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Abstract: Spacecraft in the aerospace field and military equipment in the military field are at risk of being impacted by external objects, which can cause local damage to the structure. The randomness of local damage is a new challenge for structural design, and it is essential to take random damage into account in the conceptual design phase for the purpose of improving structure’s resistance to external shocks. In this article, a random damaged structure is assumed to have damages of the same size and shape at random locations, and the random damage is considered as multiple damage conditions of the structure. In order to improve the randomness and comprehensiveness of the multiple damage conditions, the stacking strategy is used to generate the distribution of the damage area. Following this strategy, the topology optimization design of the random damaged structure, which is to minimize the weight of the structure with a constraint on the stress of the structure under multiple damage conditions, is formulated based on the independent continuous mapping (ICM) method. The dual sequence quadratic programming (DSQP) algorithm combined with the stress globalization method is adopted to solve the optimization problem. The numerical examples demonstrate the effectiveness and applicability of the proposed method in the topology optimization of strength-safe continuum structures.
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1  Introduction

With the increasing maturity of topology optimization method research and the continuous improvement of engineering structure safety performance requirements [1–3], topology optimization methods considering damage-safety design principle are being used to guide the design of engineering structures. In recent years, with the increasing amount of space junk, the probability of random impacts on spacecraft is increasing. In the military field, the probability of random damage to military equipment such as fighters, missiles and tanks is also increasing. In the aerospace and military fields, the local damage caused by external shocks can result in serious consequences for the structures such as overall failure. To prevent such dangerous accidents, structural designers must take random damage into account in the conceptual design phase in order to improve the resistance of structures to external impacts. Since the shape, size and position of the local damage on the structure are uncertain, how to simulate the local random damage of the continuum structure becomes the key to the research problem in the stage of optimization model establishment.

In 2014, Jansen et al. [4] first proposed a simplified local damage model, which introduced the damage-safety concept into the topology optimization of the continuum structure. They simulated many local damage conditions by covering the base structure with damaged areas of predetermined shape, size and material, but they arranged the damage center on the center of each element, making the number of damage conditions equal to the number of elements, resulting in a very large computational effort. However, Jansen’s pioneering work laid a key foundation for topology optimization of continuum structures considering damage-safety. In 2016, Zhou et al. [5] put forward a hierarchical laying strategy for damaged areas based on Jansen’s research ideas, which greatly reduced the amount of computation. Jansen and Zhou’s work broke through the research bottleneck in this field. After that, many scholars have carried out research on the basis of the above research, and have achieved good research results. Peng et al. [6–8] proposed a damage areas rationality criterion and explored the influence of the shape and size of local damaged areas and the preset distribution of damaged areas on the optimal topology configuration, they used the hierarchical laying strategy to simulate the damage conditions and applied the independent continuous mapping (ICM) method to solve the damage-safety optimization model of the continuum structure with minimal volume under displacement constraints. Utilizing the ICM method, Long et al. [9] proposed a robust design topology optimization method considering local damages and load uncertainty and investigated the effect of changes in input load magnitude, direction and damage location on the optimized design. Du et al. [10–12] simulated the damage conditions based on the level-one laying strategy and solved the damage-safety optimization model of continuum structures with weight minimization under different constraints by using ICM method. The ideal damage-safety structures were obtained, and the damage verification was performed on preset damage regions of the optimal structure, but they did not perform damage verification at random locations. Wang et al. [13] introduced von Mises stress into damage-safety topology optimization, and adaptively selected failure scenarios through the proposed stress criterion. This method effectively controlled the number of failure scenarios in the optimization process, and greatly improved the optimization efficiency. Hederberg et al. [14] used moving morphable components (MMCs) to simulate structural damage and combined with density-based topology optimization method to obtain damage-safety design. Kranz et al. [15] used the maximum length scale method to conduct a damage-safety topology optimization study with the goal of stress minimization. During the optimization process, they evaluated the failure scenarios according to the actual load path, and not only designed the damage-safety design with good performance, but also reduced the calculated cost. Wang et al. [16] introduced the minimization of von Mises stress of damaged structure into the optimization objective, and proposed two topological optimization objectives: the worst-case formulation and the mean-performance formulation, which effectively alleviated the stress concentration problem caused by local failure. Because of the different probabilities of different damages, Cid et al. [17] developed a new optimization strategy to avoid unnecessary structural performance loss caused by low-probability damage. They analyzed different preset damage conditions of the structure, introduced the probability of each damage in the optimization model, and defined the multi-model probabilistic optimization problem. This method is not as conservative as the traditional damage-safety structure optimization method, and the evaluation of damage is closer to the real working environment. Martínez-Frutos et al. [18] calculated the probability of damage occurrence and damage size at the specified position, and explored the optimization of structural boundary, which provided a method for designers to balance structural performance, cost and robustness in the optimization process. In the same year, Martínez-Frutos et al. [19] firstly used the level-set method in the topology optimization design of damage-safety structures. In order to reduce the risk of structural failure, they quantified the unknown risk, and aimed at minimizing the proposed risk aversion formula, and obtained the structural design that was insensitive to random damage.

For the structural topology optimization design in aerospace and military fields, the mechanical structure should not only meet the overall objective condition such as lightweight, but also follow strict mechanical performance constraints. Since permitted stress is a measure of structural strength and a design basis for structural design, solving the problem of optimal design of structures under stress limits is of tremendous scientific relevance. Duysinx et al. [20] adopted the local stress constraint method to optimize the topology of the continuum structure, but this method had huge amount of calculation and low efficiency. Sui et al. [21,22] presented the stress globalization approach as a solution to the enormous computational effort difficulty caused by the local stress constraint. Since then, using the stress globalization approach, Ye et al. [23] explored the topology optimization problem of three-dimensional continuous systems and obtained positive findings. Xuan et al. [24] defined the concept of structural distortion ratio energy constraint based on the stress globalization method and solved the topology optimization of continua structures with minimum weight under stress constraint; Yi et al. [25] extended the SIMP method by referring to the ICM method and the stress globalization method, they established the topology optimization model of plate-shell structure under multiple working conditions with the constraint of structural distortion energy, and obtained good results. The research results of the above scholars have well verified the effectiveness of the stress globalization method. París et al. [26] solved and compared the topology optimization results of local stress constraint method and the global stress constraint method, they concluded that the local stress constraint method was more secure and conservative, but the calculation was huge, so the method required a lot of calculation time, and the global stress constraint method can be used when calculating the structure with more elements and finer meshes, but this method cannot strictly control the local element stress constraint. Chu et al. [27] used the stress penalty approach to address the local problem of stress constraint and established a rational optimal topological structure. Wang et al. [28] proposed an improved bi-directional evolutionary structural optimization method, which effectively solved the topology optimization problem under volume and stress constraints. Long et al. [29] carried out structural topology optimization design based on global dynamic stress constraints, using P-norm to reduce the high computational cost caused by local stress constraints, and they analyzed the necessity of considering stress constraints in structural design. Lüdeker et al. [30] carried out damage-safety optimization of the beam structure under stress constraints, and used P-norm to deal with stress constraints. Meng et al. [31] proposed two stability control schemes by using the stability transformation method, which overcame the difficulties caused by highly nonlinear local stress constraints. Ye et al. [32] proposed a fatigue topology optimization method based on the ICM method and the fatigue analysis method. They used the distortion energy theory to explicitly transform the fatigue life constraints into distortion energy constraints, which provides a new way for fatigue optimization problems. Li et al. [33] proposed a fatigue-constrained topology optimization method based on bidirectional evolutionary structural optimization for high-cycle fatigue caused by non-periodic loads, which solved the problem of topology lightweight with high-cycle fatigue life as the constraint.

With the gradual deepening of research in the field of topology optimization considering damage-safety continuum structures, although many important achievements have been achieved, meeting the design requirements of resistance to random damage and pursuing the resistance of topology to global risks have become the new challenge for structural design. Considering the randomness of the damage location, this paper mainly focuses on improving the damage-safety optimization scheme by adjusting the preset damage area distribution of the continuum structure, and investigates a strength-safe continuum structures topology optimization method considering random damage. The topology optimization model is developed using the ICM technique, with the minimumweight as the objective and the stress as the constraint. The stacking strategy is used to improve the randomness and comprehensiveness of damage conditions, and the stress constraint is expressed by the stress globalization method. The dual sequence quadratic programming (DSQP) algorithm is used to solve the problem. Several examples verify the effectiveness and applicability of the proposed method.

2  Topology Optimization Model Considering Random Damage Based on ICM Method

2.1 ICM Method Overview

Although the development of continuum topology optimization research has achieved a lot of remarkable results, most methods still attach high-level topological variables to low-level material, section or shape variables, so they cannot show the characteristics of topology optimization. As a result, the solution efficiency is not high, and sometimes even ill-conditioned problems occur. ICM method is a topology optimization method that characterizes the ‘solid’ and ‘void’ of the element based on the topological variable, independent of the element’s specific physical properties. If the element exists, the element topological variable is 1, and if the element is deleted, the element topological variable is 0. By introducing the filtering function, the discrete 0 and 1 topological variable are transformed into the topological variable in the [0, 1] continuous interval in the optimization process. After solving, the optimal design variable is mapped back to 0 and 1 discrete variable. This method not only restores the independent optimization level of topological variables, but also greatly improves the solving efficiency.

The filter function can identify and filter the performance parameters of each element, the weight and stiffness matrix of the element can be expressed by the corresponding filter function as follows:

wi=fw(ti)wi0ki=fk(ti)ki0(1)

where wi0 and ki0 denote the element intrinsic weight and intrinsic stiffness matrix respectively. In order to make the optimization process fast and stable, the weight filter function and the stiffness filter function take the following power function expression:

fw(ti)=tiαwfk(ti)=tiαk(2)

where the calculation results are generally better when taking αw=1 and αk=3 [34].

2.2 Expression of Random Damage

This paper mainly studies the second failure reason of structure proposed by Feng [35], that is, the local damage caused by accidental events such as corrosion, technical defects or accidental collision. Since the main factor affecting the optimal topology is the preset distribution of the damaged areas [7], for the convenience of research, this paper studies the square damage area with preset size, and overlaps the damaged areas in the design domain with appropriate interval. In the calculation, elasticity modulus of the damaged area is set to 0.001, which is equivalent to the material ‘disappearance’ when the area is damaged, so each local ‘disappearance’ structure forms a damage condition. Obviously, the number of damage conditions is the same as the number of preset damaged areas, and the random damage event is transformed into the multi-condition problem of the optimization model. The schematic diagram of the local damage of the structure is shown in Fig. 1, and the local damage to a structure can be described using the ICM approach as follows:

ti={tiifi∈D−Ω(l)(l=1,…,L)ti_ifi∈Ω(l)(i=1,…,N)(3)

where D denotes the design area, Ω(l) represents the damage area of the l-th damage condition, ti is the topological variable value of the i-th element. ti_ is the lower bound of topological variable, and in order to prevent the singularity of the structural stiffness matrix when the topological variable is 0, the general value is 0.001. N indicates the number of design variables, and L represents the total number of damage circumstances.
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Figure 1: The expression of structural damage

In this paper, the level-one distribution strategy [5] is called the seamless paving distribution strategy, which is to pave the damaged areas of the predetermined shape, size and material seamlessly in the design domain. This paper draws on and develops this idea, and proposes the stacking distribution strategy to simulate random damage conditions, reducing the distance between the centroids of adjacent damaged areas on the basis of the seamless paving distribution strategy, and the damaged areas are still covered in the whole design domain. Therefore, the number of damaged areas increases and the overlap between adjacent damaged areas will occur. The distance between adjacent damaged areas is called the overlay span, which is denoted as S. The conceptual diagram of the stacking distribution strategy is shown in Fig. 2.
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Figure 2: The conceptual diagram of the stacking distribution strategy

2.3 Stress Globalization Method

The following is the topology optimization model based on the ICM technique, using random damage, stress, and minimum weight as constraints and objectives. And it is worth mentioning that the globalization of stress constraints is not related to random damage. The formula derivation in the following chapter is the explicit treatment of stress constraints. Random damage is processed by damage conditions in the software.

{Findt∈RZMakeW=∑i=1Nwi→mins.t.σil(t)≤σ¯i(l=1,…,L)0≤ti_≤ti≤1(i=1,…,N)(4)

where t=(t1,…,tN)T represents the vector of the element topological variable, W represents the weight of the continuum structure, wi denotes the weight of the element, σil denotes the stress value of the i-th element at the l-th damage condition, and σil¯ denotes the permissible stress value of the i-th element.

To improve the efficiency of the solution, the local stress constraint is transformed into a global strain energy constraint using the stress globalization approach. According to the fourth theory of strength, the distortion energy is the primary state variable of material yielding and has the following connection with the permissible stress:

eilfVil=(1+μ)[(σ1−σ2)2+(σ2−σ3)2+(σ3−σ1)2]6E≤(1+μ)σ¯i23E(5)

where eilfVi represents the distortion specific energy of the i-th element at the l-th damage condition, E denotes the elasticity modulus of material, and μ denotes the Poisson ratio. Since it is difficult to extract the element distortion energy, which is a component of the element strain energy, and their relationship is shown in the following formula:

eilfVil=eilVil−eilvVil≤eilVil(6)

where eilVil is the strain specific energy of the element, eilvVil is the specific energy of unit volume change, eilvVil=3(1+2μ)(σim)2E, σim=13(σ1+σ2+σ3). Therefore, the structure computed by inserting the element strain energy into the calculation should be more secure, and the relationship can be represented as follows after substitution:

eilVil≤(1+μ)σ¯i23E(7)

where eil represents the strain energy of the i-th element at the l-th damage condition. By summing formula (7) over the entire continuum structure, the relationship can be got as follows:

el=∑i=1Neil≤∑i=1N(1+μ)σ¯i2Vil3E=e¯l(8)

where el represents the strain energy of the structure under the l-th damage condition, and e¯l represents the permissible strain energy of the structure under the l-th damage condition. Therefore, the original optimization model is transformed into the following optimization model after using the stress globalization method:

{Findt∈RZMakeW=∑i=1Nwi→mins.t.el≤e¯l(l=1,…,L)0≤ti_≤ti≤1(i=1,…,N)(9)

2.4 Computation of Permissible Strain Energy

By solving the topology optimization model of minimizing the strain energy with the weight constraint, the permissible strain energy of the structure under a single damage condition may be determined. Solving the permissible strain energy of each damage situation can be computationally prohibitive when the number of damage circumstances is huge. To improve the efficiency of the solution, the permissible structural strain energy of each damage state is determined in two steps: (i) the permissible strain energy of the structure under a particular damage condition is determined initially, and (ii) the allowed structural strain energy of different damage circumstances is evaluated approximately using a numerical fitting method.

Since ui=fk(ti(ν))fk(ti)ui(ν) and ki=fk(ti)fk(ti(ν))ki(ν), the element strain energy can be expressed as follows:

ei=12uiTkiui=fk(ti(ν))2fk(ti)ui(ν)Tki(ν)ui(ν)=fk(ti(ν))fk(ti)ei(ν)(10)

where ui represents the displacement vector of the i-th element, ki represents the element stiffness matrix of the i-th element, ti(ν) represents the topological variable of the i-th element at the ν-th iteration, and ei(ν) denotes the strain energy of the i-th element at the ν-th iteration.

The damage condition with the maximum structural strain energy is selected, and the strain energy is denoted as emax. The topology optimization model that pursues minimum strain energy under weight constraint for this damage condition is established as follows:

{Findt∈RZMake∑i=1Nfk(ti(ν))fk(ti)ei(ν)→mins.t.∑i=1Ntiαwwi0=W¯0≤ti_≤ti≤1(i=1,⋯,N)(11)

where W¯ represents the weight constraint value, and the minimum strain energy obtained by solving model (11) is the structural permissible strain energy for solving the minimum weight optimization model under this damage condition, which is denoted as e¯max, and the permissible strain energy of the structure under other damage conditions is recorded as e¯l, which can be calculated by following nonlinear relationship:

ln⁡(e¯le¯max)=γln⁡(elemax)(12)

where el represents the structural strain energy under other damage conditions, and γ is generally taken as 0.9 [36].

The ICM method is used to optimize the base structure in Example 1 without considering the damage-safety. The minimum strain energy is pursued with the weight constraint of 30% for the structure, and the minimum strain energy is 2595.7 mJ. The optimal topology is shown in Fig. 3a. The topology optimization of weight minimization is carried out with the strain energy value of 2595.7 mJ as the constraint. The optimal topology is shown in Fig. 3b, and the weight ratio of the structure is 30%. It can be found that the topological results obtained by the two methods are the same, which verifies the validity of the method for calculating the permissible strain energy in this paper.
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Figure 3: Topology optimization of the base structure in Example 1 without considering damage-safety

2.5 Establishment and Solution of Strength-Safe Topology Optimization Model

For the topology optimization problem of continuous structures with different damage conditions, with stress as the constraint and lowest weight as the objective, the following topology optimization model is formulated utilizing the stress globalization approach and the filter function:

{Findt∈RZMakeW=∑i=1Ntiαwwi0→mins.t.∑i=1NBiltiαk≤e¯l(l=1,…,L)0≤ti_≤ti≤1(i=1,…,N)(13)

where Bil=(ti(ν))αkeil(ν), and eil(ν) represents the strain energy of the i-th element under the l-th damage condition at the ν-th iteration.

Since the strain energy and the topological variables are negatively correlated, in order to obtain a high-precision linear explicit expression, the inverse variable x is introduced, and the topology optimization model can be transformed into the following form:

{Findx∈RZMakeW=∑i=1Nwi0xiα→mins.t.∑i=1NBilxi≤e¯l(l=1,…,L)1≤xi≤x¯i(i=1,…,N)(14)

where xi=1tiαk, α=αwαk, the model (14) is a mathematical programming model of nonlinear objective function under linear constraints. In order to make the topological variable result in values of 0 or 1 as much as possible, the discrete objective condition is added to the objective function:

{ti(1−ti)=00≤ti≤1(i=1,…,N)(15)

By introducing the weight coefficient β=0.3, the original weight target condition and the discrete target condition are weighted, and the original weight objective function is divided by the constant w=min(w10,…,wN0), so that the two objective functions have the same dimension to facilitate the solution. The following nonlinear programming is obtained as:

{Findx∈RZMake(1−β)∑i=1N1xiαwi0w+β∑i=1N1xiα(1−1xiα)→mins.t.∑i=1NBilxi≤e¯l(l=1,…,L)1≤xi≤x¯i(i=1,…,N)(16)

Following a second-order approximation of the objective function and the omission of the constant term, the following model is obtained:

{ Findx∈RZMake∑i=1N(bixi2+aixi)→mins.t.∑i=1NBilxi≤e¯l   (l=1,…,L)1≤xi≤x¯i      (i=1,…,N)(17)

The coefficients in the model (17) objective function can be written as:

ai=−α(α+2)(1−β)/xiα+1−αβ(α+2)/xiα+1+4αβ(α+1)/xi2α+1(18)

bi=α(α+1)/xiα+2−2αβ(2α+1)/xi2α+2(19)

Since the dual problem is simpler than the original problem, the optimization model can be simplified. If the two models are equivalent, the dual problem can be solved instead of the primal problem. Therefore, the dual sequence quadratic programming is utilized to solve the model (17) in order to improve the solution’s efficiency. The dual model looks like this:

{Findλ∈RZMake Φ(λ)→maxs.t.λ≥0(20)

where λ=(λ1,…,λl)T represents the dual model design variable vector, the objective function Φ(λ)=min1≤xi≤xi¯⁡(L(x,λ)), and L(x,λ)=∑i=1N(bixi2+aixi)+∑l=1Lλl(∑i=1NBilxi−e¯l), the following quadratic programming model is obtained by subjecting Φ(λ) to Taylor second-order approximation:

{Find λ∈RZMake −Φ(λ)=12λTDλ+HTλ→mins.t.λ≥0(21)

where Dlk=∑i∈IaBilBik2bi, Hl=−∑i=1NBilxi∗+e¯l+∑i∈IaBil2bi(2bixi∗+ai), and Ia={i|1≤xi≤x¯i} is the active variable set. The quadratic programming program is called to solve until the structure meets the following convergence criteria and the optimization is completed:

ΔW=|W(ν+1)−W(ν)W(ν+1)|≤ε(22)

where W(ν) and W(ν+1) denote the total weight of the structure for the previous iteration, and the current iteration, respectively, and ε is the convergence accuracy.

3  Numerical Examples

Taking the two-dimensional plane stress problem as an example, the topology optimization of continuum structure considering random damage is carried out based on ICM method. In the example, two distribution strategies of paving and stacking are used to simulate random damage conditions, and the optimization results of the two strategies are compared and analyzed. Unless otherwise stated, the elasticity modulus, Poisson’s ratio and physical density of the material is 68.89 GPa, 0.3 and 1 kg/cm3, respectively. It should be pointed out that the global stress constraint is to control the load transfer path, the overall layout of the structure and the thickness of the components in general, although the strain energy of the whole structure can be constrained, the local stress constraint may not be strictly observed, which is manifested in the fact that the stress of a small part of the element will exceed the permissible stress value due to stress concentration and other reasons, and the problem can be solved by low-level optimization in the later stage.

Example 1: As plotted in Fig. 4, the size of the base structure is 100 mm × 200 mm × 6 mm. The concentrated load F = 15.6 kN acts on the midpoint of the right boundary, and the left boundary is the fixed constraint. The permissible stress is 173 MPa. The base structure is meshed into 50 × 100 rectangular elements, which is shown in Fig. 5. In reference [10], based on the same base structure, the seamless paving distribution strategy is used to simulate the damage conditions, where the square damages with side length of d = 50 mm are seamlessly paved in the base structure, and a total of eight preset damage conditions are considered, which is shown in Fig. 6. The topology result obtained by the seamless paving strategy is shown in Fig. 7, and the structure weight after inversion is 54.57 kg.

[image: images]

Figure 4: Basic structure for Example 1
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Figure 5: Finite element model for Example 1 (‘123456’ indicates that the left elements are constrained to 6 degrees of freedom)
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Figure 6: Seamless paving strategy in [10]
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Figure 7: Topology result for in [10]

In reference [10], the eight preset damage areas of the optimization result were verified by damages with the same size and shape respectively, and it was concluded that the structure could resist the damage in the preset areas. However, they did not conduct damage tests at random locations of the structure, so this paper conducts damage tests on their topology result with damages of the same size and shape but random locations. We exemplified four representative random damage conditions that do not meet the strength safety, and the stress distribution results are shown in Fig. 8. It can be observed that when the damage occurs at the important position affecting the force transmission path, the stress of some members far exceeds the permissible stress (at the red circle labeling position), and the failure of the members will lead to the collapse of the whole structure. Therefore, in some structural designs with high safety requirements, the seamless paving distribution strategy cannot meet the requirement of the structure to withstand random damage. Damage occurring outside the preset position can easily lead to the overall collapse of the rod failure, resulting in huge losses.

[image: images]

Figure 8: The stress diagrams of four random damage conditions under seamless paving strategy

In order to design a safer and more reliable structure, this paper adopts the damage areas stacking distribution strategy to optimize the topology of the base structure in Fig. 4, and the preset damage areas are laid over the entire design domain in an overlapping manner, with the overlay spanS = 15 mm. As shown in Fig. 9, there are 33 preset damage conditions in total. Due to the overlapping layout of the damaged areas, the graphic description is too complicated. Therefore, the centroid (dot) of the damage area is used to represent the location of each damage area, and the red area is one of the damage areas. In order to make the damage area not affect the force transmission effect of the load, the two areas close to the load and the fixed end are set as non-design areas and are not damaged. Selecting the inversion threshold of 0.2 and the convergence accuracy of 0.001, the topology result considering random damage conditions is shown in Fig. 10, and the structure weight after inversion is 64.8 kg. Fig. 11 shows the iterative curve of structural weight, and Fig. 12 shows the iteration curve of structural strain energy.

[image: images]

Figure 9: The stacking strategy (S = 15 mm)
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Figure 10: Topology result for the stacking strategy
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Figure 11: The iterative curve of structural weight
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Figure 12: The iterative curve of structural strain energy

Compared with the optimization results of the seamless paving strategy, it can be found that the topology structure optimized by the stacking strategy is heavier and more redundant. The structural asymmetry is caused by the increase in the number of damage conditions and the asymmetry of the base structure model. When local damage occurs at different positions, the impact on the structure is different. When the structure is relatively sensitive to the damage condition, the condition is called the hazardous condition, and the condition with less impact on the structure is called the non-hazardous condition. We carried out the damage tests of the optimal structure in the preset damage areas. Due to the large number of damage conditions, only the representative damage test results of hazardous damage conditions are listed, and the stress distribution results in the design area are shown in Fig. 13. It can be seen that except for the very small part of the element stress values caused by stress concentration exceed the permissible stress, most of the elements of the structure meet the stress constraint, and the non-hazardous damage conditions also pass the damage test. And it can be observed that hazardous damage usually occurs in the area near the load, because these positions are most likely to affect the load transfer path. In addition, we also conducted damage tests at random positions and only showed the test results of some random damage conditions. As shown in Fig. 14, it can be observed that most of the element stress values in the design area are lower than the permissible value, indicating that the structure passes the damage tests at random positions. Fig. 15 lists the maximum stress of each damage condition under the stacking strategy and the maximum stress of 1550 MPa under the paving strategy. It is obvious that the stress value of each damage condition under the stacking strategy is greatly reduced compared with that under the paving strategy, and the maximum stress value in each condition is similar, only fluctuating in a small range, indicating that the stacking strategy can better constrain the structural stress, and the stacking strategy is more suitable for the topology optimization design of continua structures considering random damage conditions.

[image: images]

Figure 13: The stress diagrams in the design area of four hazardous preset damage conditions under the stacking strategy
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Figure 14: Stress diagrams in the design area of six random damage conditions under the stacking strategy
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Figure 15: The maximum stress of each damage condition under the stacking strategy

Example 2: As illustrated in Fig. 16, the base structure is a rectangular plate with the size of120 mm × 40 mm × 1 mm, the left and right ends are both fixed constraints, and a vertical downward force of 500 N acts on the upper boundary of the plate. The permissible stress is 140 MPa. The rectangular plate is meshed into 120 × 40 finite elements, and the finite element model is shown in Fig. 17. Taking the square damage with the size of 20 mm × 20 mm as an example, the topology optimization of the structure is carried out by using the seamless paving distribution strategy and the stacking distribution strategy, respectively. The seamless paving distribution strategy is shown in Fig. 18. The inversion threshold is selected as 0.72 and the convergence accuracy is 0.00025. The topology result obtained by the seamless paving strategy is shown in Fig. 19, and the weight after inversion is 2.61 kg.

[image: images]

Figure 16: Basic structure for Example 2
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Figure 17: Finite element model for Example 2 (‘123456’ indicates that the left and right elements are constrained to 6 degrees of freedom)

[image: images]

Figure 18: Seamless paving strategy
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Figure 19: Topology result for seamless paving strategy

Similarly, we found some damage areas that the structure could not bear, as shown in Fig. 20. When the damage occurred at these positions, some of the members of the structure failed, which would lead to the accident that the structure could not bear the normal load and collapsed.

[image: images]

Figure 20: The stress diagrams of two random damage conditions under seamless paving strategy

The stacking distribution strategy is used to optimize the topology of the base structure in Fig. 16. As shown in Fig. 21, the edge areas of the left end, right end and the upper end of the rectangular plate are non-design areas without damage. The same square damage areas of 20 mm × 20 mm are laid in the design area by stacking with the overlay span S = 7.5 mm. The dots in Fig. 21 represent the position of each damage area, and there are a total of 39 preset damage conditions. Selecting the inversion threshold of 0.5 and the convergence accuracy of 0.00025, the topology result is shown in Fig. 22, and the weight after iteration is 3.69 kg. Fig. 23 shows the iterative curve of structural weight, and Fig. 24 shows the iterative curve of structural strain energy.
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Figure 21: The stacking strategy (S = 7.5 mm)
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Figure 22: Topology results for the stacking strategy
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Figure 23: The iterative curve of structural weight
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Figure 24: The iterative curve of structural strain energy

Since there are many preset damage conditions and the topology structure is a symmetrical structure, only the damage test results of the hazardous preset damage conditions on the symmetrical side are given. The stress distribution results in the design area are shown in Fig. 25. And the hazardous damage also occurs near the load. The damage test results at random locations are shown in Fig. 26. It can be seen that no matter whether the damage occurs in the preset damage area of the structure or at any random position, most of the element stress values in the structural design area are within the stress constraint range, which means that the structure can work normally in the random damage environment. Fig. 27 lists the maximum stress value of each damage condition under the stacking strategy as much as possible. It can be seen that the maximum stress value under the random damage conditions is similar to the maximum stress value under the preset damage conditions, indicating that the structure is not sensitive to the damage at any position. Compared with the maximum stress values of 547 and 838 MPa in the random damage conditions under the seamless paving strategy in Fig. 20, the maximum stress values by the stacking strategy are lower. In other words, the stacking strategy improves the ability of the structure to resist external shocks. The effectiveness and applicability of the stacking strategy are well verified.

[image: images]

Figure 25: The stress diagrams in the design area of four hazardous preset damage conditions under the stacking strategy
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Figure 26: Stress diagrams in the design area of four random damage conditions under the stacking strategy
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Figure 27: The maximum stress of each damage condition under the stacking strategy

Example 3: As shown in Fig. 28, the basic structure is a L-shaped beam. The thickness is 2 mm, the upper end of the beam is fixed, and a vertical downward force of 10 N acts on the upper part of the right end. The permissible stress is 140 MPa. The basic structure is meshed into 3420 rectangular elements. The preset distribution of damage areas adopts the stacking strategy. As shown in Fig. 29, the upper end area and right edge area of the L-shaped beam are non-design area without damage. The square damages with size of 12 mm × 12 mm are overlapped and laid in the design domain in turn, and the overlap span is S = 6 mm, a total of 297 damage conditions are considered. Selecting the inversion threshold of 0.46 and the convergence accuracy of 0.001, the topology result is shown in Fig. 30, and the structure weight after iteration is 15.98 kg. The iterative curve of structural weight is shown in Fig. 32, and the iterative curve of structural strain energy is shown in Fig. 33.
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Figure 28: Basic structure for Example 3
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Figure 29: The stacking strategy (S = 6 mm)
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Figure 30: Topology result for the stacking strategy
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Figure 31: Seamless paving strategy
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Figure 32: The iterative curve of structural weight
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Figure 33: The iterative curve of structural strain energy

It can be seen from the weight iteration curve and strain energy iteration curve that the optimal solution converges stably after 40 iterations. Due to the numerous damage conditions, the damage test results of all the damage conditions of the structure are not listed one by one, and only the representative damage test results of hazardous damage conditions are listed, which are shown in Fig. 34. Hazardous damage occurs near the corner of the L-shaped beam, where the stress concentration is severe. The damage test results of some random positions are shown in Fig. 35. It can be seen that no matter whether the damage occurs in the preset damage area of the structure or in any random position, the element stress values are within the constraint range, so the structure can resist random damage accidents. Compared with the 85 preset damage conditions under the seamless paving strategy in Fig. 31, the stacking strategy considers more damage conditions and improves the randomness and comprehensiveness of damage conditions. It must be said that the calculation of the optimization process also increases with the increase of the number of damaged conditions. However, in a random damage environment, it is necessary to be as comprehensive as possible, and the stacking distribution strategy is undoubtedly a more reasonable choice.

[image: images]

Figure 34: The stress diagrams in the design area of four hazardous preset damage conditions under the stacking strategy
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Figure 35: Stress diagrams in the design area of four random damage conditions under the stacking strategy

4  Conclusions

Most topology optimization studies on continuum structures that consider damage-safety employ the seamless paving distribution technique for addressing the locations of the damage zones. However, this paper finds that the seamless paving distribution strategy has potential drawbacks when considering the randomness of the damage locations. For examples, the safety of the optimization results is difficult to guarantee, and the structure cannot withstand random damage. The random damage that occurs outside the zone of interest can easily lead to the overall collapse of the structure due to the rod failure. In some fields such as aerospace and military where the safety requirements are high, this design defect in a structure could result in deadly injuries or fatalities.

In order to design topology structures that can withstand random damage, this paper proposes the stacking distribution strategy, which is more secure and conservative than the aforementioned strategy. It can improve the randomness and comprehensiveness of damage conditions, and help the optimized structures avoid the risk of overall collapse resulting from random damage. By comparison, the stacking strategy has more advantages in optimizing the overall layout of the structure, controlling the force transmission path of the load and constraining the stress of the structure. Although this strategy is at the cost of sacrificing the weight of the structure, it ensures that the structure can resist random damage and it thus improves the ability of the structure to resist unknown risks. However, this method has the disadvantage of high computational cost, which will be further studied regarding the optimization efficiency in the future research. The research results of this paper will offer certain benefits to engineering applications. For random damage of a structure in practical engineering applications, the stacking distribution strategy is a good choice for structural designers.
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