is mainly

Fﬁ ZX—T,(g'll 20)

Fiber compression failure (fiber kink) :

2 2
T2 o
FKINK = — + - =
S =102 S.—n 02

Fiber compression failure (fiber splitting) :

o ) [

23 12

Fspur = — = | Y\ T =
Sy —1r 02 S =102

Matrix cracking

damage modes between layers of composite
materials and evaluate the effective stress state
during loading, stress risk coefficient was used to
characterize the damage initial of various modes:

(%)

divided into fiber tensile failure, fiber
compression failure (fiber kinking, fiber splitting)
and matrix cracking. So ft,fc,m stands for fiber
tensile failure, fiber compression failure (fiber
kinking, fiber splitting), and matrix cracking
respectively.

Fiber tensile failure:

(6)

<g;’2> ,U;n\ > %) 7)

<g;’2> ,U;ﬂ\ < %) (®)

— 2 — 2 <
F - 29 AN N
S.—n.oN Sy —nroN

In the formula, S, and S, are the fiber direction
and transverse shear strength along the fracture
plane of the matrix respectively. Y; is the
transverse tensile strength; 7, and 7; are the
longitudinal and transverse shear friction
coefficients, respectively. X. is the longitudinal

Oy >+ J (9)

. —¢ 9 ¢
compressive strength; 712,723, and o2 are the
stresses in the direction of fiber kinking when
fiber kinking/splitting occurs, respectively.

4.2 Damage Evolution

When the damage threshold 1, >1, the material

damage begins to expand. Due to the gradual
increase of effective stress, material damage will
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be further aggravated. The mechanical properties
of the material are degraded and the bearing
capacity 1is decreased. A linear progressive

Eeq (geqyf -£

eq,0

reduction scheme is used to describe the damage
evolution of the material :

d, = max{o, min {d*, Selq'f (Teq _gﬁq'og}}; | = {ft,fc,m} (10)

In the formula, d, is the damage state variable;
d,d, and dn, were the damage variables of fiber
stretching, fiber compression and matrix cracking,
respectively. When the material is not damaged, d,
=0; When the material completely fails, d, =1, in
order to prevent the stiffness from being reduced
to 0 in the finite element calculation process,
resulting in the singularity of the material stiffness

matrix. Set d” =0.99; &, is the equivalent strain;
ge!q,o
damage occurs. ¢

complete failure.

is the equivalent strain when the initial

s IS the equivalent strain at

4.3 Interlayer Damage Model
According to the final failure results of the four-

tn Knn O
t={t | 0 K,
tJ]l o o

In formula (1), the normal stress of the viscous
interface element and the internal shear stress on
two different surfaces are represented,
respectively. & =06 /T, (i=nst) |, T, is the
thickness of the Cohesive unit actually modeled.

()-8

In formula (2), t°. t°. t° are the normal stress

and two in-plane shear stresses of the interlayer
and rubber layer elements. When the above

t = (1-D)diag(K,,, K

In formula (3), the damage coefficient of the
cohesive layer, with a range of [0,1]; when D=0
, there is no failure of the cohesive layer; When
D =1, the viscous layer completely fails. The

point bending and three-point bending tests in Fig.
16, it can be seen that the desticking and
delamination caused by larger external forces are
still the main damage types. The damage model of
the rubber layer between carbon fiber layers is
briefly introduced below B *1 The bilinear
constitutive model of the Cohesive force element
is generally adopted when the stress is
proportional to the strain. The Cohesive thickness
between carbon fiber layers can be defined as
0.lmm. Based on B-K fracture and force-
separation displacement criteria, a continuous
damage mechanism was established in the unit
between the carbon fiber and the adhesive layer.
The debonding failure is simulated by Cohesive
cohesive interface unit  simulation. The
constitutive relation is as follows:

& r=Ke (1)

o, is the relative displacement of Cohesive on the
corresponding direction of the top and bottom
surface of the unit; K, is the stiffness coefficient.

The secondary stress criterion is used as the
damage initiation criterion:

j =1 ()

formula is true, the Cohesive unit fails. When the
Cohesive element is damaged, its constitutive
relation is as follows:

< Ke)S, 3)

process of stiffness degradation and final failure
displacement of the material is mastered by the

element critical strain energy release rate G .
The failure process of the Cohesive element is
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calculated by the B-K fracture criterion.

G =GF + (G -G @
T

In formula (4),
G, =G, +G,;G; =G, +G;G%,G¢,G’ are the
critical fracture energies in the normal direction
and two shear directions, respectively. 7 is
related to material parameters. When the material
is carbon fiber reinforced epoxy resin composite
material, »=1~2, n=18 is adopted in this

paper.

4.4 CFRP Multi-Dovetail Joint Bending
Simulation Model

Fig. 17 is a simulation model of three-point
bending (3PB) and four-point bending (4PB) tests
established by ABAQUS. The modeling details in
Fig. 17(a) are as follows. Set the indenter and
support as rigid bodies respectively, fix the
support, and remove the constraint on the y axis

4PB model

Y 3PB model

| 101" x (a)

direction of the indenter. The displacement
distance of the model indenter is determined
according to the actual displacement of the test.
Set the universal contact, use "penalty" contact for
tangential and set the coefficient of friction to 0.3,
and use "hard" contact for normal. Due to the
obvious dissticking phenomenon in the test, in
order to better simulation analysis, the joint is
taken as an example in Fig. 17(b). With the same
mortise, ten layers of carbon fiber (thickness of
1mm) are established. Giving material properties
to T300/ epoxy composite prepreg. Insert an
adhesive layer (thickness 0.1mm) between layers.
Give LIM-170 material properties. SC8R unit and
Cohesive unit are used respectively, and a total of
193,420 units are divided. Finally, the carbon
fiber layer and the rubber layer are set as binding
constraints.

Carbon fiber layer  Adhesive layer

Figure 17 Simulation model (a) four - and three-point bending test (b) carbon fiber layer (dowel) and
adhesive layer

4.5 Comparative Analysis of Bending Test and
Simulation Results

Fig. 18 shows the comparison of the 4PB and 3PB
test and simulation results. According to the
comparison between the load displacement curve
of the test and simulation in Fig. 19, the load is
taken to rise linearly to the peak stage (this section
is selected because after the load reaches the peak,

the structure will significantly destick, which will
affect the accuracy of strain cloud image in DIC
test. Simulation results cannot be compared. First,
the results of the 4PB test and simulation are
selected for analysis. At point A, the structure has
just become unglued, as shown in Fig. 18(a).
According to (2), it can be seen that at this time,
the common tenon far from the indenter end
appears unstuck for the first time. By comparison
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(4), it can be found that the cohesive force model
of the simulation model is damaged at this
position, which is also manifested as debonding.
Meanwhile, the displacement cloud image (1)
obtained by the DIC strain testing system is
similar to the simulated displacement cloud image
(3). When the load reaches the peak point B, it can
be seen from Fig. 18(b) that the mortise joints
near and far from the indenter end in test (2) are
unglued. Compared with simulation (4), the
cohesive force model near the indenter end has
been deleted due to unit failure. The failure
conditions of the test and simulation are well
compared. The displacement cloud image (1) of
the DIC strain testing system is not much different
from the simulated displacement cloud image (3).
Then the 3PB test and simulation results are

o

U2,mm
0.02219
-0.33578
-0.69375
-1.05172

-1.40969

-1.76766

U2,mm
0.40171

-0.27463
-0.95097
-1.62731
-2.30365

-2.97999

analyzed. At point C, it can be seen from Fig.
18(c) that the mortise near the end of the indenter
appears for the first time in test (2). In the
simulation (4), cohesive force model damage also
occurs at the same position. When the load
reaches the peak point D, as shown in Fig. 18(d),
the position of the debonding damage in test (3) is
the same as that in the 4PB test at the peak point.
Simulation (4) also corresponds well to
experiment (3), and the DIC strain test
displacement cloud image obtained at two points
C and D is in good agreement with the simulation
displacement cloud image. The peak error of the
3PB and 4PB tests and simulations is within £8%,
which verifies the validity of the simulation
model.

Debonding

® QUADSCRT
(Avg:75%)

@ QUADSCRT

(Avg:

1.

1.000

@

75%)
000
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U2,mm
-0.06034

@)
-0.37179

-0.68323

Debonding

-0.99468

-1.30612

-1.61756

U2,mm ® Q:AD?SC}{)T = @
000

(©)

m-

U2,mm () QUADSCRT
0.483 (Avg:75%)

Figure 18 Comparison between simulation and experiment (a) Structural deformation at the position
of point A (b) Structural deformation at the position of point B (¢) Structural deformation at the
position of point C (d) Structural deformation at the position of point D

25000

— =4PB(#C1 FEM)
[ e APB(#C1 EXP)
20000 = = 3PB(#C1FEM) A/
| = 3PB(#C1 EXP)

15000

Load/N

10000

5000

0.0 0.5 1.0 1.5 2.0 25 3.0
Displacement/mm

Figure 19 Comparison of load displacement curves of 4PB and 3PB test and simulation results

According to the final failure results of the
structure in Fig. 16, it can be found that
debonding is the most important failure mode, but
the position where debonding first occurs cannot

be determined during the bending test. After the
verification, the cohesive layer of the model is
extracted and analyzed, as shown in Fig. 20. It is
easily found that during the bending test, both
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four-point and three-point bending, the damage on
the outside cohesive layer leads to unit deletion,
while the damage on the inside cohesive layer
does not lead to obvious unit deletion. Compared
with three-point bending, four-point bending is

more likely to cause debonding damage.
Therefore, the bending resistance of the structure
can be improved by increasing the bonding
strength of the outer viscous layer.

(d)

Figure 20 Four-point bending: (a) outer cohesive cell layer (b) inner cohesive cell layer;
Three-point bending (c) outer cohesive element layer (d) inner cohesive element layer

4.6 The Effect of Paving on the Structure

Through the verified simulation model, since the
debonding damage is more obvious in the four-
point bending test, the damage type is easier to

observe and select this model to analyze the
influence of layering parameters on the dovetail
structure of CFRP. Table 2 below shows the
design of four common layering parameters.

Table 2 Simulation model of four different layering methods

model Lay-up mode
cr [0/90] s

c2 [+45]25

Cc3 [90]s0

c4 [0]s0

The stress distribution nephograms of the four
models were analyzed when the desticking
damage occurred. As shown in Fig. 21, it can be
found that the stress distribution of the four
models is related to the layup direction. And
basically concentrated distribution away from the
head end of the tenon near. Therefore, the three-
dimensional strain cloud image at this position
was extracted for analysis. As shown in Fig.
22(a), the strain is selected from the lower end of
the tenon. It is found that the maximum strain of
C1’, C3’and models all appear at the lower end of

the tenon. This is also the main reason why this
location is most prone to debonding damage.
However, the position of the maximum strain of
C2’ is shifted back. It seems that the lay-up mode
can not only determine the direction of stress
distribution but also change the location of
maximum strain. Among the four models, the
maximum strain of model C3 ’ is the smallest,
followed by C1 and C2 ’ is the largest. According
to their respective stress distribution cloud maps,
C1 and C3’s strain is not large when the stress
concentration is relatively serious, which indicates
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that 90° paving can improve the strength of the structure to a certain extent.

S, Max. In-Plane Principal S, Max. In-Plane Principal
Envelope (max abs) Envelope (max abs)
(Avg: 75%) (Ava: 75%)
875,682 417,444
802.711 352.658
729.740 7.873
656.769 313.087
83798 8.302
£10.827 243.516
437,855 18.731
364.884 '3.945
291913 139.160
218942 378
45,971 9.589
72999 34.804
0.028 0.018

(b)

S, Max. In-Plane Principal
Envelope (max abs)

- 5
- 40286
L0010

(©) (d)
Figure 21 stress distribution program (a) [0/90°]5 (b) [£45°]25 (¢) [90°]s0 (d) [0°]s0

Strain/e
5.7x10°

Strain/e
11x107
1.0x10? - S.1x10%

9.5x10° - 4.6x10°7

8.8x10° 4.0x10%
82x10° 3.5x010°7
=510 2.9x107%
6.9x10° 2.4x10°
- 6.2x10° 1.8x10°
- 5.6x10° - 1.2x10°7
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1.4x10%
1.3x10°
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0.012 Lot
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0.010 8.6x10°
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6.3x10°
s1x10”?

3.9x10°

@ (e)
Figure 22 Three-dimensional strain diagram (a) Schematic diagram (b) [0/90°]5 (¢)
[£45°]25 (d) [90°]s0 (e) [0°]s0
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5 Conclusion

In this paper, four-point and three-point bending
tests of CFRP dovetail structures with different
numbers of tenons are carried out. The damage
mechanism of the structure under bending was
analyzed according to DIC strain test results.
Combined with the verified finite element
simulation model, the influence of different
layering on the bending properties of the structure
is discussed. Specific conclusions are as follows:

(1) Under the action of bending, the outer surface
of the structure will be the first to show adhesive
damage. With the gradual increase of bending
load, the degree of debonding increases, which
leads to delamination damage. Eventually, the
structure will show fiber fracture damage. The
analysis shows that stratified failure is the key
factor that causes the structural bending property
to decline. Therefore, in order to improve the
bending property of the structure, the interlayer
bond strength of the carbon fiber can be
emphasized. This method is expected to provide
an effective way to enhance the performance of
the structure under bending conditions.

(2) According to DIC strain test results, in
bending action, the joint strain of the tenon far
away from and close to the indenter end is tensile
strain. This phenomenon shows that the tensile
strain is the main deformation mode of the
structure under bending conditions. Further
analysis shows that the mechanism of the
desticking damage is that the tenon is squeezed by
the mortise during the drawing process, which
leads to the tensile deformation and finally the
appearance of the desticking damage. This
conclusion is of great significance for further
understanding of the mechanical behavior and
damage mechanism of the structure in the bending
state.

(3) By comparing and analyzing the displacement
nephogram,  load-displacement  curve and
maximum peak load obtained by experiment and
simulation, the validity of the simulation model is
effectively verified. Based on the in-depth
analysis of the simulation model after verification,
it can be seen that the damage to the external
cohesive layer is often the first to occur during the
bending  action.  Therefore, the overall
performance of the structure can be improved by
enhancing the strength of the external viscous

layer. Further to [0/90 °] 2 5, [plus or minus 45 °] 2
s, [90 °] s zero, [0 °] s zero this four different layer
Angle analysis, the results show that the stress
distribution is closely related to the direction of
each layer. In particular, the addition of 90°
paving significantly improves the bending
properties of the structure. This research
conclusion provides an important theoretical basis
and practical guidance for the optimization design
of relevant structures, which is helpful to choose
the layup Angle more reasonably in practical
engineering applications, and then improve the
performance of structures under bending
conditions.

Based on the mechanical behavior of CFRP
dovetail structure under the bending action of air-
dropped equipment, this paper further strengthens
the comprehensive effectiveness of equipment
support, extends the connotation of air-dropped
equipment support, and gives full play to the role
of equipment support as a multiplier of combat
effectiveness and efficiency of rescue teams. In
the process of researching the equipment support
material and structure of the airdrop equipment,
the design concepts of carbon fiber composite
material and mortise and tenon structure are
innovatively applied by drawing on the traditional
wisdom. It can improve the efficiency and
flexibility of equipment support. Combined with
the research data, it can provide empirical support
for the construction of equipment support model,
the peacetime and war transformation of
equipment support system, and the command and
decision of equipment support. The wide
application of stable and reliable mortise and
tenon structure can promote the implementation of
autonomous airdrop equipment support. Ensuring
the continuous and stable output of the team
during the execution of tasks can win more
initiative for the emergency team in the future
rescue and expand greater space for innovation.
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