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Investigation of the out-of-plane
load-bearing capacity

of T1100/5405 composite
T-stiffened panels

Heyuan Huang®?*, Xuanjia Zhang?, Zhicheng Dong* & Dong Wang?

With the continuous improvement of the mechanical properties of composite materials, the adhesive
interface performance of composite T-stiffened panels has become a critical factor in determining

the overall structural strength. However, little work has been reported on the mechanical properties
of adhesive interfaces in composite T-stiffened panels under lateral bending and shear loading.
Especially, there is no clear explanation on the damage evolution law of structural properties for the
interface with defects, which greatly influenced the use of T-stiffened composite structures. In this
paper, the mechanical properties of T1100/5405 composite T-stiffened laminates under lateral bending
and shear loading are experimentally and numerically investigated. The load-bearing capacities for
the panels with intact and defected adhesive interfaces are compared, the damage evolution law of
typical T-stiffened structures is further explored. Based on the continuum damage model (CDM) and
the cohesive zone model (CZM), the constitutive models of the adhesive layer and the composite
material are established respectively. Good agreements between experimental and numerical profiles
illustrate that damages mainly occur on the loading side and the corner of the L-type ribs under lateral
bending conditions, while damages extend from both sides of the interface layer to the center under
shear loading. When a prefabricated defect exists, damages extend from the defect location along
the loading direction. At the same time, the analysis shows that the lay-up of the surface layer, the
chamfer radius, and the width of T-type ribs have a great influence on the structural load-bearing
capacity, but less on the damage evolution form.

As a common structure form, composite stiffened panels are mainly used in the main load-bearing structure of
aircraft and rockets and are widely used in the design of aircraft structures'=. The most common stiffened panels
are T-type, L-type, J-type, Ti-type, etc.*”. Compared with the J-type structure, which has a complex configuration
and can only transmit special loads, T-stiffened panels with manufacturing process advantages are more widely
used in canards, wings, fuselages, and other parts of aircrafts®.

At present, a lot of research has been done on T-stiffened panels domestically and abroad. The most com-
mon research is on mechanical properties and failure mechanisms under tensile loading. Bai et al. obtained
the load-displacement and damage evolution behavior of T-stiffened panels through tensile tests, established
the progressive damage model based on Hashin, Chang-Chang, Hou, and hybrid criteria, and discussed the
influence of the radius of triangle on the failure mode. Luo et al.'® tested the tensile mechanical properties of
T-joint through experiments and studied the failure process. Wu et al.!! analyzed the progressive damage mode
of T-joint under tensile loading from the perspective of numerical simulation. In terms of structural buckling,
Ye et al.'? studied the interfacial properties of skin and stiffened panels and the effects of layering on debonding
and revealed the effects of different bonding methods on the buckling failure modes of composite T-stiffened
panels after compression. In the study of stiffened panels with defects, Ji and Zhao et al.”® studied the debonding
behavior with defects, adopted a progressive damage model to predict the expansion of interlaminar damage,
and used a bilinear cohesion model to evaluate the debonding damage between skin and stiffener web, and the
damage evolution law of this model was in good agreement with the experimental situation. In terms of damage
location, Bai et al."* explored the influence of different damage locations on the bearing capacity and failure mode
of the stiffened panels by comparative analysis of the bearing capacity and failure mode of the ribs, skin, and
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Test project Layer Test standard Quantity Test content
0° tensile test [0], ASTM D3039% [3 X, Epi

0° compression test [0]46 ASTM D6641% 6 Xpe, Ere

90° tensile test [90],4 ASTM D3039% 6 Xnts Emt

90° compression test [90] 36 ASTM D6641%° 6 Xne> Eme
Interfacial shear [+£45]s, ASTM D3518% 6 G2, S12

Table 1. Test matrix for basic mechanical properties of composite laminates. X, Xp, X, X and S, are
respectively longitudinal tensile strength, longitudinal compression strength, transverse tensile strength,
transverse compression strength, and in-plane shear strength. E, Ej, E,,;, B, and G, are respectively
longitudinal tensile modulus, longitudinal compression modulus, transverse tensile modulus, transverse
compression modulus, and in-plane shear modulus.

interface bonding layer with elliptical damage under a compression load, as well as the verification of the finite
element model. Jasto and Reinoso et al.' conducted experimental analysis on the initial position and propagation
path of T-stiffened panels damage and concluded that the damage started from the triangular position of the
T-joint and expanded asymmetrically to both sides, which was consistent with the conclusion drawn by Zhu'®
and Cheng et al."”. Li et al.'® studied the damage propagation and failure characteristics of composite stiffened
panels with notches under compression loading by experimental and finite element methods. They also further
analyzed the effect of notches on the residual strength of the panels and predicted the failure mode by combining
the maximum stress criterion and Hashin criterion. Meeks" explored the failure mechanism of skin-stiffeners
debonding in five post-buckling panels of Greenhalgh® and believed that the main failure mode of these panels
was the debonding of stiffeners.

It can be concluded from the above research that the bonding interface is the weak part of the T-stiffened
panels, especially defects such as pores, inclusions, poor glue, and poor fiber/matrix interface will occur in the
manufacturing or service process of composite materials?~**. Damaging structures will reduce the load-bearing
capacity of structures to a certain extent’®*, especially for super-strong composite materials such as T1140/5405,
the interface performance is the key factor that determines the structural performance. Therefore, it is necessary
to study the failure of damaged T-stiffened panels. However, most of the current studies mainly focus on the
bearing capacity and damage mechanism of adhesive joints under tensile and compression loads, as well as the
strength and delamination of the panel itself>>?’. In the actual load-loading process of aircraft, T-stiffened panels
also transmit various complex loads, such as lateral bending and in-plane shear, etc. At present, the research on
this aspect is relatively scarce, so this paper starts research on this basis.

In this paper, we respectively studied the structural load-bearing capacity and interfacial damage evolution
law of composite T-stiffened panels with intact and defected structure under lateral bending and shear loads.
First, four types of T-stiffened panels with intact and defected structure were designed and fabricated. The basic
mechanical performance parameters of T1100/5405 and the mechanical performance data of the structural parts
under lateral bending and shear loads were obtained through experiments. Then, based on the continuum dam-
age mechanics model (CDM) and the cohesive zone model (CZM), a progressive damage model is established.
The load-bearing capacity and damage propagation law of composite T-stiffened panels with intact and defected
structure were compared and analyzed from two aspects of test and finite element simulation, so as to effectively
predict the strength and damage evolution of T-stiffened panels. Finally, based on the numerical model, the
influence of design parameters on the bonding interface performance of T- stiffened panels are analyzed, and
the structural optimization design scheme is given accordingly.

Experiment

Basic mechanical properties test. Basic mechanical property tests of T1100/5405 composite laminates
were carried out to obtain the basic mechanical property parameters of the materials and provide data support
for subsequent analysis. The test matrix is shown in Table 1. The test device is shown in Fig. 1. Switzerland w+b
universal testing machine is used as loading equipment. 0° and 90° compression test using anti-instability fixture,
both ends of the test piece through the testing machine chuck fixed. The combination of a static strain test analy-
sis system and Digital Image Correlation (DIC) is adopted to collect the strain data of the test area. There are 6
samples of each type. The specimen is a standard specimen, and the size of one specimen is given in Fig. 2. The
average value of test results is shown in Table 2. Table 2 compares the basic properties of two common composite
materials at the same time. It can be concluded that the performance of T1100 is greatly improved compared
with that of T700 and T300.

T-type panels test. The webs of the T-stiffened panels are composed of two L-type ribs (marked as ply 2
and 3) and the ply is bonded with the skin by J116B. The dimensions are shown in Fig. 2. The lay-up sequence
of skin is [45/0/— 45/90/0/90/— 45/0/45/0]s, and the lay-up sequence of T-stiffened panels ply 2 is [45/— 45/0/4
5/45/— 45/0/45/— 45/90/45/— 45], ply 3 arranged in a [— 45/45/90/— 45/45/0/— 45/45/45/0/— 45/45]. There are
six pieces of each specimen. The longitudinal dimension (L=100 mm) of the T-stiffened panels’ specimen in
the shear test is twice that of the side bend specimen (L =50 mm), and the dimensions, layup, and other param-
eters are the same as the side bend test piece. A foil with a radius of 15 mm is embedded between the L-type
ribs and the skin layer to simulate the defects of inclusion, poor glue, and poor fiber/matrix interface in the
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Figure 2. Schematic diagram of T-stiffened panel structure test piece and loading device: (a) T-lateral bend-
stiffened panel dimension; (b) side bending test loading device; (c) lateral bend test geometry; (d) T-shear-
stiffened panel dimension; (e) shear test loading device; (f) shear test geometry.
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Test results of basic mechanical properties of T1100/5405 composites
X; (MPa) | X,,, (MPa) | X, (MPa) |X,, (MPa) |S;,(MPa)

T1100/5405 27335 61.57 1470.22 216.312 95.275
Standard deviation 182.42 5.66 151.84 18.2 23
E;(GPa) |E,,(GPa) |E;(GPa) |E, (GPa) |G,,(GPa)
T1100/5405 324 8.9 176.501 14.227 5.658
Standard deviation 6.68 0.47 14.41 19.57 0.245

Mechanical properties of common composite materials
X, (MPa) |X,, (MPa) | X, (MPa) |X,. (MPa) |S,,(MPa)

T700/QY891111-13 1830 31.31 895 125 71.97
T300/QY8911142531 1548 55.5 1226 110.5 89.9

E; (GPa) | E,,(GPa) | E.(GPa) |E, (GPa) |G,,(GPa)
T700/QY8911'1-13 230 7.4 97.9 7.05 4.09
T300/QY8911142531 230 8.8 85 8.2 4.47

Table 2. Mechanical properties of T1100/5405 and common carbon fiber composites.

Non-defective lateral bend | Defective lateral bend

(kN) (kN) No-defective shear (MPa) | Defective shear (MPa)
Failure load/strength 0.689 0.583 5.768 5.349
Standard deviation 0.069 0.066 0.213 0.483
Dispersion coefficient 10.01% 11.32% 3.69% 9.01%

Table 3. Summary of test results.
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Figure 3. Bilinear constitutive model.

manufacturing process of t1000/5045 carbon fiber composites, as shown in Fig. 2a,d. T structure specimen uses
PLD-250 universal testing machine and its load accuracy is+1%. In the T-bending experiment, the six degrees
of freedom at both ends of the bottom surface of the T-shaped sample were fixed with a clamp. The chuck on the
test machine exerts downward lateral bending force on the T-shaped plate and the loading diagram is shown in
Fig. 2c. In the T-type shear test, the six degrees of freedom at both ends of the bottom of the T-type specimen
are fixed with a clamp. According to the characteristics of the fixture, the chuck on the test machine is controlled
to move upward by 2 mm/min to achieve shear loading. The schematic diagram of loading is shown in Fig. 2f.
During the test, the fixtures shown in Fig. 2¢,f were independently designed and manufactured to implement
the lateral bending load and shear load. The test results are shown in Table 3. The dispersion coeflicient of the
specimen results is within the acceptable range. Compared with the intact structure, under the lateral bending
load, the failure load of the defected T-stiffened panels is reduced by 15.38%, and the shear ultimate strength of
the T-stiffened panels is reduced by 7.26%.

Numerical simulation method. Material constitutive model. CZM. A layer of cohesive units is
set between the ribs and the skin, and the bilinear constitutive model shown in Fig. 3 is used to simulate the
mechanical behavior of the interface glue layer. When the interface is intact, the stress increases linearly with the
increase of the displacement of the cohesive unit (the line segment 1-2 in Fig. 3). At point 2 in Fig. 3, the element
stress of the interface layer reaches its limit and the stiffness begins to decay. After the interface damage starts,
the interface material performance undergoes stiffness degradation according to the bilinear constitutive model
to actualize the simulation of the damage initiation and damage evolution of the interface layer***.
The expression of the bilinear constitutive model is as follows:
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Fiber tensile failure

Fiber compression failure

Matrix tensile failure

Matrix compression failure

Fiber-matrix shear failure ( oy

Table 4. Hashin failure criteria. Where o711, 05 is the normal stress and 712, 713, T23 is the shear stress in three
directions respectively; X1, Xc is the longitudinal tensile and compressive strength, Y7, Y is the transverse
tensile and compressive strength, and Sj; is the in-plane shear strength.

1. Whend < 89 as linear elastic interface layer, constitutive relationship is
t =K§ (1)

where K is the stiffness matrix of the cohesive force element.
2. When 8% < § < 81, constitutive relationship is

t=(1-dKs )
where d is the damage accumulation factor. When d =1, the interface layer is completely destroyed.
3. When§ > 81, The interface stiffness degrades to zero and expands in layers.

*5-37 in the traction-separation rule to define the initial damage:

2 2 2
Uit lef + 1) = ®
n S tt
where t0 is the normal tensile strength of the cohesive element; t2, t? is the two shear strengths perpendicular
to the crack surface; (t) = (t + [t|)/2 means assuming that the compression displacement does not affect the
failure of the element.
In predicting the stratified expansion, the damage expansion is defined based on the energy method. When

the interlayer energy release rate is greater than the critical energy release rate, the delamination expands. In the
layered expansion criterion of laminates, the B-K*** criterion is adopted:

Use the secondary nominal stress

Gff ¢
G = Gje + (G — Gpo) | =L
T 1c + (Gie Ic) (G;ﬂ n G?,“) 4)

where Gi., G, G is type L, type IT and the total critical energy release rate, and c is the mixed mode parameter.

CDM. Based on the continuum damage mechanics model, a composite material constitutive model is estab-
lished for the analysis of the damage evolution of ribs and skins. The damage variable of the material is expressed
in the form of a tensor, and the constitutive relationship of the composite material can be expressed as the fol-
lowing form:

o = Cpe (5)

where 0, ¢, Cp is stress, strain and matrix of stiffness under the principal axis of material damage4°.
Three-dimensional Hashin*"*? failure criterion is adopted for material failure determination, as shown in
Table 4:

Finite element model. ABAQUS 6.14 software is adopted to establish the three-dimensional finite element
model of T-stiffened panels, as shown in Fig. 4. The mechanical performance parameters of the cohesive layer are
shown in Table 5. The structure consists of ply 1, ply 2, ply 3, and fillers. A layer of the cohesive unit is established
on the contact surface of Ply 1 and Ply 2, 3 and filler to simulate bonding, and the filler is in cohesive contact
with Ply 2 and 3. For the T-type model with damage, delete the cohesive element at the corresponding position
of the defects. In the finite element analysis, both ends of the bottom of the specimen (yellow part in Fig. 4) were
fixed with six degrees of freedom. Displacement load was applied on the top of the rib (red part in Fig. 4) and
the direction was parallel to the bottom surface and the plane of the rib (red arrow in Fig. 4). The finite element
boundary conditions of lateral bending and shearing are consistent with the experimental boundary conditions.
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Figure 4. (Lateral bending & Shear) Finite element model (ABAQUS 6.14, https://www.3ds.com/products-
services/simulia/products/abaqus)*.

Gy, (KJ/m?) Gy, (KJ/m?) 10 (MPa) t9 (MPa) t) (MPa)

0.111 0.501 13.474 6.999 6.999

Table 5. Mechanical properties of cohesive element!”*.

Results and discussion

Model validation. Figure 5 is a comparison diagram of load-displacement curves obtained from experi-
ment and numerical simulation. The results of finite element and experimental tests are presented in Table 6.
It can be seen from Fig. 5 and Table 6. that for the lateral bend, the test result of the intact T-stiffened panels
is 0.689 kN, the finite element calculation result is 0.766 kN, and the calculation error is 11.17%; the test limit
load of the damaged structure is 0.583 kN, the limit load calculated by the finite element is 0.657 kN, and the
calculation error is 12.69%. For T-shear, the failure load obtained by the intact structure experiment is 28.83 kN,
the failure load calculated by the finite element method is 30.190 kN, and the calculation error is 4.72%; the
failure load obtained by the damaged structure experiment is 26.84 kN, and the failure load calculated by the
finite element method is 29.795 kN, and the calculation error is 11%. The above results show that the numerical
simulation has high accuracy and can meet the requirements of subsequent analysis. The comparison also shows
that the lateral bending bearing capacity is much lower than the shear bearing capacity. This is mainly caused
by two reasons: one is that the lateral bending load is transmitted to the skin through the web, and the load is
transformed into tension on one side at the interface layer, and the other side is compressed, and the compressed
side bears most of the load. The damage mainly occurs on the side under tension and at the corners of T-stiffened
panels. The other is that the stress concentration in the triangle area is more serious than under the shear load
because of the bending moment. The second is that under shear load, the stress distribution at the bonding inter-
face is uniform, and the entire interface is loaded. In addition, the width of the ribs is also one of the important
factors affecting the load-bearing performance of the structure.

In the lateral bending test, as the load increases before structural damage, the load-displacement relationship
of the OA section is linear, and the curve appears stepped after loading to the failure load (as shown in Fig. 5a
CD, EF segment, and Fig. 5b DE segment). This is because after cracks appear at the interface, the structure still
has a certain bearing capacity, and as the displacement increases, the load increases slightly, the cracks continue
to expand, and the structural rigidity decreases. After the structure fails, fiber bridging occurs at the crack
propagation interface. For the lateral bending specimens without prefabricated defects, taking experiment 3 as
an example, when the load reaches 0.62 kN, cracks appear, corresponding to the initial damage at point A in
Fig. 5a; the corresponding load with prefabricated defects is slightly lower. In the process of loading the lateral
bending, the skin is slightly bent to the side of the rib due to its low stiffness, so the curve does not completely
rise linearly before reaching the limit load (as shown in Fig. 5a,b OA segment).

In the shear test, when the load reached about 23 kN, initial damage occurred and a small amount of fiber
breaking sound was heard. In the finite element simulation, corresponding to point A in Fig. 5¢, the stiffness of
section AB decreased compared with that before the damage. Figure 5c shows that when the specimens with no
prefabricated defects are close to failure, the curve has several non-linear minor disturbances, which are caused
by the decrease of the rigidity of the laminate after the fiber damage occurs. Because of the precast defects, the
shear load in Fig. 5d decreases slightly when it reaches the critical value and then increases. When the shear load
reaches the limit, the bonding interface between the rib and the skin is almost instantaneously debonded, and a
small amount of fiber on the surface of the interface is pulled out and broken.

Figure 5e-1 show the deformation structure of the finite element and test. In a side-bending test, the ribs
gradually tilt as the load increases, and the layers appear initially in the triangle and eventually completely sepa-
rate. The finite element results of adhesive cracking are consistent with the test, as shown in Fig. 5g,h. But the
bending deformation part of the ribs is not the same, which is because the load in the finite element is applied
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Figure 5. Comparison of test and finite element results: (a) Non-defective side bending; (b) side bending with
defects; (c) non-defective shearing; (d) shear with defects; (e,f) Non-defective side bending deformed structure
and model; (g)-(1) Defective side bending deformed structure and model; (i,j) Non-defective shearing deformed
structure and model; (k,1) Defective shear deformed structure and model (ABAQUS 6.14, https://www.3ds.com/

products-services/simulia/products/abaqus)*.
Lateral bending load Shear load
Intact specimen | Defective specimen | Intact specimen | Defective specimen
Experiments 0.689 kN 0.583 kN 28.83 kN 26.84 kKN
FEM 0.766 kKN 0.657 kN 30.19 kN 29.795 kN
Error (%) 11.17 12.69 4.72 11

Table 6. Results of finite element and experimental tests.
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Figure 6. Failure modes of side bending interface without prefabrication defect: (a) Test result; (b) numerical
result of adhesive layer; (c) numerical result of filler (ABAQUS 6.14, https://www.3ds.com/products-services/
simulia/products/abaqus)*.
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Figure 7. Failure modes of side bending materials without prefabrication defects: (a) fiber failure; (b) matrix
failure; (c) fiber-matrix shear failure (ABAQUS 6.14, https://www.3ds.com/products-services/simulia/products/
abaqus)®.
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Figure 8. Failure modes of side bending interface with defect: (a) failure mode of test with defect; (b) interface
layer failure 1; (c) interface layer failure 2 (ABAQUS 6.14, https://www.3ds.com/products-services/simulia/
products/abaqus)*®.

on the whole loading end of the rib. However, considering the higher stiffness of the actual test specimen rib,
the bending load in the test is applied in the middle of the loaded end. As shown in Fig. 5i-1, rib and cortex were
completely separated in shear test and finite element simulation.

Failure analysis. Lateral bendingload. Figure 6 is a diagram showing the damage mode of the intact struc-
ture under side bending load, and Fig. 7 is a schematic diagram of the failure mode of structure without prefabri-
cation defects. The failure of T-stiffened panels under lateral bending load (Fig. 6a) mainly occurs on the loaded
side (Fig. 6b) and the corner of L-type ribs (Fig. 6¢), and the stress level in the triangle area is the highest. Cracks
first appear in the rounded area on the loaded side and at the bonding interface between the bottom corner of
the triangular filling area and the skin. When the structure is damaged, its local stiffness decreases. Stress and
force transmission routes throughout the structure will be redistributed. As the load increases, the degree of
delamination or stripping caused by the initial damage will gradually increase. Several cracks will appear in the
joint structure, and the initiation of cracks is mostly random microcracks. The cracks in the rounded area extend
upward along the L-type ribs, and the cracks in the triangular area extend to both sides. The expansion speed
of cracks to the left is faster, and there is still a part of the interface at the leftmost end of the loaded side that is
not completely debonding, and its failure mode is a mixed type I and type II failure. The degumming behavior
is accompanied by fiber bridging and fiber fracture. As shown in Fig. 7, partial shear damage occurs on one side
of the fiber and matrix under load at the loading end, and partial compression damage occurs on the other side
of the fiber and matrix. At the corner of L-type ribs, partial tensile damage occurs on the matrix due to stress
concentration. In the web plane of the ribs, one side of the load is tensile strain, and the other side is compressive
strain. The skin strain is relatively small relative to the ribs as a whole.
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Figure 9. Failure modes of side bending material with defect: (a) fiber failure; (b) matrix failure; (c) fiber-
matrix shear failure (ABAQUS 6.14, https://www.3ds.com/products-services/simulia/products/abaqus)*.

Figure 10. The results of the interface debonding test: (a) debonding appearance on side bending without
defect; (b) debonding appearance on side bending with defect.

The simulation results of the side bending damage evolution of the T-stiffened structure with prefabricated
defects are shown in Figs. 8 and 9 The load is transmitted to the skin through the rib web, and the load direction
changes in the triangular filling area. According to the test results of Fig. 8a, a small number of damage cracks
appeared at the defect location first, and the cracks extended downward along the arc path, and further extended
to the left as the load increased. The damage propagation form was consistent with the simulation results. Sec-
ondly, due to the existence of prefabricated defects in the cementing interface of the T-joint, the simulation results
show that the damage extends from the circular defect to both sides, and then extends to the loading direction
until it is completely debonding, as shown in Fig. 8c. Since the prefabricated defect is located in the interface layer,
the failure mode of the fiber and matrix in Fig. 9 is not much different from that without prefabricated defects.

Shear load. From the experimental results in Fig. 10, it can be seen that the T-type ribs are completely sepa-
rated from the skin, and the intact T-shear has irregular fiber fractures at the connection interface, and cracks
in the glue layer, large-area delamination, and a small amount of fiber is pulled out (Fig. 10a). The failure mode
of the structure under shear load is type II and type III mixed failure. The stress field at the crack tip decreases
slowly under shear load, so the damaged area at the crack tip of type IT and type III is wider than that of type I in
lateral bending. The defected T-stiffened panels expand regularly along both sides of the damaged area, and the
fiber fractures are relatively neat. This is because the area containing the defected layer is given the initial dam-
age and the damage evolves along a certain path. 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. According to the analysis
results of damage models in Figs. 11a and 12a, there are two paths for damage propagation of T-type structures
without defects: one extends from both sides perpendicular to the loading direction to the middle; the second
is from the joint center along the direction of the load to both ends of the expansion. The defected T-stiffened
panel extends from the circular damage location in a direction parallel to the load. It can be seen from Figs. 11b
to cand 12b to c that the T-stiffened panel produces large matrix compression damage and delamination near
the loading end due to the high-stress level near the loading end, whether with or without prefabricated defects,
which is consistent with the experimental results.
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Figure 11. Shearing of T-stiffened panel without prefabrication defects: (a) interface failure; (b) matrix failure;
(c) laminate failure (ABAQUS 6.14, https://www.3ds.com/products-services/simulia/products/abaqus)**.

<©4e

Figure 12. Shear of T-stiffened panel with prefabricated defects: (a) interface failure; (b) matrix failure; (c)
laminate failure (ABAQUS 6.14, https://www.3ds.com/products-services/simulia/products/abaqus)*.

Ply
Plan 1 (1:2:1)
2 [45/90/0/45/0/— 45/0/90/— 45/90/45/— 45]
3 [— 45/45/90/— 45/90/0/— 45/0/45/0/90/45]
Plan 2 (2:3:1)
2 [45/90/0/90/45/— 45/0/45/— 45/90/45/90]
3 [90/45/90/— 45/45/0/— 45/45/90/0/90/45]

Table 7. Laying direction and proportion of ply.

Research on the influence law of design parameters. Layer direction. The surface layer will af-
fect the interface bonding performance of the structure®, thereby affecting the load-bearing capacity of the
structure. The ratio of 90: £45:0 in the original ribs (ply 2, 3) in each layer direction is 1:9:2. For the T-stiffened
pane28l with prefabricated defects, two optimized design schemes with a ratio of 90: +45:0 of 1:2:1 and a ratio of
90: £45:0 of 2:3:1 are proposed, as shown in Table 7.

For damaged T-stiffened bend, the finite element calculation results of the original plan(O-plan) and plan
1 and 2 are shown in Fig. 13 and Table 8. The finite element calculation of the original paving plan is 0.657 kN,
and the failure load of plan 1 is 1.030 kN. The failure load is 1.191 kN, and the strength and stiffness of the two
optimization plans are improved compared with the original plan. For T-shear with defects, the strength calcu-
lated by the finite element method of the original layup plan is 5.959 MPa, the strength of plan 1 is 4.663 MPa,
and the strength of plan 2 is 4.736 MPa. Compared with the original plan, the strength and stiftness of the two
optimization plans are lower. Side bending and shearing loads belong to two different types of loads. It can be
seen from Fig. 13 that the increase in the side bending capacity does not mean the corresponding increase in
the shear capacity.

Since T-type lateral bending damage is mainly located in the interface layer, finite element analysis found
that the interface layer damage under the side bending load of the three plans is mainly on the side bearing the
load, and the initial damage and damage evolution law are not much different from the original plan. Due to the
change of the bonding surface layer, when the lay angle changes from 0° to — 45° to 90°, the area of the completely
debonded interface gradually decreases from the edge to the center of the adhesive layer interface, and the left
and right sides are asymmetrical.

Fillet radius. ~Aiming at the original T-stiffened panel with prefabricated defects and rounded corners R=5 mm,
two optimized design plans are proposed: Plan 1 (R=6 mm) and Plan 2 (R=8 mm). The finite element calcula-
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Figure 13. Finite element calculation results of various paving schemes.

Laying direction and proportion of ply

O-Plan 0.657 5.959
Plan 1 (1:2:1) 1.030 4.663
Plan 2 (2:3:1) 1.191 4.736
Fillet radius

Plan 1 (R=6 mm) 0.851 6.02
Plan 2 (R=8 mm) 0.984 6.101
Rib width

Plan 1 (40/80) 0.686 5.31
Plan 2 (60/120) 1.073 6.139

Table 8. Research on the influence law of design parameters about defective specimen.

Fillet radius(mm)

9 B O-Plan
8 [ plan 1
" Plan-2

30.2 :
30.4 1.1

30.6
Shear failure load (kN) Bend failure load (kN)

Figure 14. Finite element calculation results of the fillet radius scheme.
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Figure 15. The simulation results: (a) comparison of finite element calculation results of various lateral bending
plans; (b) comparison of finite element calculation results of various shearing plans (ABAQUS 6.14, https://
www.3ds.com/products-services/simulia/products/abaqus)*.

tion results of the original Plan and Plan 1 and 2 are shown in Fig. 14 and Table 8. Under lateral bending load:
the failure load calculated by the finite element method of the original plan is 0.657 kN, the failure load of plan
1 is 0.851 kN, and the ultimate load of plan 2 is 0.984 kN. Both plans 1 and 2 have higher carrying capacity than
the original plan. Under shear load: the strength of plan 1 is 6.02 MPa, the strength of plan 2 is 6.101 MPa, and
the optimized plan is also stronger than the original plan.

Under lateral bending load, as the fillet radius increases, the structural bearing capacity increases. Under the
shear load, the damage of the T-stiffened panel expands from both sides to the center. Even if the fillet radius
increases, the final skin, and ribs are still completely debonded, which is not much different from the failure
form of the original plan. The results show that under the lateral bending load of the structure with defects, the
structure with the fillet radius R =8 mm has the highest strength, the structure with R=6 mm is the second,
and the original plan (R=5 mm) is the lowest. Under the shear load, the structure with the defected structure
has the highest strength with the fillet radius R =8 mm, the structure with R=5 mm is the second, and the plan
with R=6 mm is the lowest. As the fillet radius increases, the strength of the structure gradually increases. This
is because the increase in the radius of the fillet can alleviate the stress concentration in the triangle area and
also change the nature of load transfer.

Rib width.  For the original lateral bend and sheared rib width (L =50 mm/100 mm) with prefabricated defects,
two optimization plans (plan 1: L=40/80 mm and 2: L=60/120 mm) are proposed. The finite element results of
the original plan and the optimized plan are shown in Fig. 15a,b and Table 8.

According to the finite element simulation, under the side bending load, the wider the rib width is, the more
uniform the stress distribution of the bond interface will be. The triangular area is still the most initial damage
location due to the influence of stress concentration, and the damage form of the bond interface has little differ-
ence from the original plan. The finite element analysis shows that the maximum bearing capacity of the structure
with defects is 1.073 kN when the width of the ribs (L =60 mm) is under bending load, and the bearing capacity
of the original plan (L=50 mm) is similar to that of the width of the ribs (L =40 mm). Under shear load, the
maximum strength of the structure with defects is 6.139 MPa with the width of the ribs (L = 120 mm), followed
by the original plan (L =100 mm), and the lowest strength is 5.31 MPa with the width of the ribs (L=80 mm).
Although the width of the 2 ribs in the optimized plan is 2 times that of the original plan, the strength is similar
to that of the original scheme.

Conclusion

In this paper, by adopting a combination of experiment and numerical simulation, we studied the high-strength
and high-modulus composite T-stiffened panel, with intact and defected structure, its structural mechanical
properties, and damage evolution law under lateral bending and shear loading. The comparative study shows:

1. The interface damage will reduce the side bending and shear bearing capacity of the structure. Compared
with the shear load, the interface damage has a greater impact on the structural performance under the lateral
bending load.

2. Under the lateral bending load, the damage mainly occurs at the bonding interface between the skin and
the ribs on the loaded side and the corners of the L-type ribs. When there is a defect, the crack first extends
from the position of the defects to both ends of the interface layer, and then the crack in the fillet area extends
upward along the L-type bars on the one hand, and downward to the bonding interface between the skin
and L-type ribs on the other hand. Partial shear damage occurred on the fiber and matrix on one side of the
load, and some compression damage occurred on the fiber and matrix on the other side. Part of the matrix
tensile damage was also caused by the stress concentration at the corners of the L-type ribs.
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3.

The structural damage under shear load spreads from both sides to the center. When prefabricated defects
are included, the damage starts from the defect position in the center of the interface and expands outward,
and at the same time, the two sides also expand to the center until it fails completely. Due to the high-stress
level near the loading end, the T-stiffened panel produced larger matrix compression damage and laminate
delamination near the loading end.

In the structural design parameters, as the fillet radius increases, the load-bearing capacity of the T-stiffened
panel also increases. In addition, the width of the bonding surface layer and the ribs also have a certain effect
on the interface debonding.

Received: 21 May 2021; Accepted: 6 October 2021
Published online: 22 October 2021

References
1. Ye, Y. Y, Zhu, W. D, Jiang, J. ], Xu, Q. & Ke, Y. L. Design and optimization of composite sub-stiffened panels. Compos. Struct. 240,
112084 (2020).
2. Mallela, U. K. & Upadhyay, A. Buckling load prediction of laminated composite stiffened panels subjected to in-plane shear using
artificial neural networks. Thin-Walled Struct. 102, 158-164 (2016).
3. Butler, B. Composites affordability initiative. In 41st Structures, Structural Dynamics, and Materials Conference and Exhibit Vol
1379, (2000).
4. Cuartero, J., Miravete, A., Chiminelli, A. & Tolosana, N. Design and analysis of T-Joints for fiberglass reinforced plastic ship
structures. Nav. Eng. . 118(1), 55-61 (2006).
5. Feng, Y. et al. Investigation on the buckling and postbuckling performance of aero stiffened composite panels under axial compres-
sion. Polym. Compos. 39(7), 2547-2559 (2018).
6. Liu, D, Bai, R., Wang, R., Lei, Z. & Yan, C. Experimental study on compressive buckling behavior of J-stiffened composite panels.
Opt. Lasers Eng. 120, 31-39 (2019).
7. Jain, H. K. & Upadhyay, A. Laminated Composite Stiffened Panels Application and Behaviour (Indian Institute of Technology
Roorkee, 2009).
8. Hisada, S., Minakuchi, S. & Takeda, N. Cure-induced strain and failure in deltoid of composite T-joints. Compos. Part A Appl. Sci.
Manuf. 141, 106210 (2020).
9. Bai, J. B,, Dong, C. H., Xiong, J. J., Luo, C. Y. & Chen, D. Progressive damage behaviour of RTM-made composite T-joint under
tensile loading. Composites. Part B-Eng. 160, 488-497 (2019).
10. Luo, C. Y. & Xiong, J. ]. Static pull and push bending properties of RTM-made TWF composite tee-joints. Chin. J. Aeronaut. 25(2),
198-207 (2012).
11. Wu, H. et al. Numerical and experimental investigation into failure of T700/bismaleimide composite T-joints under tensile loading.
Compos. Struct. 130, 63-74 (2015).
12. Ye, Y. Y., Zhu, W. D,, Jiang, J. X., Xu, Q. & Ke, Y. L. Computational modelling of postbuckling behavior of composite T-stiffened
panels with different bonding methods. Composites. Part B-Eng. 166, 247-256 (2019).
13. Ji, R. X. et al. Effects of debonding defects on the postbuckling and failure behaviors of composite stiffened panel under uniaxial
compression. Compos. Struct. 256, 113121 (2021).
14. Bai, Y. . et al. Experimental and numerical analyses of stiffened composite panels with delamination under a compressive load. J.
Compos. Mater. 54(9), 1197-1216 (2020).
15. Justo, J., Reinoso, J. & Blazquez, A. Experimental failure investigation of pull-off tests of single T-stiffened composite specimens.
Compos. Struct. 177, 13-27 (2017).
16. Zhu, C., Xiong, K., Bian, K., Sheng, Y. & Lu, J. Experiment on disbond detection on CFRP T-joint. Acta Mater. Compositae Sin.
29(6), 237-242 (2012).
17. Cheng, X., Xiong, J., Peng, B., Cheng, Z. & Li, H. Mechanical properties of RTM-made composite cross-joints. Chin. J. Aeronaut.
22(2), 211-217 (2009).
18. Liang, L., Jia, P. R. & Jiao, G. Q. Progressive failure study of discrete-source damage in stiffened composite panels. Adv. Mater. Res.
314-316, 963-967 (2011).
19. Meeks, C., Greenhalgh, E. & Falzon, B. G. Stiffener debonding mechanisms in post-buckled CFRP aerospace panels. Compos. Part
A-Appl. Sci. Manuf. 36(7), 934-946 (2005).
20. Greenhalgh, E., Meeks, C., Clarke, A. & Thatcher, J. The effect of defects on the performance of post-buckled CFRP stringer-
stiffened panels. Compos. Part A-Appl. Sci. Manuf. 34(7), 623-633 (2003).
21. Heslehurst, R. B. Defects and Damage in Composite Materials and Structures (CRC Press, 2014).
22. Cantwell, W.]. & Morton, J. The significance of damage and defects and their detection in composite materials: A review. J. Strain
Anal. Eng. Des. 27(1), 29-42 (1992).
23. Johnson, W. & Ghosh, S. K. Some physical defects arising in composite material fabrication. J. Mater. Sci. 16(2), 285-301 (1981).
24. Zhang, T., Yan, Y. & Li, J. Experiments and numerical simulations of low-velocity impact of sandwich composite panels. Polym.
Compos. 38(4), 646-656 (2017).
25. Sun, W,, Guan, Z., Li, Z., Ouyang, T. & Jiang, Y. Modelling and simulating of the compressive behavior of T-stiffened composite
panels subjected to stiffener impact. Compos. Struct. 186, 221-232 (2018).
26. Tan, R., Guan, Z., Sun, W,, Liu, Z. & Xu, J. Experiment investigation on impact damage and influences on compression behaviors
of single T-stiffened composite panels. Compos. Struct. 203, 486-497 (2018).
27. Li, Q, Zhu, M., Tao, G. Q. & Xie, C. Experimental and numerical investigation of T-joints with multiwalled carbon nanotubes.
Polym. Compos. 42(4), 2135-2146 (2021).
28. ASTM Standard D 3039. Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials (American Society
for Testing and Materials, 2008).
29. ASTM A. D6641-standard test method for compressive properties of polymer matrix composite materials using a combined load-
ing compression (CLC) test fixture. Tech. rep. Clc. West Conshohocken, PA (2014).
30. ASTM D. D3518. Standard test method for in-plane shear response of polymer matrix composite materials by tensile test of a 45
laminate (American Society of Testing Materials, 2001).
31. Ren, P. et al. Hybrid effect on mechanical properties of M40-T300 carbon fiber reinforced Bisphenol A Dicyanate ester composites.
Polym. compos. 31(12), 2129-2137 (2010).
32. Cui, H,, Li, Y, Liu, Y., Guo, J. & Xu, Q. Numerical simulation of composites joints failure based on cohesive zone model. Fuhe
Cailiao Xuebao Acta Mater. Compositae Sin. 27(2), 161-168 (2010).
33. Goyal, V. K, Johnson, E. R. & Davila, C. G. Irreversible constitutive law for modeling the delamination process using interfacial
surface discontinuities. Compos. Struct. 65(3-4), 289-305 (2004).
Scientific Reports|  (2021) 11:20940 | https://doi.org/10.1038/541598-021-00275-w nature portfolio



www.nature.com/scientificreports/

34. Turon, A., Camanho, P. P,, Costa, J. & Dévila, C. G. A damage model for the simulation of delamination in advanced composites
under variable-mode loading. Mech. Mater. 38(11), 1072-1089 (2006).

35. Wagner, W. & Balzani, C. Simulation of delamination in stringer stiffened fiber-reinforced composite shells. Comput. Struct. 86(9),
930-939 (2008).

36. Alfano, G. On the influence of the shape of the interface law on the application of cohesive-zone models. Compos. Sci. Technol.
66(6), 723-730 (2006).

37. Brewer, J. C. & Lagace, P. A. Quadratic stress criterion for initiation of delamination. J. Compos. Mater. 22(12), 1141-1155 (1988).

38. Wiggenraad, J. E. M. ef al. Damage propagation in composite structural elements—analysis and experiments on structures. Compos.
struct. 36(3-4), 173-186 (1996).

39. Benzeggagh, M. L. & Kenane, M. J. C. S. Measurement of mixed-mode delamination fracture toughness of unidirectional glass/
epoxy composites with mixed-mode bending apparatus. Compos. Sci. Technol. 56(4), 439-449 (1996).

40. Lin, Y., Huang, Y., Huang, T. & Yin, Z. Open-hole tensile behaviour and failure prediction of carbon fibre reinforced aluminium
laminates. Polym. Compos. 39(11), 4123-4138 (2018).

41. Hashin, Z. Failure Criteria for Unidirectional Fiber Composites (1980).

42. Hashin, Z. Analysis of Composite Materials—A Survey (1983).

43. ABAQUS 6.14, Ver. https://www.3ds.com/products-services/simulia/products/abaqus/.

44. Murakami, S. Continuum Damage Mechanics of Composite Materials//Continuum Damage Mechanics 277-303 (Springer, 2012).

45. Junhou, P. & Shenoi, R. A. Examination of key aspects defining the performance characteristics of out-of-plane joints in FRP
marine structures. Compos. Part A-Appl. Sci. Manuf. 27(2), 89-103 (1996).

Acknowledgements

This study was supported by the Innovation Capability Support Plan of Shaanxi Province (No. 2020KJXX-067),
the Key Research and Development Plan of Shaanxi Province (2020GY-183), MR.H: the Fundamental Research
Funds for MR.H: the Central Universities (Grant No. D5000200665).

Author contributions

H.H.Y. contributed to design of research methods, the establishment of model and the writing of the main part
of the main manuscript. X.J.Z. has made important contributions in implementation of experiment, analyzing
data and editing part of the manuscript. Z.C.D. and D.W. plotted the graphs, collected data and participated in
the investigation. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:20940 | https://doi.org/10.1038/s41598-021-00275-w nature portfolio


https://www.3ds.com/products-services/simulia/products/abaqus/
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigation of the out-of-plane load-bearing capacity of T11005405 composite T-stiffened panels
	Experiment
	Basic mechanical properties test. 
	T-type panels test. 
	Numerical simulation method. 
	Material constitutive model. 
	CZM. 
	CDM. 
	Finite element model. 



	Results and discussion
	Model validation. 
	Failure analysis. 
	Lateral bending load. 
	Shear load. 

	Research on the influence law of design parameters. 
	Layer direction. 
	Fillet radius. 
	Rib width. 


	Conclusion
	References
	Acknowledgements


