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Abstract. Composite materials have been widely used in the aviation field
because of their light weight, large modulus and high strength. In this paper, the
interface mechanical properties of composite T-joints under shear load are tested
through experiments, which concluded that the ultimate load of the structure with
defects is reduced from 29.01 kN to 27.40 kN and its bearing capacity is reduced
by 5.5%. Then, based on the Cohesive Zone Model (CZM), a progressive damage
model is established for damage failure analysis. The results show that the damage
under shear load mainly extends from both sides to the center. When there is a
prefabricated defect in the interface layer, the initial damage occurs near the defect
and spreads to both ends of the load direction.
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1 Introduction

In order to reduce the structural weight while meeting the load-bearing requirements,
composite T- stiffened panels have developed from secondary load-bearing structures
such as flaperons to main load-bearing structures including fuselage and wings. However,
the adhesive joint of the composite T- stiffened panels usually is the weakest part in the
structure. At present, some researches have been conducted at home and abroad for the
T-shaped structure of Composite stiffened panels. Luo and Xiong et al. [1] compared
the failure load of RTM (resin transfer moulding) composite T-joints under tension and
bending loads and deduced the failure mechanism, concluding that the resin matrix at
the triangular filling area of the joint and the web of the fascia first appears to debond.
As the load increases, the web is completely separated from the bottom skin. Bai et al.
[2] used progressive damage models (PDMs) to further analyze the initial damage and
damage evolution of T-joints under tensile load. Li et al. [3] established the finite element
model of the micro-carbon nanotube reinforced composite T-joint by using the cohesion
zone unit and studied the damage initiation, evolution and final failure process of the
T-joint interface layer. Wu et al. [4] established a finite element model of the composite
T-joint structure under tensile loading based on the Tsai-Wu damage criterion and the

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
Proceedings of the 5th China Aeronautical Science and Technology Conference, LNEE 821, pp. 94-102, 2022.
https://doi.org/10.1007/978-981-16-7423-5_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7423-5_10&domain=pdf
https://doi.org/10.1007/978-981-16-7423-5_10

Research on Out-of-Plane Shear Mechanical Properties 95

cohesive zone model, simulating and analyzing the damage mechanism, load carrying
capacity, and interlaminar damage behavior.

There are currently some researches on the joints of T-stiffened panels in aircraft
structures, but they generally focus on the bearing capacity and failure mechanism of
the joints under tensile and compressive loads. There are few studies on the bearing
capacity and failure mechanism of the structure under shear load. In this paper, the joint
interface bearing capacity and damage evolution process of T-joint defective and non-
defective structures under shear load are studied. Firstly, the load-bearing capacity of
T1100/QY8911 composite T-joint was tested through experiments.Then a progressive
damage model was established based on the cohesive zone model (CZM) to achieve
effective prediction of the strength and damage evolution of the T-joint.

2 Experiment

T- joint is composed of skin and web. The skin
layer is [45/0/—45/90/0/90/—45/0/45/0]s and the layers of two ribs about web
respectively are [45/—45/0/45/45/—45/0/45/—45/90/45/—45], [—45/45/90/—45/45/
0/—45/45/45/0/—45/45]. The defect is realized by inserting an iron foil with a radius of
15 mm between the skin and the webs. The size of specimens and the position of the
strain gauge are shown in Fig. 1(a). The test form is shown in Fig. 1(b). Four specimens
were tested and the test results are shown in Table 1.

Fig. 1. T-joint test piece and test form: (a) test size of T-joint specimen; (b) loading device

Table 1. Test results

Item Non-defective | Defective shear
shear

Ultimate load | 29.01 27.40

(kN)
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3 Numerical Simulation Method

3.1 CZM Constitutive Model

In this paper, the cohesive zone model was used to simulate the interface damage of T-
joint. The stiffness degradation of the bonding interface material properties was carried
out according to the bilinear constitutive model, so as to implement the simulation of
the interface layer damage initiation and damage evolution [5-7].

The secondary nominal stress criterion [§—10] in the traction-separation rule is used
to define the initial damage. In predicting the delamination expansion, when the inter-
layer energy release rate is greater than the critical energy release rate, the damage
expands and the B-K [11, 12] criterion is used here. Three-dimensional Hashin [13, 14]
failure criterion is adopted for the failure of T-type panels.

3.2 Finite Element Model

A three-dimensional finite element model of the T-joint is established based on ABAQUS
(see Fig. 2). A layer of cohesive units is set between the flange and the skin of the T-
shaped structure. When the unit fails completely, it is deleted to actualize the initiation
and expansion of damage about the interface material. Cohesive contact is used between
the triangular filling area and the fillet area of the ribs. The unit parameters of the cohesive
area are shown in Table 2. Table 3 shows the mechanical properties of the T1100/QY8911
unidirectional composite material.

Shear load

Defect

Fixation

Fixation

-
Cohesive layer

Fig. 2. Finite element model
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Table 2. Mechanical properties of cohesive element [15, 16]

Item Value

Gic(kJ/m2) 0.111
Gic(kJ/m2) 0.501
19(MPa) 13.474
19(MPa) 6.999
1(MPa) 6.999

Note: 0 is the normal tensile strength of the cohesive

unit; t?, tto is the two shear strengths perpendicular to
the crack surface. Gy is critical fracture energy release
rates of  mode and Gry, is critical fracture energy release
rates of II mode

Table 3. Mechanical property parameters of T1100/QY8911 materials

Property Value
Longitudinal tensile strength 2733 MPa
Longitudinal compressive strength 1470 MPa
Transverse tensile strength 62 MPa
Transverse compressive strength 216 MPa
In-plane shear strength 95 MPa

4 Results and Discussion

4.1 Model Validation

In order to verify the validity of the model in this paper, the results of experimental
and numerical methods are compared. For T-shear, the ultimate load obtained by the
non-defective structure experiment is 29.01 kN and the ultimate load calculated by the
finite element method is 30.190 kN, which has a calculation error is 3.91%. The ultimate
load obtained by the defective structure experiment is 27.40 kN and the ultimate load
calculated by the finite element method is 29.795 kN, which has a calculation error of
8.04%. It can be seen the test results and the numerical results have small errors and high
accuracy. The results of specimens show that the load increases linearly with the increase
of displacement in the OA section, which is a linear elastic stage. Table 4 records the
moment when the sound of structural failure was heard during the experiment. When
loaded to 24 KN, the sound of the first layered failure can be heard. Combined with
the curve in Fig. 3(a), the AB section is not completely straight, indicating that the
specimen has been damaged and destroyed, but it still has the load-bearing capacity
until the specimen is destroyed. Due to the existence of defects, the structural rigidity
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is reduced and load of structure containing defects has a slight increase after decreasing
abruptly (see Fig. 3(b)).

Table 4. Structural failure load values at various stages

The first destructive | The second
sound destruction sound
Load(kN) |24 29
32 32
m—— FEM B = FEM
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Fig. 3. Comparison of simulation and test results: (a) Intact structure; (b) Defective structure

By testing the strain of structures with intact and defected adhesive interfaces, it
is found that there is almost no difference in the variation of strains between the two
structures. Therefore, Fig. 4 shows the variation of the strain of the structure with defect
as the load increases. During the test of strain, measuring point 1 and measuring point
2 are symmetrical and measuring point 3 and measuring point 4 are symmetrical. It can
be seen from these measuring points that the strain of the L-type flange is significantly
smaller than the strain of the web. When the shear force is transmitted to the L-shaped
bottom surface glued to the skin, it is transformed into the entire bottom surface to bear
the load. The cross section of the web is smaller and the strength is greater, so the strain is
also greater. When the load reaches 23.8 k N, the sound of slight adhesive layer cracking
and fiber breakage can be heard, and the strain changes from point A to point B. When
the load reaches 29.01 kN (Point C in Fig. 4), the bonding interface between the T-joint
web and the skin is completely debonded, The strain drops abruptly and the structure
completely fails, which corresponds to points B and E of the finite element curve in
Fig. 3(a) and Fig. 3(b). The test results are highly consistent with the simulation results.
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Fig. 4. Load-strain curve

Combined with the finite element stress-strain analysis, it is concluded that the stress
is not equally distributed in the interface layer due to that the local force transmission
of the web and the existence of the triangular filler that changes the property of the
load transmission. The maximum stress of the intact structure is located on both sides
of the center of the interface layer, and the maximum strain is located at both ends of
the interface layer (see Fig. 5(a) and (b)). The existence of circular defects reduces the

&

(a) (b)

(©) ()

Fig. 5. Structure without damage: (a) stress distribution; (b) strain distribution; structure with
damage: (c) stress distribution; (d) strain distribution
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bearing capacity of the interface, which changes the property of the load during the
force transmission process, making the stress of the interface layer smaller than the
clamping section. In addition, the defects reduce the rigidity of the glued joints so that
the maximum strain appears around and on both sides of the circular damage position
of the interface layer (Fig. 5(c) and (d)).

4.2 Structural Damage Failure Analysis

It can be seen from the experimental results (see Fig. 6) that the T-type web is completely
separated from the skin. The non-defective T-joint shear appears irregular fiber breakage
at the connection interface and cracks in the glue layer, large area delamination, and a
small amount of fiber is pulled out (see Fig. 6(a)). The defective T-joint expands regularly
along both sides of the damaged area and the fiber fracture is relatively neat. The fracture
of the fiber along the shear direction shows that the fiber has a certain hindering effect on
the shear failure of the interface adhesive. Combining the analysis results of the damage
model in Fig. 6(a) and (b), there are two paths for damage extension to the T-joint
intact structure: one is extending from the two sides perpendicular of loading direction
(lateral) to the middle; The other is to extend from the center of the joint along the load
direction (longitudinal) to both ends. The defect-containing T-joint extends from the
circular defective location in a direction parallel to the load. From Fig. 7(a) to Fig. 7(c),
it can be concluded that, due to the high stress level near the loading end, both intact
and defected T-joint appears large matrix compression damage and delamination near
the loading end, which is consistent with the experimental results.

(a) (b

Fig. 6. Interface debonding test results: (a) Debonding appearance without defect side bending;
(b) Debonding appearance with defect side bending
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4

(a) (b)
(c) (d)

Fig. 7. No defects: (a) matrix failure; (b) laminate delamination failure; including defects: (c)
matrix failure; (d) laminate delamination failure

5 Conclusions

This paper conducts a comprehensive study on the bonding interface of composite T-joint
under shear load. The mechanical properties of T1100/QY8911 composite T-joints with
defect and no defect under shear load were tested through experiments. A finite element
numerical method based on the CZM constitutive model was established, which revealed
the load-bearing characteristics of the structure and the law of damage evolution. The
conclusions are summarized as follow.

(1) For the T-joint with a defect area of 28% of the bonding surface, the ultimate load
of the structure containing defects has been reduced from 29.01 kN to 27.40 kN
and its load-bearing capacity has dropped by 5.5%.

(2) Under the shear load, the damage expands from both sides to the center; when
structure contains defects, the damage expands from both sides to the center while
also extending longitudinally from the defect position. Due to the high stress level
near the loading end, the T-joint appears larger matrix compression damage and
laminate delamination near the loading end.
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