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Abstract
Stacking sequence in fiber reinforced composites would usually be symmetrical in order to prevent laminates from bending or twisting under axial load. However, delamination would divide one symmetrical laminates into two unsymmetrical sub-laminates, which presents a bending or torsional coupling associated with their stacking sequences. In this study, the classical lamination theory was utilized to analyze the influence of stacking sequence on local buckling behavior in delamination region. And an FEM numerical simulation was performed to assess the effects of different stacking sequences on mechanical properties of laminates under axial compression load. The results showed that with the same delamination in laminates, some stacking sequences would promote local buckling and significantly weaken the strength, while some other stacking sequence would prevent the local buckling and reduce the effect of delamination damage on laminates. 
1.
Introduction
The utilization of carbon fiber-reinforced composite materials has been increasing in many industrial due to their high ratio of stiffness and strength to weight and other known benefits. However, delamination is one of the most serious defects in composite laminates which can occur during production and service [1]. The delamination will seriously threaten the structure of the composite, especially under compression load, which may weaken its stability, cause local buckling and significantly reduce its residual strength. And the delamination region may also expand under fatigue load, thereby reducing the service life of the whole structure. 
Although delamination has been studied for decades, there is still differences between the artificial delamination and the one produced in reality so far, which highlights the necessity of numerical simulation. In 1960s, Dugdale [2] and Barenblatt [3] presented cohesive zone crack model, by which the cohesive zone theory was formed. It is considered in this theory that there is a layer of interfacial material between the reinforced phase and the composite matrix, and the material properties, such as modulus, toughness and strength of the interface material layer, are given in the form of interface parameters. Cohesive zone model is a kind of local damage model, which has certain requirements for finite element mesh. This method can simultaneously predict the generation and propagation of delamination, and achieve damage tolerance and strength analysis. Camacho [4] and Xu [5] implemented the interlaminate units of cohesive zone with a pair of adhesive units, and simulated the delamination behavior of multilayer materials. 
Many scholars have focused on the relationship between local mechanical behaviors and delamination. Perugini et al. [6] studied the compressive behavior of composite panels with delamination focusing on the delamination growth and contact through numerical analysis method. Liu et al. [7] used different simulation methods to analyze the global buckling and local damage propagation of laminated plates with delamination. Tafreshi et al. [8] studied the behaviors of global, local and “mixed” buckling in composite plates with embedded delaminations basing on ABAQUS software by the way of integral modeling and local modeling. The results of the study showed that under low loads the delamination didn’t cause structural buckling. While under larger loads, the delamination growth rate was influenced by both of the shape of delamination region and the mode of local buckling. Although local properties can significantly affect the influence of delamination, the effect of stacking sequence on the influence of delamination is also significant.
Designs of stacking sequence in fiber reinforced composites have been studied for decades, which would usually be symmetrical in order to prevent bending or twisting under axial load. However, delamination, a common type of defects, would divide one laminates into two sub-laminates, which are usually no longer symmetrical and will present a bending or torsional coupling associated with their stacking sequences under axial compression load [9]-[11]. In 1981, Chai et al. established an analytic model, which considered that a delamination divided the laminates into four parts in the view of thickness. This model provided a basis for subsequent research. 
In this paper, the sub-laminates stiffness of composite plates with delamination was analyzed by classical lamination theory [12]. And the influence of the stacking sequence on the local buckling behavior of laminates with the same delamination was studied. The theoretical results were verified by finite element analysis with the interlaminate interface simulated by cohesive element. The simulation results show good coherence with theoretical results, which will be a reference for stacking sequence design of composite laminates.
2.
Classical lamination theory
In the classical lamination theory, the relationship among internal force, internal moment and strain of laminated plates can be obtained through Kirchhoff assumption as
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where Ni and Mi are internal force and moment of laminates, 
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are defined as 
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where 
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 denotes the stiffness coefficient of layer k under the direction of its ply orientation, 
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 is the position of  the bottom of layer k, which is defined in Fig. 1, t and n are the total thickness of laminates and the number of layers. 
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Figure 1. Z coordinates of each single layer of laminates
Aijis known as tension stiffness coefficient related to the internal force and the medium surface strain, and Dij is known as bending stiffness coefficient related to internal moment, medium surface curvature and distortion rate. While Bij represents the coupling relationship between tension and bending, known as coupling stiffness. Usually, the coupling effect is not expected when laminates are designed, so the symmetrical ply is used to make Bij 0, which can be inferred from Equ. 4.
However, when a delamination appears, the laminates will be divided into two sub laminates in the delamination region. The stacking sequences of each sub laminates are usually no longer symmetrical, which lead to the phenomenon of tension bending coupling. How this coupling phenomenon affects the buckling behavior of the sub laminates depends on the form of the coupling matrix B and the load. It can be inffered from Equ. 1 that the larger the stiffness density is near the center, the smaller the B11 will be. Therefore, the composition of B11 can be physically understood as a measure of the distance between the stiffness center and the geometric center. When B11 is not 0, it means that the stiffness center deviates from the geometric center in the thickness direction, and the sign of B11 indicates the direction of the deviation. As a result, B11 affects the characteristics of normal bending behavior of the laminates under the compression load. If the sign of B11 is positive, a guiding displacement field bending in the direction along the Z axis will be accompanied by the compression load. Otherwise, it will bend in the opposite direction.
In order to further analyze the buckling behavior of laminates with delamination, four kinds of layers with the same tensile stiffness coefficient are used to discuss. They are [45/0/-45/90]4s, [-45/90/45/0]4s, [90/45/0/-45]4s and [0/-45/90/45]4s. Many studies have shown that if the delamination appears in the 1/4 position of laminates thickness, the influence would be more significant. So the delamination position is set to 1/4 of the thickness. The mechanical properties of the material are shown in Table 1. Through the utilization of Eq.1~5 , the stiffness matrix of the four thin sub-laminates can be calculated shown in Table 2. It can be seen that the A matrices of the four sub are the same, which means that their Euler buckling load should be the same. The stiffness coefficients B11 of stacking sequence 1 and 4 are negative, which indicates that the sub-laminates 1 and 4 will bend outward under the compression load. While the sub-laminates 2 and 3 will bend toward their thick sub-laminates. Because of the symmetrical stacking sequence of the undamaged laminates, the bending direction of thick sub-laminates should be opposite to the thin ones. Therefore, under the compression load, the two sub-laminates in the delamination regions of the 1 and 4 laminates will bend in the opposite direction and separate from each other, which promotes the local buckling. And the two sub-laminates of the 2 and 3 laminates will bend and squeeze each other, thus delaying the local buckling..
Table 1.  Material properties for analysis
	Ply longitudinal modulus
	Ex
	123.91(GPa)

	Ply transverse modulus
	Ey
	9.72(GPa)

	Out-of-plane modulus
	Ez
	9.72(GPa)

	In-plane shear modulus
	Gxy
	4.53(Gpa)

	Out-of-plane shear modulus
	Gxz
	4.53(Gpa)

	Out-of-plane shear modulus
	Gyz
	2.56(Gpa)

	Poisson’s ratio
	νxy
	0.29

	Poisson’s ratio
	νxz
	0.29

	Poisson’s ratio
	νyz
	0.35

	Ply longitudinal tensile strength
	Xt
	1762.3(MPa)

	Ply longitudinal compressive strength
	Xc
	1362.2(MPa)

	Ply transverse tensile strength
	Yt
	71.1(MPa)

	Ply transverse compressive strength
	Yc
	218.3(MPa)

	Ply shear strength
	S
	83.5(MPa)


Table 2.  Stiffness matrix of the four thin sub-laminates
	Stacking Sequence
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3.
FEM numerical simulation model
The delamination locates at the 1/4 in the direction of thickness in the middle of the plate. The delamination region is a circle with the diameter of 40mm. The length, width, and thickness of the plate are 150, 100, and 4 mm, respectively. The loading edges are fixed, and the side edges are simply supported. A uniform compressive displacement was applied at the loading edges. The material mechanical properties simulated were shown in Table 1. Four panels with different stacking sequences, which have been discussed in the section 2, has been modeled and simulated.
The main laminates parts have been modeled using SC8R. The interface between two sub-laminates has been modeled by the 8-nodes 3D cohesive element. And the delamination has been modeled using the same cohesive element with zero strength in order to be deleted at the beginning.
4.
Results and discussion
The buckling and ultimate loads obtained from simulation are shown in Table 3. And the simulation also shows the guiding displacement fields of the four models, which might be fatal to the action of sub-laminates in loading process. The Fig. 2 and Fig. 3 illustrate the initial displacement field in direction 3 of stacking sequence 3 and 4. Since the behaviors of stacking sequence 3 and 4 are respectively similar to stacking sequence 2 and 1, this paper will only discuss stacking sequence 3 and 4 in the subsequent analysis. As it has been analyzed in section 2, under the action of the guiding displacement field, the thin sub-laminates of stacking sequence 1 and 4 buckled and separated from the thick ones at local buckling load, shown in Fig. 4. While the thin sub-laminates of stacking sequence 2 and 3 leaned to their thick sub-laminates and prevented local buckling until failure, shown in Fig. 5. Comparing the two figures, it can be seen that local buckling will significantly weaken the strength of laminates. It is also noted that local buckling caused by delamination did not appreciably affect stiffness, which is a potential threat of delamination.
Table 3. The buckling and ultimate loads obtained from simulation.

	
	Stacking Sequence
	Local Buckling Load
(Mpa)
	Ultimate Load
(Mpa)

	1
	[(45/0/-45/90)2//(45/0/-45/90)2s/(90/-45/0/45)2]
	218
	316

	2
	[(-45/90/45/0)2//(-45/90/45/0)2s/(0/45/90/-45)2]
	-
	407

	3
	[(90/45/0/-45)2//(90/45/0/-45)2s/(-45/0/45/90)2]
	-
	403

	4
	[(0/-45/90/45)2//(0/-45/90/45)2s/(45/90/-45/0)2]
	223
	335

	5
	[45/0/-45/90]8s
	-
	418
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Figure 2. Initial displacement field in direction 3 of stacking sequence 3
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Figure 3. Initial displacement field in direction 3 of stacking sequence 4
Under the influence of the guiding displacement field, the sub-laminates would buckle significantly earlier with a lower load level. The displacement fields bending outward significantly reduced the strength of the laminates, approximately equaling to the percentage of the thin sub-laminates of the entire laminates. It is inferred that the thin sub-laminates might almost unbearable until failure. While the failure load of the sub-laminates bending inward reduced no more than 5% compared to the original ones.
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Figure 4. Out-of-plane displacement curves of the two sub-laminates (black and red) and the load-displacement curve (blue) of stacking sequence 3
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Figure 5. Out-of-plane displacement curves of the two sub-laminates (black and red) and the load-displacement curve (blue) of stacking sequence 4
5.
Conclusion
There was a good coherence in the prediction of bending direction from numerical simulation and theoretical stiffness matrix. In the direction of thickness, the higher the stiffness density of the layer near the center, the stronger the local buckling ability of the laminates, or the smaller the possibility of local buckling caused by delamination damage. It suggests the worth of calculating the stiffness matrix of the sub-laminates. On the one hand, it could evaluate the damage of the structure to the delamination, and on the other hand, it could also provide reference for stacking sequence design of laminates and improve the damage tolerance performance of the structure. 
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